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A B S T R A C T   

Stress-associated disruptions in the development of frontolimbic regions may play a critical role in the emergence 
of adolescent-onset depression. These regions are particularly sensitive to Hypothalamic-Pituitary-Adrenal (HPA) 
axis signaling. The HPA axis is hyperactive in adolescent depression, and interventions that attenuate such 
hyperactivity hold promise as potential treatments. The Microbiome-Gut-Brain (MGB) axis is an important 
pathway through which stress dysregulates HPA-axis activity and thus exerts deleterious effects on the adoles
cent brain. Probiotic agents, which alter the gut microbiota composition by introducing bacterial strains with 
beneficial physiological effects, normalize aberrant HPA-axis activity and reduce depressive symptoms in both 
animal studies and adult clinical trials. While the potential utility of such agents in treating or preventing 
adolescent depression remains largely unexplored, recent data suggest the existence of an adolescent sensitive 
window during which probiotics may be especially efficacious in reducing depressive symptoms compared to 
effects observed in adult populations. In this review, we outline evidence that probiotic use may attenuate stress 
effects on frontolimbic development, providing a novel means of improving depressive symptoms among 
adolescent populations.   

1. Introduction 

The prevalence of depressive disorders increases sharply during 
adolescence(Thapar and Riglin, 2020; Rao and Chen, 2022; Davey et al., 
2008). Depression is the primary psychiatric risk factor for suicide, the 
second leading cause of death among adolescents(National Institute of 
Mental Health, 2021), and adolescent depression increases risk for poor 
long-term clinical and behavioral outcomes, including a three-fold 
higher risk for adult depression(Rao and Chen, 2022). Prevalence 
rates of depressive symptoms among adolescents have sharply increased 
over the last 10 years(Mayne et al., 2021; Ho et al., 2022), such that an 
estimated 17% of U.S. adolescents (ages 1217 years) experienced a 
major depressive episode in 2020 (Substance Abuse and Mental Health 
Services Administration, 2021). These trends have been further accel
erated in the context of psychosocial stressors surrounding the 

COVID-19 pandemic(Mayne et al., 2021), highlighting the need for 
more research focused on how stress contributes to the pathophysiology 
of adolescent-onset depression. 

While adolescent depression rates continue to increase, options for 
treating depression in this age-group remain limited. Notably, antide
pressant agents across multiple classes are less effective in adolescents 
compared to adults(Thapar and Riglin, 2020), and are often ineffective in 
achieving clinical remission(Kennard et al., 2006), likely reflecting dif
ferences between age groups in the neuropathophysiological un
derpinnings of depression. In particular, the neuropathophysiological 
processes underlying adolescent-onset depression may be characterized by 
more prominent hormonal (Shaw et al., 2020) and neurodevelopmental 
(Ho and King, 2021) components relative to adult-onset depression. 
Elucidating how hormonal and neurodevelopmental processes contribute 
to the emergence of depressive symptoms during adolescence may be a key 
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step in identifying more effective therapies for adolescents with a clinical 
depressive disorder. As the effects of early adversity on neurodevelopment 
also likely contribute to the etiology of childhood-onset depressive disor
ders(Teicher and Samson, 2013), the conceptual model we outline below 
may also be applicable to such disorders; however, a detailed discussion of 
childhood depression is outside the scope of this review. 

A critical feature underlying normative maturation of the brain during 
adolescence is its increased responsivity to hormonal signals, which 
contribute to shaping the structure and function of the developing brain 
(Shaw et al., 2020). Consequently, environmental inputs that impact 
hormonal signaling, such as dietary intake and exposure to psychosocial 
stressors, drive deviations from normative neurodevelopmental trajec
tories. The Hypothalamic-Pituitary-Adrenal (HPA) axis is the primary 
neuroendocrine pathway underlying the hormonal stress response; it has 
been hypothesized to mediate the effects of environmental inputs on both 
aberrant neurodevelopment and adolescent-onset depression(Guerry 
and Hastings, 2011; Koss and Gunnar, 2018; Raymond et al., 2018), 
although the mechanisms by which it may do so remain incompletely 
defined. The Microbiome-Gut-Brain (MGB) axis may be one important 
channel by which the effects of stress are transmitted to the HPA axis and, 
thus, to the developing brain(Tremblay et al., 2021; Misiak et al., 2020; 
Cowan et al., 2020; Flannery et al., 2019). The MGB axis consists of 
bidirectional communication between the gut (including the enteric 
nervous system) and the brain via signals from the gut microbiota, a 
complex ecosystem increasingly recognized as important to host physi
ological homeostasis(Gentile and Weir, 2018). Beneficial gut bacterial 
strains contribute to a range of physiological functions, including regu
lation of microglia homeostasis(Erny et al., 2015) and oligodendrocyte 
maturation(Hoban et al., 2016; Keogh et al., 2021), that are implicated in 
adolescent neurodevelopmental processes, such as prefrontal cortex 
(PFC) myelination(Lynch et al., 2021). Conversely, gut microbiota dis
turbances (broadly defined as a change in the gut microbiota community 
associated with deleterious physiological effects) have been linked to the 
emergence of neurodevelopmental and neuropsychiatric disorders 
including depression(Cowan et al., 2020; Flannery et al., 2019). 

In this review, we summarize recent evidence indicating that the gut 
microbiota may be an important factor in the association between stress 
exposure and adolescent-onset depression, and we suggest that targeting 
the gut microbiota may provide a novel means of improving or pre
venting depressive symptoms among adolescents by attenuating stress 
effects on frontolimbic development. In making this argument we inte
grate evidence across five related domains as discussed below. 

We first discuss evidence demonstrating the impact of psychosocial 
stress on the emergence of adolescent depressive disorders, in terms of 
stress-induced effects on key neurodevelopmental processes that occur 
during adolescence (Section 2). We then emphasize the particular 
importance of chronic HPA-axis dysregulation in disrupting frontolimbic 
maturation, and precipitating depression onset via dysfunction of neural 
circuitry involved with stress responsivity, emotional regulation, and 
reward-processing (Section 3). Next, we present a conceptual framework 
for considering the MGB axis as an important pathway by which stress 
exposure contributes to long-term HPA-axis dysregulation, adversely 
impacting frontolimbic development and contributing to the emergence 
of adolescent-onset depressive disorders (Section 4). This framework 
unifies two distinct bodies of work; the first (Sections 2 and 3) which has 
shown the importance of stress-sensitive neurodevelopmental plasticity 
in frontolimbic circuitry as an etiological factor in the increased incidence 
of depressive disorders during adolescence, and the second (Section 5) 
which has indicated that adolescence is a particularly sensitive period in 
development of the MGB axis. We lastly highlight how, consistent with 
our proposal that gut microbiota disturbances potentiate stress effects on 
HPA-axis dysregulation and disrupted frontolimbic development, the 
MGB axis may provide a target for conceptually novel treatments (Section 
6). Specifically, we discuss the potential utility of probiotics—agents 
which may help maintain MGB axis homeostasis, by introducing to the 
gut microbiota community strains which exert beneficial effects—as a 

low-risk means of attenuating the downstream effects of stress, and 
altered MGB and HPA functioning, on adolescent frontolimbic develop
ment and depression. 

2. A neurodevelopmental framework for understanding the 
relationship between stress, frontolimbic circuitry, and 
adolescent-onset depression 

Depression incidence peaks in adolescence(Thapar and Riglin, 
2020), paralleling neurodevelopmental processes that are distinct to this 
developmental timeframe(Thapar and Riglin, 2020; Ho et al., 2022; 
Shaw et al., 2020; Ho and King, 2021). These processes are most pro
nounced in frontal regions and frontolimbic circuits involved with 
emotional regulation and reward-based processing, the structural and 
functional alterations of which are implicated in the etiology of 
depressive disorders(Davey et al., 2008; Shaw et al., 2020; Ho and King, 
2021; Vanes et al., 2020; van Velzen et al., 2020). MRI studies performed 
by members of our group and others suggest that frontolimbic structural 
dysconnectivity may predispose to(LeWinn et al., 2014) – while reduced 
frontolimbic functional connectivity may serve as a biomarker for 
(Connolly et al., 2017) – adolescent depressive disorders. Neuroplastic 
changes in and between these regions are particularly sensitive to the 
effects of stress hormones(van der Kooij et al., 2016), which interact 
with sex hormones during adolescence in shaping long-term brain 
structure and function(Ho and King, 2021; Herting et al., 2012; Rowson 
et al., 2019). Here we outline results supporting a neurodevelopmental 
framework in which adolescent depression develops partially as a 
response to stress-induced deviations in normative, hormone-sensitive 
neurodevelopmental processes(Ho et al., 2022; Ho and King, 2021). 

Adolescent neurodevelopment is characterized by maturation of fron
tal regions, highlighted by synaptogenesis and synaptic pruning, cyto
skeletal organization, and myelin-related changes such as oligodendrocyte 
maturation with increased myelin sheath thickness(Shaw et al., 2020). 
These processes are experience-dependent throughout adolescence, a time 
when exposure to psychosocial stressors normally increases(Davey et al., 
2008; Pfeifer et al., 2011). Rodent studies suggest that adolescence may 
represent a sensitive neuroplastic window, during which the trajectory of 
frontal synaptic refinement and myelin maturation is dependent on 
experiential learning for normative long-term development, but also 
vulnerable to stress-induced deviations. In mid-adolescent rats, social 
stress is associated with greater long-term deficits in mPFC neuron intrinsic 
excitability (a contributor to synaptic inputs)(Urban and Valentino, 2017), 
and deficiencies in mPFC apical dendritic branching (a contributor to 
synaptic connectivity)(Urban et al., 2019), compared to effects seen in 
stress-exposed adult rats. Furthermore, rats isolated in early (but not later) 
adolescence show irreversible deficits in mPFC myelination and oligo
dendrocyte maturation(Makinodan et al., 2012). That stress exposure in 
adolescent (compared to adult) animals produces enduring frontal syn
aptic and myelin-related dysfunction associated with depression-like be
haviors(Shaw et al., 2020), supports the etiological relevance of 
stress-associated disturbances in frontolimbic gray matter volume and 
white matter microstructure observed among clinical cohorts of adoles
cents with depressive disorders(Vanes et al., 2020; van Velzen et al., 2020; 
Kircanski et al., 2019; Hanson et al., 2015). 

Adolescence is psychosocially defined by behavioral adaptations, 
including the formation of emotional regulatory behaviors(Pfeifer et al., 
2011), and the development of complex social behaviors associated with 
changes in reward processing(Davey et al., 2008), that both respond to and 
underlie the ongoing maturation of frontolimbic circuits. Members of our 
group identified alterations in frontolimbic white matter (WM) micro
structure during adolescence as a potential predisposing factor to depres
sion(LeWinn et al., 2014). Structural deficits in these WM tracts early in the 
course of adolescent-onset depression may contribute to the reduced 
amygdala-prefrontal functional connectivity(Connolly et al., 2017), both 
at rest and during emotion-regulatory tasks(Perlman et al., 2012), known 
to characterize adolescent depressive disorders. Subsequent studies have 
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identified early adversity as a risk factor for aberrant maturation of fron
tolimbic WM tracts (including the corpus callosum, uncinate fasciculus, 
and cingulum bundles(Vanes et al., 2020; Kircanski et al., 2019; Hanson 
et al., 2015)), structural and functional changes in regions connected by 
these tracts (including the amygdala, hippocampus, prefrontal cortex, and 
striatum(Raymond et al., 2018; Kircanski et al., 2019)), and the develop
ment of adolescent-onset depression(Ho and King, 2021; Vanes et al., 
2020; Kircanski et al., 2019). Furthermore, Ojha et al. demonstrated that 
lower gray matter volume in the amygdala, ventral striatum, and anterior 
cingulate cortex (ACC) is associated with past social stress exposure and 
mediates longitudinal depressive symptom trajectories among adolescents 
(Ojha, 2022), while cingulum bundle fiber density in early adolescence 
longitudinally predicts future stress and depressive symptoms(Chahal 
et al., 2022). Together, these observations support the idea that 
stress-induced changes in early structural development of frontolimbic 
circuitry may predispose individuals to later functional deficits in stress 
responsivity, emotional regulation, and reward-processing characteristic 
of adolescent depression. 

3. Dysregulation of the Hypothalamic-Pituitary-Adrenal (HPA) 
axis as a critical component of this neurodevelopmental 
framework 

Changes in frontolimbic circuitry during adolescence are closely 
linked with ongoing neuroendocrine development(Shaw et al., 2020; 
Guerry and Hastings, 2011; Koss and Gunnar, 2018; Raymond et al., 
2018; Herting et al., 2012; Romeo, 2013). The Hypothalamic-Pituitary 
Adrenal (HPA) axis is the primary driver of the neuroendocrine stress 
response. In response to stressful internal or external stimuli, hypo
physiotropic neurons in the hypothalamic paraventricular nucleus (PVN) 
synthesize corticotropin-releasing factor (CRF), leading to release of 
Adrenocorticotropic Hormone (ACTH) from the pituitary which signals 
the adrenal cortex to produce glucocorticoids (such as cortisol) released 
into the circulation. In the brain, glucocorticoids exert a wide range of 
short- and long-term effects, including acute changes in neuronal activity 
and (with repeated signaling) chronic effects on dendritic remodeling and 
myelination(McEwen et al., 2015; Hall et al., 2015; Liston and Gan, 
2011). Throughout adolescence, HPA-axis activity modulates the func
tion of neural circuitry implicated in emotional regulation(Raymond 
et al., 2018; Herting et al., 2012) and reward processing(Davey et al., 
2008; Raymond et al., 2018); as a result, factors influencing adolescent 
HPA-axis activity may shape the development of neural circuitry un
derlying long-term emotional regulatory and reward behaviors (as 
detailed in Section 4 below). In support of this possibility, dysregulation 
of the HPA axis underlies the effects of early adversity on later emotional 
dysregulation and depression(Koss and Gunnar, 2018; Raymond et al., 
2018; Kircanski et al., 2019). Furthermore, HPA-axis dysregulation pre
cedes the initial development and recurrence of depression in adolescent 
populations(Guerry and Hastings, 2011; Morris et al., 2012; Colich et al., 
2015). Among adolescents with a diagnosis of – or at high risk for – 
clinical depression, depressive symptom severity is cross-sectionally 
associated with cortisol stress reactivity(Morris et al., 2017), a measure 
which also longitudinally predicts both increases in(Morris et al., 2012) 
and onset of(Colich et al., 2015) depressive symptoms. More explicitly 
connecting stress exposure, HPA-axis dysregulation, and subsequent 
depression-onset: adversity-related baseline cortisol abnormalities in 
youth have been associated with subsequent negative affect and social 
withdrawal(Alink et al., 2012), while maltreatment history interacts with 
subsequent depressive symptom severity to predict cortisol reactivity in 
adolescents(Harkness et al., 2011). 

The interactive effects of stress and sex hormones on developing 
neurocircuitry may be critical to understanding the effects of HPA-axis 
dysfunction on adolescent depression risk. Consistent with this formu
lation is evidence from female adolescents that cortisol hyperreactivity 
to a stressor predicts future depression onset (independent of familial 
depression-risk status) only among those later in pubertal development 

at the time of stress assessment(Colich et al., 2015), while estradiol 
predicts future depressive symptoms only among participants with 
elevated baseline cortisol – and in opposite directions depending on time 
of pubertal onset(Chafkin et al., 2021). Relatedly, one MRI study found 
that greater gray matter volume of the pituitary gland (which arguably 
reflects HPA-axis hyperactivity) mediates the association between 
earlier pubertal timing and subsequent depressive symptoms(Whittle 
et al., 2012). Such interactions may help explain the published obser
vation that increased prevalence of depression among females arises 
only after mid-adolescence (prior to which males and females are 
equally affected)(Thapar and Riglin, 2020; Rao and Chen, 2022). The 
enduring and sex-specific effects of stress on the adolescent brain (and 
long-term behavioral outcomes, including depression risk) may be due 
in part to the hormonally driven alterations in neural circuits underlying 
emotion regulation and reward behaviors during adolescence(Davey 
et al., 2008; Shaw et al., 2020). In particular, the development of brain 
regions underlying the formation of emotional regulatory and reward 
behaviors are not only associated with HPA-axis functioning but are also 
especially responsive to hormonal inputs(Koss and Gunnar, 2018; Ray
mond et al., 2018; van der Kooij et al., 2016; Herting et al., 2012; 
Rowson et al., 2019; Kircanski et al., 2019). Moreover, given that hor
monal activity is itself sensitive to environmental inputs, substantial 
changes in hormone levels (e.g., in sex hormones due to puberty(Herting 
et al., 2012; Colich et al., 2015; Chafkin et al., 2021), or in stress hor
mones due to new psychosocial stressors associated with enhanced risk 
of anticipated reward disappointment(Davey et al., 2008)) and expres
sion of hormonal receptors make adolescence a timepoint during which 
the brain is especially and highly susceptible to environmental insults (e. 
g., psychosocial stressors). 

Changes in neuroendocrine function underlie the effects of stress on 
both frontolimbic development and adolescent depressive disorders. In 
the brain, chronic stress exposure leads to excessive glucocorticoid 
signaling (a marker of HPA-axis dysregulation), which can adversely 
affect dynamic neural processes including myelination and dendritic 
spine formation in frontolimbic regions expressing glucocorticoid re
ceptors (GRs)(McEwen et al., 2015; Hall et al., 2015; Liston and Gan, 
2011). HPA-axis dysregulation (as measured by alterations in magnitude 
of cortisol reactivity to a stressor) correlates with frontolimbic white 
matter alterations in adolescents exposed to early adversity; furthermore, 
such alterations longitudinally predict depressive symptoms(Kircanski 
et al., 2019) and internalizing symptomatology(Hanson et al., 2015) in 
such populations. In addition, adolescents with and without depression 
show opposite associations between intrinsic frontolimbic connectivity 
(as measured using resting-state fMRI) and cortisol reactivity(Thai et al., 
2021), supporting a close link between frontolimbic neural and neuro
endocrine systems in the pathophysiology of adolescent-onset depres
sion. Given that chronic HPA-axis activation has been hypothesized to 
directly alter frontolimbic activity (and consequently alter myelination of 
frontolimbic circuits)(Vanes et al., 2020; Kircanski et al., 2019), these 
findings suggest a conceptual model in which the development of fron
tolimbic circuits involved in emotional regulation and reward behaviors 
are adversely impacted by HPA-axis hyperactivity, and thus serve as an 
intermediary through which stress exposure potentiates adolescent 
emotional dysregulation and depression. 

Several possible mechanisms could explain how HPA-axis hyperac
tivity contributes, through the actions of glucocorticoids, to pathophys
iological changes in structure and function of frontolimbic circuitry 
associated with the development of depressive symptoms. In animal 
models such glucocorticoid actions influence a wide range of neural 
processes, including synaptic and dendritic remodeling, neurogenesis, 
and myelination(McEwen et al., 2015; Hall et al., 2015; Liston and Gan, 
2011). Excessive exposure to glucocorticoids leads to dendritic process 
atrophy and reduced synaptic plasticity in regions which express a rela
tively high density of glucocorticoid receptors (GR), including the hip
pocampus, PFC, amygdala, and striatum(Raymond et al., 2018; McEwen 
et al., 2015; Hall et al., 2015; Liston and Gan, 2011); furthermore, 
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glucocorticoids modulates microglia activity in corticolimbic regions, 
impacting myelination within and between these areas(McEwen et al., 
2015). Long-term consequences of glucocorticoid-associated impair
ments on the brain and behavior may be more pronounced among ado
lescents compared to adults, due to multiple factors: 1) the HPA axis of 
adolescents may show greater and more protracted activation in response 
to stress, such that a similar stressor may cause stronger HPA axis 
signaling (greater glucocorticoid exposure) among adolescents(Romeo, 
2013; McCormick et al., 2017); 2) frontolimbic structures may be more 
responsive to glucocorticoid signaling during adolescence, such that 
equivalent glucocorticoid exposure may have differential effects on 
hippocampal expression of NMDA receptor subunit genes(Lee et al., 
2003); 3) frontolimbic regions most sensitive to the effects of glucocor
ticoid signaling (namely the hippocampus, PFC, and amygdala) continue 
to develop throughout adolescence, such that glucocorticoid-associated 
changes that occur during adolescence may be less reversible(Raymond 
et al., 2018; van der Kooij et al., 2016; Rowson et al., 2019; Romeo, 2013). 
As a result, glucocorticoid-driven alterations of frontolimbic activity 
produce stress effects on the developing brain which are disproportionate 
to those seen in adult brain and lead to enduring structural and behavioral 
changes. For example, activity-dependent myelination may lead to 
inappropriately accelerated maturation of frontolimbic white matter 
tracts and premature closure of developmental windows in neuro
circuitry associated with emotion-regulation(Ho and King, 2021; Call
aghan and Tottenham, 2016). Consequently, early stress exposure 
precipitates functional deficits in social-affective (emotional regulatory 
and reward-based) networks(Shaw et al., 2020; Ho and King, 2021; 
Raymond et al., 2018; Vanes et al., 2020; van Velzen et al., 2020; Kir
canski et al., 2019; Hanson et al., 2015; Romeo, 2013; Hall et al., 2015) 
during adolescence associated with increased depression-risk extending 
into adulthood. 

4. Effects of the HPA and MGB axes on neurodevelopment and 
adolescent-onset depression 

The mechanisms by which stress exposure leads to HPA axis dysre
gulation, aberrant frontolimbic development, and adolescent depression 
(Guerry and Hastings, 2011; Koss and Gunnar, 2018; Raymond et al., 
2018; Vanes et al., 2020; van Velzen et al., 2020; Kircanski et al., 2019; 
Morris et al., 2012; Colich et al., 2015; Thai et al., 2021) remain only 
partially defined. We propose the Microbiota-Gut-Brain (MGB) axis as a 
key pathway by which stress-related HPA-axis dysregulation impacts 
adolescent frontolimbic development and associated behaviors (poorer 
emotion regulation, altered reward behaviors, and other depressive 
symptoms). Recently, gut microbiota signaling has been recognized as an 
important factor in modulating host physiology(Gentile and Weir, 2018), 
including brain structure and function through the “microbiota-gut-
brain” (MGB) axis which involves neuroimmune, neuroendocrine, and 
direct neural pathways(Tremblay et al., 2021; Misiak et al., 2020; Cowan 
et al., 2020; Flannery et al., 2019; Cruz-Pereira et al., 2020). The HPA and 
MGB axes mature in parallel and have a bi-directional relationship; on 
one hand, activation of the HPA axis impacts microbiota composition and 
function, while on the other hand microbiota-derived signals appear 
critical to normative HPA axis development(Tremblay et al., 2021; Mis
iak et al., 2020). This relationship may provide an important pathway by 
which external stimuli (e.g., psychosocial stressors) are converted to in
ternal stimuli (e.g., taxonomic and/or functional gut microbiota distur
bances), which may in turn contribute to long-term HPA axis 
dysregulation, subsequently altering neurophysiology including neuro
developmental processes involved in emotional regulation and reward 
processing (Fig. 1). 

While more research is needed to elucidate the exact mechanisms 
linking the HPA axis with the gut microbiota (hereafter, we will specify 
whether findings were associated with changes in gut microbial taxo
nomic distribution, functional effects, or both), multiple pathways 
appear to connect the two in a bidirectional, mutually-dependent 

relationship. Stress exposure activates the HPA axis, triggering systemic 
release of glucocorticoids, as well as intestinal secretion of stress- 
mediators (e.g., corticotropin releasing factor, CRF), immune factors 
(e.g., cytokine and antibody production) and neurotransmitters (e.g., 
acetylcholine)(Tremblay et al., 2021; Misiak et al., 2020; Cruz-Pereira 
et al., 2020). While stress alters local intestinal conditions in several 
important ways, we will focus here on two: disruptions in gut microbiota 
structure and function, and increased intestinal barrier permeability. 
These alterations synergistically potentiate the downstream effects of 
chronic stress exposure on the HPA axis (Fig. 1). 

First, disruptions in gut microbiota structure and function are seen in 
rodents exposed to social(Bailey et al., 2011)-, restraint(Jang et al., 2018; 
Galley et al., 2014)-, maternal separation (Gareau et al., 2007; Fukui 
et al., 2018)-, and unpredictable(Moussaoui et al., 2017; Marin et al., 
2017)- stressors. The gut microbiota taxonomic distribution shifts toward 
a greater relative abundance of pathogenic bacteria including those from 
the genus Clostridium(Bailey et al., 2011) and family Enterobacter(Jang 
et al., 2018), with decreased prevalence of beneficial Lactobacilli(Jang 
et al., 2018; Galley et al., 2014; Gareau et al., 2007; Moussaoui et al., 
2017; Marin et al., 2017) and Bifidobacteria(Jang et al., 2018) species. In 
addition to phylum-level shifts in the microbiota community, stress 
exposure can also induce more subtle changes including decreased 
overall species diversity (richness, or total number of species present, and 
evenness, a measure of species distribution)(Moussaoui et al., 2017; 
Bharwani et al., 2016). Stress signaling can also exert distinct structural 
effects by microbiota niche, as comparison of colonic tissue (analyzing 
mucosa-associated microbiota community) and fecal contents (luminal
ly-associated microbiota) revealed a decrease in relative Lactobacillus 
abundance only among the mucosa-associated community(Galley et al., 
2014). 

Stress-induced structural microbiota alterations are associated with 
functional disruptions, including: reduced abundance of pathways 
involved in synthesis of short chain fatty acids (SCFAs; e.g., butyrate, 
propionate)(Moussaoui et al., 2017; Bharwani et al., 2016) and neuro
transmitters (e.g., serotonin, dopamine, norepinephrine)(Bharwani 
et al., 2016), as well as increased local- and downstream-inflammatory 
signaling (eg. bacterial production of inflammatory cytokines including 
IL-1, IL-6, and TNF-α, in addition to release of lipopolysaccharide [LPS] 
and peptidoglycan from bacterial cell walls)(Bailey et al., 2011; Jang 
et al., 2018). Jang et al. demonstrated that stress-associated shifts in 
microbiota community play a causative role in these functional changes, 
as oral administration of fecal microbiota from stress-exposed mice is 
sufficient to reproduce functional effects, including increased colonic 
NF-κB activation and microglia/monocyte population in the colon and 
increased LPS in systemic circulation(Jang et al., 2018). 

Second, increased intestinal barrier permeability occurs independent of 
microbiota-associated changes. CRH- and glucocorticoid-mediated signals 
impair production of epithelial tight junction proteins such as occludin and 
zona-occludens-1 (ZO-1), compromising intestinal- and blood-brain- 
barrier integrity in a manner which can be blocked by corticoid receptor 
antagonists(Zheng et al., 2013). These initial HPA-axis effects then interact 
with microbiota-driven effects to further increase intestinal barrier 
permeability, via multiple pathways including microbiota-induced epige
netic programming of the intestinal epithelium(Ansari et al., 2020). As a 
result, inflammatory cytokines (e.g., IL-1, IL-6, TNF-α) and microbial an
tigens (e.g., LPS) are able to cross the intestinal barrier, enter the systemic 
circulation, and pass through the blood-brain-barrier, contributing to 
neuroinflammation which influences the HPA axis via direct and indirect 
mechanisms. With regard to direct effects on the HPA axis, rodents exposed 
to water avoidance(Ait-Belgnaoui et al., 2014)- and partial restraint(Ait-
Belgnaoui et al., 2012)- stress show functional changes in the para
ventricular nucleus (PVN) of the hypothalamus including: increased 
pro-inflammatory cytokine (IL-1, IL-6, and TNF-α) expression(Ait-Belg
naoui et al., 2012), increased neuronal activity (measured by cFos positive 
nuclei)(Ait-Belgnaoui et al., 2014), and altered expression of genes 
implicated in neurotransmission and synaptogenesis – associated with 
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Fig. 1. Effects of stress on Microbiota-Gut-Brain (MGB) axis, and the resulting impact of these effects on adolescent frontolimbic development. Red arrows indicate 
processes leading to physiological dysfunction. Red boxes indicate disturbance in normative processes. Red (+) indicate direct causes of HPA-axis hyperactivation. 
- Anatomical image adapted from Society for Neuroscience (2017) interactive brain model tool. 
- Abbreviations: PVN (Paraventricular nucleus of the hypothalamus); SCFA (Short-chain fatty acid); ACC (Anterior cingulate cortex); PFC (Prefrontal cortex); OFC 
(Orbitofrontal cortex); VS (Ventral striatum); TPJ (Temporoparietal junction); AI (Anterior insula). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)   

1) HPA-axis activation by stress exposure leads to production of stress hormones (glucocorticoids, catecholamines), which: increase intestinal barrier permeability 
(“leaky gut”)(Zheng et al., 2013; Ait-Belgnaoui et al., 2012) and disturb the gut microbiota composition(Bailey et al., 2011; Jang et al., 2018; Galley et al., 2014; 
Gareau et al., 2007; Moussaoui et al., 2017; Marin et al., 2017; Bharwani et al., 2016).  

2) The disturbed microbiota composition: 
a) Increases local inflammatory signaling (e.g, bacterial production of inflammatory cytokines including IL-1, IL-6, and TNF-α, in addition to release of lipo

polysaccharide [LPS] and peptidoglycan from bacterial cell walls)(Bailey et al., 2011; Jang et al., 2018);  
b) Produces fewer of the bioactive substances (SCFAs; e.g., butyrate, propionate)(Moussaoui et al., 2017; Bharwani et al., 2016) and neurotransmitters (e.g., 

serotonin, dopamine, norepinephrine)(Bharwani et al., 2016) necessary for functional gut-brain signaling (disrupting processes such as PFC synaptogenesis and 
myelination(Lynch et al., 2021), as well as hippocampal neurogenesis(Jang et al., 2018; Ait-Belgnaoui et al., 2014; Murray et al., 2020; Sudo et al., 2004; Liao 
et al., 2019; Wei et al., 2019; Liu et al., 2016));  

c) Interacts with initial stress hormone-driven effects to further increase intestinal barrier permeability, via multiple pathways including microbiota-induced 
epigenetic programming of the intestinal epithelium(Ansari et al., 2020).  

3) Disruptions in gut microbiota structure and function, and increased intestinal barrier permeability, interact synergistically to potentiate the down-stream effects of 
stress exposure on HPA-axis through multiple pathways:  
a) Inflammatory cytokines (IL-1, IL-6, and TNF-α) and microbial antigens (lipopolysaccharide [LPS]) enter the systemic circulation through the impaired intestinal 

barrier and penetrate the blood-brain-barrier, leading to subclinical neuroinflammation(Ait-Belgnaoui et al., 2012, 2014) which:  
i) directly enhance HPA-axis excitability (e.g., increased increased neuronal activity and synaptogenesis in the paraventricular nucleus (PVN)(Ait-Belgnaoui 

et al., 2014)), and  
ii) indirectly activate the HPA axis, by impairing function(Jang et al., 2018) of neural regions critical to HPA axis negative feedback mechanisms (such as the 

PFC and hippocampus)(Cruz-Pereira et al., 2020).  
b) Independent of penetration through the intestinal barrier, stress-associated gut microbiota changes can activate the HPA axis through direct effects on 

gastrointestinal vagal afferents (e.g., modulation of enteric neuron excitability via effects on ion channels(Kunze et al., 2009; Bercik et al., 2011)), which 
terminate in the nucleus tracTus solitarius (NTS) – and project to regions including the amygdala, hippocampus, ventral tegmental area, and paraventricular 
nucleus (PVN) of the hypothalamus(Fülling et al., 2019).  

4) Chronic HPA-axis activation leads to excessive glucocorticoid signaling, which influences dendritic and synaptic remodeling, myelination, and neurogenesis in 
regions expressing Glucocorticoid Receptors (GRs)(McEwen et al., 2015; Hall et al., 2015; Liston and Gan, 2011) – including the amygdala, hippocampus, and PFC 
(Raymond et al., 2018).  

5) Prolonged disruption of these neural processes (box i) during adolescence(van der Kooij et al., 2016; Rowson et al., 2019; Urban and Valentino, 2017; Urban et al., 
2019; Makinodan et al., 2012) may lead to impaired development of neurocircuitry underlying long-term emotional regulatory and reward processes (box ii), 
increasing depression risk(Davey et al., 2008; Shaw et al., 2020; Ho and King, 2021; Vanes et al., 2020; Kircanski et al., 2019). 
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enhanced HPA-axis excitability(Ait-Belgnaoui et al., 2014). Moreover, 
pretreatment with Lactobacillus(Ait-Belgnaoui et al., 2012, 2014) and 
Bifidobacterium(Ait-Belgnaoui et al., 2014) strains prevented these 
changes, specifically by preventing stress-induced deficits in colonic mu
cosa tight junction protein expression (e.g., occludin, ZO-1) and associated 
LPS translocation from the intestinal lumen(Ait-Belgnaoui et al., 2012). 
The neuroinflammatory cascade (e.g., NF-κB activation and micro
glia/monocyte populations in the hippocampus), initiated by 
stress-induced gut microbiota changes and barrier permeability, also 
indirectly activates the HPA-axis due to impaired function of regions crit
ical to HPA negative feedback(Cruz-Pereira et al., 2020) (e.g., decreased 
hippocampal BDNF expression(Jang et al., 2018), doublecortin 
(DCX)-positive cells(Ait-Belgnaoui et al., 2014)). 

Independent of systemic effects, stress-associated gut microbiota 
changes can activate the HPA axis through direct effects on gastrointestinal 
vagal afferents, which terminate in the Nucleus Tracus Solitarius (NTS) and 
project to regions including the amygdala, hippocampus, ventral 
tegmental area, and paraventricular nucleus (PVN) of the hypothalamus 
(Fülling et al., 2019). Lactobacillus-mediated signals in mice are able to 
alter mesenteric vagal afferent fiber firing, and induce neuronal activation 
(assessed by c-Fos expression) – in brain regions that receive vagal afferents 
– which is prevented by sub-diaphragmatic vagotomy (SDV)(Bharwani 
et al., 2020). One important mechanism for vagal-dependent microbiota 
signaling may be the ability of bacterial species (eg. Lactobacillus Reuteri, 
and Bifidobacterium Longum) to directly modulate enteric neuron excit
ability by exerting differential effects on ion channels(Kunze et al., 2009; 
Bercik et al., 2011). The downstream effects of stress on the brain and 
behavior, via altered microbiota composition, appear to be in-part vagally 
dependent: SDV blocks the microbiota of rats exposed to chronic social 
defeat stress (delivered via FMT to non-stressed rats with antibiotic- 
depleted microbiomes) from causing decreased PFC synaptic protein 
expression, and development of depressive behaviors(Wang et al., 2020). 
Protective effects of bacterial strains are also transmitted through the vagus 
nerve, as Bravo et al. showed that the ability of Lactobacillus Rhamnosus to 
prevent stress-induced glucocorticoid elevations, GABA mRNA expression 
changes in frontal and limbic areas, and onset of depression-like behaviors, 
is absent in vagotomized mice(Bravo et al., 2011). Importantly, the vagus 
nerve can also transmit effects to the microbiota: systemic administration 
of LPS produces abnormalities in gut microbiota diversity, elevations in 
systemic inflammatory markers, downregulation of mPFC synaptic pro
teins, and onset of depressive behaviors in a vagally-dependent manner 
(Zhang et al., 2020). That these effects are not observed among mice who 
have undergone SDV, suggests that the vagus serves as a bidirectional link 
between the gut and brain; it both carries stress signals that alter the 
microbiota,and transmits stress-induced microbiota changes to the brain’s 
stress circuitry (Fig. 1). 

5. Adolescence as a sensitive period in development of the 
microbiome-gut-brain (MGB) axis: potential implications for 
development of adolescent depression 

Dysfunction of the MGB axis during development has been implicated 
in the emergence of neuropsychiatric disorders, including depression, 
across both animal models and clinical studies(Misiak et al., 2020; Cowan 
et al., 2020; Knudsen et al., 2021; Lach et al., 2020; Alli et al., 2022). In 
rodents, stress-associated microbiota alterations early in life have been 
shown to directly impact neurobiology and behavior into adulthood, 
including: HPA-axis dysregulation, systemic and neural inflammation, 
impaired neurogenesis, altered frontolimbic synaptogenesis and myeli
nation, and anhedonic behaviors(Tremblay et al., 2021; Misiak et al., 
2020; Lynch et al., 2021; Cruz-Pereira et al., 2020). While evidence in 
humans remains preliminary, recent studies suggest that these observa
tions may have translational relevance. For example, one longitudinal 
study(Querdasi et al., 2022) found that higher postnatal adversity 
exposure was associated with reduced gut microbiota phylogenetic di
versity and differential abundance of Parabacteriodes at 2 years of age, 

and microbiota compositional profiles among 2 year-olds were associated 
with concurrent (at year 2) and prospective (at year 4) socioemotional 
functioning. Stress-associated gut microbiota alterations continue at least 
into adolescence: stress measures, including negative event exposure and 
parasympathetic activity, are cross-sectionally associated with lower 
alpha diversity and differential bacterial abundance at the phylum-level 
(eg. lower Firmicutes, higher Bacteroides, Parabacteroides) among 8–16 
year-olds(Michels et al., 2019), while adult women who report having 
experienced two or more adverse childhood events (ACEs) have distinct 
gut microbiota profiles (eg. greater differential abundance of Prevotella) 
compared to adults with fewer ACEs(Hantsoo et al., 2019). Together, 
these results suggest that gut microbiota composition remains plastic to 
stress signaling throughout adolescence, with effects that may persist into 
adulthood. Among human adults, observational studies have consistently 
identified depression-associated fecal microbiota composition pheno
types(Nikolova et al., 2021; Stevens et al., 2021), and gut microbiota 
sequencing has been found to reliably differentiate patients with 
depression from healthy subjects(Nikolova et al., 2021; Stevens et al., 
2021). Notably, transplantation of the microbiota from depressed pa
tients to microbiota-depleted rats induces depressive behaviors and 
physiology (while transplantation of the microbiota from healthy sub
jects reduces depressive symptoms in rats previously subjected to stress) 
(Knudsen et al., 2021), suggesting a possible causative role for gut 
microbiota signaling in the etiology of depression. 

One notable aspect of the microbiota as a pathway for communication 
between the gut and the brain is that microbiota community functionality 
appears to be adapted to age-specific developmental processes(Cowan 
et al., 2020; Flannery et al., 2019; Jašarević et al., 2016). For example, 
Hollister et al. found differences in gut microbiota compositional and 
functional profile between healthy pre-adolescent children (ages 7–12) 
and healthy adults, such that children harbored a greater prevalence of 
Bifidobacterium and Faecalibacterium species, associated with a greater 
relative abundance of genes involved in metabolic pathways that pro
mote neural development (e.g., vitamin B12 and folate synthesis) 
(Hollister et al., 2015). As seen in studies of germ-free (GF) rodents, 
presence of the gut microbiota is necessary for normative neural and 
behavioral development, and microbial colonization is sufficient to 
restore normative developmental trajectories only if delivered within 
limited windows. As an example, Hoban et al. (2016) identified alter
ations in PFC myelin-related gene expression among GF mice at 10 weeks 
of age, which could be prevented by microbial colonization post-weaning 
(at P21); however, ultrastructural changes in myelin sheath thickness at 
week 10 were not normalized by colonization. Furthermore, deficits in 
mPFC dendritic spine remodeling and fear-extinction learning among GF 
mice are reversible only if microbiota colonization occurs prior to 
weaning(Chu et al., 2019), while alterations in anxiety-like behavior 
associated with striatal PSD-95 and synaptophysin expression (markers 
of developmental synaptogenesis) in GF mice are normalized only by 
colonization early in life(Diaz Heijtz et al., 2011). Combined with the 
observation that periods of peak microbiota change parallel periods of 
heightened neurodevelopmental plasticity in both rodents and humans 
(Cowan et al., 2020; Flannery et al., 2019; Jašarević et al., 2016), these 
results suggest the existence of “sensitive windows” in the MGB axis: 
periods of heightened microbiota and brain plasticity, during which 
microbiota-derived signals are critical to determining long-term neural 
and behavioral trajectories. 

Late childhood through adolescence may be the last sensitive window 
of MGB axis development. Longitudinal studies suggest that, in contrast 
to the relative long-term stability of the adult microbiota composition 
(Faith et al., 2013), adolescence may represent a distinct period of 
microbiota function tailored to age-specific developmental changes. For 
example, healthy adolescent (ages 11–18) and adult (ages 19+) human 
distal gut microbiota samples can be distinguished by relative species 
abundances(Agans et al., 2011), including differential abundance of 
genera Bifidobacterium and Clostridium. Supporting the involvement of 
gut microbiota signaling in adolescent neurodevelopment, transient 
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antibiotic-depletion of the microbiota in adolescent (but not adult) ro
dents leads to enduring effects on microbiota composition, amygdala 
gene expression and anxiety-like behavior(Lach et al., 2020). A potential 
factor underlying sensitivity of the MGB axis during adolescence is the 
involvement of the gut microbiota in hormonal signaling, including in
teractions with stress hormones (heightened in the setting of new com
plex social behaviors) and sex hormones (peaking in the setting of 
pubertal development)(Jašarević et al., 2016; Cowan and Richardson, 
2019; Murray et al., 2020; Yurkovetskiy et al., 2013). Among rats, the gut 
microbiota has been implicated in the stress-induced changes in pubertal 
onset previously observed among human adolescents(Cowan and 
Richardson, 2019). In particular, exposing rats to early stress via 
maternal separation leads to sex-dependent changes in pubertal timing 
(precocious in females, delayed in males), which are preventable with 
administration of probiotics containing Lactobacillus strains for the 
duration of maternal separation (P2–P14)(Cowan and Richardson, 
2019). During puberty (at 6 weeks of age), the rat gut microbiota 
composition is more malleable to stress-induced change via LPS challenge 
compared to adult rats (at 10 weeks of age), including more signification 
depletion of beneficial Lactobacillus genera; furthermore, these changes 
are associated with enduring, sex-dependent effects on anxiety-behavior 
and hippocampal c-Fos expression into adulthood, which are preventable 
via Lactobacillus Reuteri administration during puberty(Murray et al., 
2020). These findings support the possibility that microbiota-derived 
signals during adolescence serve as one possible pathway by which 
stress effects interact with gonadal hormones to shape long-term brain 
structure and function. 

Gut microbiota disturbances during adolescent development have 
been associated with dysfunction (while gut microbiota normalization 
prior to adulthood has been associated with functional restoration) of 
frontolimbic processes implicated in both the adolescent stress-response 
and adolescent-onset depression(Hoban et al., 2016; Keogh et al., 2021; 
Lach et al., 2020; Diaz Heijtz et al., 2011; Sudo et al., 2004). Notably, 
restoration of microbiota signaling in GF rodents at various develop
mental stages suggests a limited adolescent window in which 
microbiota-derived signals can normalize both: 1) HPA-axis function 
(Sudo et al., 2004); and 2) neurodevelopmental processes known to be 
uniquely vulnerable to stress exposure, including PFC myelination 
(Keogh et al., 2021). Sudo et al. demonstrated that the increased sensi
tivity of the HPA-axis stress response (assessed via cortisol reactivity to 
restraint stress, associated with reduced BDNF expression in the cortex 
and hippocampus) observed in GF mice can be partially attenuated 
following microbiota colonization during adolescence (at 6 weeks old), 
but not during adulthood (at 14 weeks old)(Sudo et al., 2004). Further
more, normative PFC myelination during adolescence in rodents is 
dependent on the microbiota via production of the short-fatty acid (SCFA) 
butyrate(Keogh et al., 2021), a process known to differ by stress-induced 
changes in microbiota function (Bharwani et al., 2016). Supplementation 
with butyrate during adolescence rescues behavioral and PFC 
myelin-related deficits associated with gut microbiota compositional 
changes resulting from early-life antibiotic exposure(Keogh et al., 2021). 
Notably, the profile of long-term microbiota changes associated with 
antibiotic exposure during postnatal development resembled the effects 
of behavioral stress on the microbiota(Jang et al., 2018; Galley et al., 
2014; Gareau et al., 2007; Moussaoui et al., 2017; Marin et al., 2017), 
including reduced diversity and phylum-level changes in the Bacteroides: 
Firmicutes ratio with decreased Lactobacillaceae abundance. Immune- or 
behavioral-stress induced microbiota changes in rodents are also asso
ciated with other processes implicated in maturation of emotion-relevant 
neural circuitry, including synaptic plasticity in the PFC(Zhang et al., 
2020) and amygdala(Bravo et al., 2011). By attenuating the effects of 
stress on these neural processes, targeting the gut microbiota during 
adolescence may be an effective intervention for development of 
depressive symptoms. 

6. Probiotics as an MGB-targeted treatment for adolescent 
depression 

Animal models support the concept that normalization of gut 
microbiota disturbances during adolescence represents a unique op
portunity to attenuate long-term effects of stress on the brain and 
behavior. For example, immune challenge (via LPS treatment, a model 
of immune stress) in rodents during the adolescent period is associated 
with short-term microbiota compositional changes, and long-term neu
ral and behavioral alterations, which are prevented by consumption of 
probiotics during adolescence(Murray et al., 2019, 2020; Yahfoufi et al., 
2021). Notably, Murray et al. (2019) showed that one-time LPS exposure 
at 6 weeks was associated with enduring microbiota and behavioral 
changes, including phylum-level differences in relative Firmicutes:Pro
teobacteria ratio and increased anxious and depressive behaviors at 10 
weeks. Treatment from weeks 5–7 with a probiotic containing multiple 
Lactobacillus strains prevented these changes, and normalized toll-like 
receptor-4 activity in the hypothalamic PVN in response to a novel 
stressor(Murray et al., 2019). As demonstrated by Smith et al., long-term 
effects of adolescent gut microbiota disturbances on depression- and 
anxiety-like behaviors appear to be primarily driven by maladaptive 
changes to the HPA axis, with pubertal LPS exposure decreasing PVN 
glucocorticoid receptor (GR) expression into adulthood, and pubertal 
probiotic (composed of multiple Lactobacillus strains) treatment block
ing this LPS-induced programing(Smith et al., 2021). These results 
highlight the importance of adolescence as a developmental period 
during which long-term HPA-axis function, and neural and behavioral 
sequalae of prolonged HPA-axis hyperactivity, remain both vulnerable 
to microbiota disturbances and amenable to interventions targeting the 
microbiota. 

Probiotic interventions that attenuate HPA-axis hyperactivity may 
be particularly useful to treat depressive symptoms among adolescent 
populations (Fig. 2). Supporting this possibility, administration of pro
biotics to stress-exposed adolescent rodents attenuates HPA-axis hy
peractivity, thereby reducing later depressive-like behaviors and 
ameliorating functional alterations in depression-associated regions 
(Liao et al., 2019; Wei et al., 2019; Liu et al., 2016), regardless of 
whether the stress occurred in early life (Liao et al., 2019; Liu et al., 
2016) or during adolescence(Wei et al., 2019). For example, Lactoba
cillus Paracasei PS23 (provided starting on PD29) improves anxiety- and 
depression-like behaviors, while reducing serum corticosterone levels 
and normalizing hippocampal dopaminergic metabolite concentrations, 
in juvenile rodents who previously underwent a maternal separation 
paradigm (P2-14)(Liao et al., 2019). Furthermore, in mice exposed to 
maternal-separation stress(PD2-14), Lactobacillus Plantarum PS128 
(administered starting on PD29) reduces anxiety- and depression-like 
behaviors while reducing serum corticosterone and increasing dopa
mine and serotonin levels in the PFC(Liu et al., 2016). Among mice 
treated with corticosterone throughout early and middle adolescence 
(from PD17 to 37), treatment with Lactobacillus Paracasei PS23 until day 
41: reverses chronic corticosterone-induced anxiety- and depression-like 
behaviors, and normalizes BDNF and glucocorticoid receptor levels in 
the hippocampus, in addition to serotonin levels in the hippocampus, 
PFC, and striatum(Wei et al., 2019). 

Preliminary clinical trials in humans suggest that these effects may 
have translational relevance, as Lactobacillus-containing probiotics have 
been shown to prevent stress-induced HPA-axis hyperactivity (e.g., 
normalizing increased salivary cortisol)(Kato-Kataoka et al., 2016a, 
2016b; Takada et al., 2016; Nishida et al., 2017; Sawada et al., 2017) 
and attenuate development of anxiety and depressive symptoms in 
non-clinical youth populations(Nishida et al., 2017; Sawada et al., 
2017). Kata-Kataoka et al. and Sawada et al. demonstrated that Lacto
bacillus Casei strain Shirota(Kato-Kataoka et al., 2016a) and Lactobacillus 
gasseri CP2305(Sawada et al., 2017) respectively are able to suppress 
stress-induced salivary cortisol increases, as well as stress-associated 
changes in fecal microbiota profiles (eg. relative prevalence of 
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Bacteroidaceae(Kato-Kataoka et al., 2016a) and Enterobacteriaceae 
(Sawada et al., 2017), and altered alpha diversity(Kato-Kataoka et al., 
2016a)) among healthy medical students exposed to stress. Further
more, attenuation of these stress effects by Lactobacillus gasseri CP2305 
was also associated with improvements in depressive symptoms, anxi
ety, and global sleep quality(Sawada et al., 2017), while Nishida et al. 
found that the same strain attenuated escalations of both salivary 
cortisol levels and anxiety scores among healthy medical students pre
paring to take an exam(Nishida et al., 2017). In a similar population of 

Japanese medical students exposed to exam stress, (Takada et al., 2016; 
Kato-Kataoka, 2016a,b) found that Lactobacillus Casei strain Shirota 
(compared to placebo) prevented stress-induced increases in salivary 
cortisol and physical symptoms. These studies demonstrate the ability of 
Lactobacillus-probiotics to not only ameliorate stress-associated physical 
and mood symptoms(Nishida et al., 2017; Sawada et al., 2017), but also 
to prevent stress-induced increases in HPA axis signaling (and the 
development of stress-associated symptoms) among young adults given 
probiotics prior to or in the course of stress exposure (see Table 1 for 

Fig. 2. Hypothesized model of the effects of probiotics on stress-associated Microbiota-Gut-Brain (MGB) axis dysfunction which, in turn, impact adolescent fron
tolimbic development and associated behaviors (e.g., depressive symptoms). Green arrows indicate normal physiological processes. Green boxes indicate normative 
function. Green (− ) indicate attenuation of HPA-axis hyperactivity. 
- Anatomical image adapted from Society for Neuroscience (2017) interactive brain model tool. 
- Abbreviations: PVN (Paraventricular nucleus of the hypothalamus); SCFA (Short-chain fatty acid); ACC (Anterior cingulate cortex); PFC (Prefrontal cortex); OFC 
(Orbitofrontal cortex); VS (Ventral striatum); TPJ (Temporoparietal junction); AI (Anterior insula). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)   

1) HPA-axis activation by stress exposure leads to production of stress hormones (glucocorticoids, catecholamines), which: increase intestinal barrier permeability 
(“leaky gut”)(Zheng et al., 2013; Ait-Belgnaoui et al., 2012) and disturb the gut microbiota composition(Bailey et al., 2011; Jang et al., 2018; Galley et al., 2014; 
Gareau et al., 2007; Moussaoui et al., 2017; Marin et al., 2017; Bharwani et al., 2016).  

2) Probiotic use populates the gut microbiota with beneficial bacterial strains, a process which:  
a) Reduces local and systemic release of inflammatory cytokines and microbial antigens(Jang et al., 2018; Murray et al., 2019; Liu et al., 2016);  
b) Normalizes synthesis of bioactive substances (e.g. SCFAs, neurotransmitters)(Erny et al., 2015; Keogh et al., 2021; Yadav et al., 2013; Srivastav et al., 2019) 

necessary for functional gut-brain signaling (facilitating processes such as PFC myelination, via restoration of microglia homeostasis(Erny et al., 2015), 
oligodendrocyte maturation(Hoban et al., 2016; Keogh et al., 2021));  

c) Restores the production of intestinal epithelial cell tight junction proteins, improving intestinal barrier function(Gareau et al., 2007; Fukui et al., 2018; 
Ait-Belgnaoui et al., 2012; Vanhaecke et al., 2017).  

3) Probiotics may attenuate HPA-axis hyperactivity through multiple pathways: 
a) Restoring intestinal barrier function(Gareau et al., 2007; Vanhaecke et al., 2017), thus preventing the entrance of inflammatory cytokines and microbial an

tigens into the systemic circulation, and reducing downstream subclinical neuroinflammation(Ait-Belgnaoui et al., 2012, 2014);  
b) Transmitting vagal afferent signals associated with the normalized microbiota, leading to normalized Paraventricular Nucleus (PVN) signaling and HPA-axis 

activity(Bercik et al., 2011; Bravo et al., 2011).  
4) Prevention of chronic HPA-axis activation prevents excessive glucocorticoid signaling(Ait-Belgnaoui et al., 2012, 2014; Liao et al., 2019; Wei et al., 2019; Liu et al., 

2016), which normalizes dendritic and synaptic remodeling, myelination, and neurogenesis in regions expressing Glucocorticoid Receptors (GRs)(McEwen et al., 
2015; Hall et al., 2015; Liston and Gan, 2011) – including the amygdala, hippocampus, and PFC(Raymond et al., 2018).  

5) Normalization of these neural processes (box i) during adolescence may lead to more appropriate development of neurocircuitry underlying long-term emotional 
regulatory and reward processes (box ii)(Davey et al., 2008; Shaw et al., 2020; Ho and King, 2021; Vanes et al., 2020; Kircanski et al., 2019), potentially reducing 
(Liao et al., 2019; Wei et al., 2019; Liu et al., 2016) or preventing(Kato-Kataoka et al., 2016a, 2016b; Takada et al., 2016; Nishida et al., 2017; Sawada et al., 2017) 
depressive symptoms. 
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study details). 
Clinical trials have also shown probiotic-associated improvements in 

depressive symptoms among adults with clinical depression (as reviewed 
by Liu et al. (2019) and Alli et al. (2022)) although results have been 
inconsistent and difficult to generalize due to inter-study differences with 
respect to probiotic strains and dosages used. Among patients with Major 
Depressive Disorder (MDD) taking probiotics as a stand-alone treatment, 
Akkasheh et al. (2016), Majeed et al. (2018), Kazemi et al. (2019), and 
Wallace et al., (2021), found that probiotic intake (compared to placebo) 
was associated with significant improvement in depressive symptoms 
(see Table 2 for study details). Probiotics have also been found to reduce 
depressive symptoms (compared to placebo) when taken as adjunctive 
agents to standard clinical treatment among patients with MDD. 
Furthermore, both Miyaoka et al. (2018) and Bambling et al. (2017) 
found that probiotic agents taken as adjuncts to Selective Serotonin Re
uptake Inhibitors (SSRIs) provided symptomatic improvement among 
patients with previously treatment-resistant depression (see Table 2 for 
study details). The mechanistic underpinnings of these effects have pri
marily been studied in rodent models, but several clinical trials among 
adults suggest that probiotic-associated mood and anxiety improvements 
may be mechanistically linked to 1) attenuated HPA axis signaling, and 2) 
normalized frontolimbic neural function. For example, Messaoudi et al. 
found improvements in psychological distress measures and significantly 
lower urinary cortisol levels (compared to controls) among healthy adults 
administered a combination of Lactobacillus helveticus R0052 and Bifido
bacterium longum R0175(Messaoudi et al., 2011); furthermore, Allen et al. 
found that Bifidobacterium longum 1714 consumption among healthy 
subjects: attenuated cortisol and subjective anxiety in response to cold 
stressor test, reduced daily reported stress, and enhanced frontal midline 
electroencephalographic mobility(Allen et al., 2016). Lastly, among Ir
ritable Bowel Syndrome (IBS) patients, Pinto-Sanchez et al. demonstrated 
that depressive symptom improvements after Bifidobacterium longum 
NCC3001 intake were associated with reduced amygdala activation to 
negative emotional stimuli (Pinto-Sanchez et al., 2017) (see Table 3 for 
study details). While probiotics have rarely been studied in adolescent 
clinical populations, their unique benefits in postnatal/adolescent 
(compared to adult) rodents, as well as their utility in preventing the 
development of stress-associated effects in young adults and ameliorating 
depressive symptoms among clinically depressed adults, suggests the 
possibility that probiotics may be an efficacious intervention in 
adolescent-onset depression. 

7. Discussion 

As we have described above, gut microbiota disturbances (e.g., 
taxonomic and/or functional alterations) represent an important internal 
pathway through which external stimuli (e.g., psychosocial stressors) 
induce long-term HPA-axis dysregulation, adversely impacting devel
opment of frontolimbic circuits and contributing to the emergence of 
adolescent-onset clinical depressive disorders. Probiotic agents – which 
may help maintain gut microbiota homeostasis by introducing beneficial 
bacterial strains, such as those from the genus Lactobacillus – have been 
shown to prevent stress-induced HPA axis hyperactivity(Kato-Kataoka 
et al., 2016a, 2016b; Takada et al., 2016; Nishida et al., 2017; Sawada 
et al., 2017) and the development of stress-associated mood and physical 
symptoms among young adults(Nishida et al., 2017; Sawada et al., 2017). 
Furthermore, clinical trials in adults with(Akkasheh et al., 2016; Majeed 
et al., 2018; Kazemi et al., 2019; Wallace and Milev, 2021; Miyaoka et al., 
2018; Bambling et al., 2017) and without MDD(Messaoudi et al., 2011; 
Allen et al., 2016; Pinto-Sanchez et al., 2017) have demonstrated that 
probiotic-associated improvements in depressive symptoms may be 
mechanistically linked to 1) attenuated HPA axis signaling, and 2) 
normalized frontolimbic neural function. However, despite evidence that 
probiotics may provide a novel means of reducing or preventing 
depressive symptoms among adolescents with or at risk for depressive 
disorders, their potential utility in adolescent populations remains 

Table 1 
Preventive effects of probiotics in stress-exposed young adults.  

Intervention Participants Results 

8 week RCT; probiotic as 
a stand-alone agent 
for preventing stress- 
induced changes. 

49 healthy medical 
students (<30 years) 
preparing to take 
nationwide 
examination for 
academic 
advancement.  

• In both studies, salivary 
cortisol levels increased 
significantly 1 day before 
the examination in the 
placebo group compared 
with the baseline levels.  

• Conversely, no significant 
elevation of salivary 
cortisol was observed in 
the L. casei strain Shirota 
group. 

100-ml bottle of either 
L. casei strain Shirota- 
fermented milk (L. casei 
strain Shirota at more 
than 1.0 × 1011 CFU per 
100-ml bottle) or 
placebo milk taken 
daily prior to 
standardized 
examination. 

Placebo group: 
22.8 ± 0.3 yo 

Kato-Kataoka et al. 
(2016a) 

Probiotic group: 
22.8 ± 0.4 yo 

8 week RCT; probiotic as 
a stand-alone agent 
for preventing stress- 
induced changes. 

51 healthy medical 
students (<30 years) 
preparing to take 
nationwide 
examination for 
academic 
advancement.  

• Participants in L. casei 
strain Shirot (LcS) group 
had significantly higher 
gut microbiota alpha- 
diversity, with a signifi
cantly lower percentage of 
Bacteroidaceae compared 
to the placebo group.  

• Participants in LcS group 
had significantly lower 
rates of physical 
symptoms at 5–6 weeks 
and 7–8 weeks compared 
to the placebo group. 

100-ml bottle of either 
L. casei strain Shirota- 
fermented milk (L. casei 
strain Shirota at more 
than 1.0 × 109 CFU/ml) 
or placebo milk taken 
daily prior to 
standardized 
examination. 

Placebo group: 
22.7 ± 0.4 yo 

Kato-Kataoka et al. 
(2016b) 

Probiotic group: 
23.0 ± 0.4 yo 

8 week RCT; probiotic as 
a stand-alone agent 
for preventing stress- 
induced changes. 

149 healthy medical 
students (<30 years) 
preparing to take 
nationwide 
examination for 
academic 
advancement.  

• Salivary cortisol increase 
from baseline to pre-exam 
was significantly greater 
in the placebo group 
(compared to the LcS 
group).  

• Physical symptom rate 
increased in placebo 
group, and decreased in 
LcS group, from baseline 
to pre-exam. At weeks 
7–8, significantly greater 
number of physical symp
toms in placebo group 
compared to LcS group.  

• In rats exposed to WAS, 
increases in plasma 
corticosterone were 
significantly greater in 
those given feed w/o LcS 
(compared to those 
pretreated with LcS). 

100-ml bottle of either 
L. casei strain Shirota- 
fermented milk (L. casei 
strain Shirota at more 
than 1.0 × 109 CFU/ml) 
or placebo milk taken 
daily prior to 
standardized 
examination. 

Placebo group: 
22.8 ± 0.2 yo 

Rats given feed w/or w/o 
LcS for 2 weeks, prior to 
Water avoidance stress 
(WAS). 

Probiotic group: 
23.0 ± 0.2 yo 

Takada et al. (2016) Rats aged 8–9 weeks 
old 

12 week RCT; probiotic 
as a stand-alone agent 
for preventing stress- 
induced changes. 

69 healthy medical 
students (aged 22–35) 
preparing to take 
nationwide 
examination for 
academic 
advancement.  

• Salivary cortisol increase 
from baseline was 
significantly greater in the 
placebo group (compared 
to CP2305 group) at both 
6 weeks and 12 weeks.  

• In female students: 
significant difference in 
STAI-state and GHQ-28 
scores between placebo 
group and CP2305 group 
after 12 weeks. 

200 mL beverage 
containing containing 
Lactobacillus gasseri 
strain CP2305 
(CP2305) or placebo 
beverage daily prior to 
standardized 
examination. 

Placebo group: 
25.1 ± 0.4 (22–35) yo 

(continued on next page) 
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largely unexplored. Below, we discuss several open questions regarding 
the potential utility of probiotics as therapeutic agents for depressive 
disorders. 

The heterogeneity of previous randomized controlled trials (RCTs) 
assessing probiotics for the treatment of depressive symptoms limits the 
reproducibility and comparability of current evidence(Liu et al., 2019). 
Sources of variability include inter-study discrepancies with respect to 
probiotic dosing, method of delivery (e.g., capsule vs. yogurt), and specific 
probiotic bacterial species/strains utilized, as well as differences in 
mechanisms assessed (e.g., systemic inflammatory markers, measures of 
HPA-axis activity). The inconsistency of bacterial species/strains used in 
probiotic formulations across studies is a particularly important impedi
ment to developing treatment guidelines, as different gut bacterial strains 
from within the same species may exert distinct physiologic effects 
(Ouwehand et al., 2018). Furthermore, while multi-strain and 
multi-species formulations may exert a greater gut health benefit (and thus 
may more effectively ameliorate neuropsychiatric symptoms) relative to 
mono-strain probiotics, the potentially interactive effects in such formu
lations remain poorly defined(Ouwehand et al., 2018). For example, while 
Lactobacillus helveticus R0052 and Bifidobacterium longum R0175 show 
greater efficacy in regulating stress-induced negative feedback on the HPA 
axis compared to either species alone(Ait-Belgnaoui et al., 2018), it re
mains unclear whether this synergistic effect would be reproducible be
tween different strains of Lactobacillus helveticus and Bifidobacterium 
longum – as well as whether such synergy would survive if incorporated 
into a probiotic formulation including additional species or strains. More 
broadly, improving the precision with which probiotic treatments target 
depression (and other microbiota-associated disorders) may require 
defining the optimal gut microbiota profile necessary to rescue normative 
physiologic function (e.g., HPA axis activity) from the adverse effects of gut 
microbiota disturbances, including whether this profile may differ ac
cording to factors such as host age, sex, and clinical condition. 

An important question to resolve prior to the widespread imple
mentation of probiotic agents as antidepressant therapies is about their 
most appropriate role in depressive symptom management. Initial evi
dence suggests that while some probiotic formulations may be efficacious 
as stand-alone therapies in reducing depressive symptoms(Akkasheh 
et al., 2016; Majeed et al., 2018; Wallace and Milev, 2021), they may be 
most effective as adjuncts to current first-line antidepressant agents such 

Table 1 (continued ) 

Intervention Participants Results 

Nishida et al. (2017) Probiotic group: 
24.9 ± 0.3 (23–32) yo 

11 week placebo- 
controlled, crossover- 
designed trial (3 week 
washout). Probiotic as 
a stand-alone agent 
for preventing stress- 
induced changes.  

Participants in CP2305 
group had:  
• significantly reduced 

salivary cortisol levels 
compared to pre- 
intervention (a reduction 
which was significantly 
greater than that seen in 
placebo group);  

• significantly reduced fecal 
microbiota growth of 
Enterobacteriaceae after 
intervention (compared to 
the increase seen in 
placebo group);  

• significantly reduced 
HADS-depressive mood 
score after intervention 
compared to placebo 
group;  

• significantly reduced 
STAI-state anxiety score 
after intervention 
compared to placebo 
group. 

Daily consumption of 
Lactobacillus gasseri 
CP2305 (CP2305) at 
1.0 × 1010 CFU 
dissolved in water, 
compared to placebo 
dissolved in water.  

Sawada et al. (2017) 24 healthy medical 
students taking 
cadaver dissection 
course.  

Table 2 
Effect of probiotics on depressive symptoms in adults with MDD.  

Intervention Participants Results 

8 week RCT; Probiotic as stand-alone intervention. 
One daily capsule containing: 40 adults with MDD, 

aged 20–55 years.  
• Participants in 

probiotic 
(Lactobacillus 
acidophilus; 
Lactobacillus casei; 
Bifidobacterium 
bifidum) group had a 
significant decrease 
in BDI total score 
between time-points 
compared with the 
decrease observed 
in placebo group. 

Lactobacillus acidophilus 
(2 × 109 CFU/g);  

Lactobacillus casei 
(2 × 109 CFU/g), 
Bifidobacterium bifidum 
(2 × 109 CFU/g). 

Placebo group: 
36.2 ± 8.2 yo 

Akkasheh et al. (2016) Probiotic group: 
38.3 ± 12.1 yo 

90 day RCT; Probiotic as 
stand-alone intervention. 

40 adults with MDD 
experiencing IBS 
symptoms, aged 20–65 
years.  

• Participants in 
B. coagulans MTCC 
5856 group had 
significant 
decreases in HAM-D 
score, MADRS 
score, and CES-D 
score between time- 
points.  

• Decreases in HAM-D 
score and MADRS 
score among pro
biotic group were 
significant 
compared to pla
cebo group 
(decrease in CES-D 
score in probiotic 
group borderline 
significant 
compared to pla
cebo group). 

One daily capsule containing: 
B. coagulans MTCC 5856 
(2 × 109 CFU/g). 

Placebo group: 
43.88 ± 9.85 yo 

Majeed et al. (2018) Probiotic group: 
40.36 ± 10.28 yo  

110 adults with MDD, 
aged 18–50 years  

• Participants in 
probiotic 
(L. helveticus R0052 
and B. longum 
R0175) group had a 
significant decrease 
in BDI score 
compared to 
probiotic and 
placebo groups.  

• Partial Eta 
square = .09. 

8 week RCT; Probiotic as 
stand-alone intervention. 

Placebo group: 
36 ± 8.47 yo 

Probiotic (L. helveticus R0052 
and B. longum R0175, 
10 × 109 CFU per 5 g sachet), 
prebiotic 
(galactooligosaccharide) or 
placebo. 

Probiotic group: 
36.15 ± 7.8) yo 

Kazemi et al. (2019) Prebiotic group: 
37.35 ± 7.97 yo 

8 week open-label pilot study; 
Probiotic as stand-alone 
intervention.   

• Probiotic use 
(L. helveticus R0052 
and B. longum 
R0175) was 
associated with 
significant 
reductions in 
MADRS, QIDS- 
SR16, and SHAPS 
scores between 
time-points. 

L. helveticus R0052 (90%) and 
B. longum R0175 (10%) 

10 treatment-naïve 
MDD patients, aged 
18–65 yo 

1.5 g sachets at a dose of 
3 × 109 CFU per sachet  

Wallace et al. (2021) Mean participant age: 
25.2 ± 7 yo 

Probiotics as adjunctive agents in adults with treatment-resistant depression (TRD) 
8-week open-label study; 

probiotic as adjuvant 
treatment to 
antidepressant. 

40 adults with TRD – 
defined as inadequate 
or nonresponse to 2 or 
more 8-week trials 
with 2 different classes 
of antidepressants.  

• Participants in 
probiotic (CBM588) 
group had 
significant 
reductions in 
HAMD-17, BDI, and 
BAI scores between 
time-points.  

• In probiotic group: 
70.0% of patients 
were considered to 
be responders 
(reduction of 50% 
or greater in HAMD- 

C. butyricum MIYAIRI 588 
(CBM588).20 mg orally BID 
×1 week, 20 mg orally TID 
from weeks 2–8. 

CBM588 group 
(probiotic +
antidepressant): 44.2 
± 15.6 yo 

Miyaoka et al. (2018) Control group 
(antidepressant alone): 
41.9 ± 14.2 yo 

(continued on next page) 
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as Selective Serotonin Reuptake Inhibitors(SSRIs)(Miyaoka et al., 2018; 
Bambling et al., 2017). In particular, probiotics may be especially effec
tive in normalizing hippocampal functioning(Jang et al., 2018; Ait-
Belgnaoui et al., 2014; Murray et al., 2020; Sudo et al., 2004; Liao et al., 
2019; Wei et al., 2019; Liu et al., 2016), which may be only partially 
improved by current first-line antidepressant treatments and may be 
necessary for antidepressant-associated normalization of HPA-axis ac
tivity (Cruz-Pereira et al., 2020). An important limitation in considering 
probiotics as first-line antidepressant therapies is the heterogeneity of 
symptoms associated with depressive disorders and the importance of 
targeting specific outcomes associated with depression. For example, 
while some studies suggest that probiotics may reduce overall depressive 
symptoms with a magnitude comparable to that of SSRIs(Akkasheh et al., 
2016; Majeed et al., 2018; Wallace and Milev, 2021), there is limited 
evidence with respect to the effect of stand-alone probiotic treatments on 
suicidal behaviors in high-risk populations. However, an important 
strength of probiotics as adjunctive treatments when first-line therapies 
fail to achieve clinical remission (as is the case for a significant number of 
adolescents diagnosed with a clinical depressive disorder, with up to half 
of depressed youth who were classified as treatment-responsive 
continuing to experience residual symptoms after 12 weeks of treat
ment(Kennard et al., 2006)) is that probiotic treatments have not been 
associated with the adverse effects that contribute to treatment 
non-adherence and discontinuation(Bet et al., 2013). Such consider
ations may be particularly relevant among adolescents, who cite weight 
gain and loss of sex drive as primary factors deterring use of pharmaco
logical interventions(Bradley et al., 2010). That probiotic use has not 
been associated with any significant adverse effects and may in fact 
confer health benefits(Gentile and Weir, 2018), suggests that in addition 
to low-risk adjunctive therapies(Miyaoka et al., 2018; Bambling et al., 
2017), probiotics may also be appropriate as: 1) maintenance therapy to 
prevent relapse among individuals with depressive disorders in clinical 
remission, and 2) an addition to safe early interventions for high-risk 
individuals with subclinical depressive symptoms. Given that early-life 
fecal microbiota disruptions (e.g., reduced diversity) have been associ
ated with altered HPA-axis function(Keskitalo et al., 2021), which has 
been shown to precede the initial onset of depressive symptoms(Guerry 
and Hastings, 2011), fecal microbiota testing(Nikolova et al., 2021; Ste
vens et al., 2021) may be a non-invasive method of screening for in
dividuals at high-risk of developing depression (e.g., exposure to early 
adversity and/or first-degree relative with a clinical depressive disorder). 
Furthermore, as probiotic pretreatment prior to or during stress exposure 
prevents the deleterious effects of stress on HPA axis activity in both 
animal studies(Ait-Belgnaoui et al., 2014, 2018) and stress-exposed 
young adults(Kato-Kataoka et al., 2016a, 2016b; Takada et al., 2016; 

Table 2 (continued ) 

Intervention Participants Results 

17 total score), and 
remission rate was 
35.0% (HAMD-17 
score of 7 or less at 
end of treatment). 

8-week open label study; 
probiotic as adjuvant 
treatment to 
antidepressant.   

• Participants in 
probiotic 
(Lactobacillus 
acidophilus; 
Bifidobacterium 
bifidum; 
Streptoccocus 
thermophiles) group 
had significant 
reduction in BDI 
and OQ45 scores 
between time- 
points. 

Combination of probiotic 
(Lactobacillus acidophilus, 
Bifidobacterium bifidum, 
Streptoccocus thermophiles, 
2 × 1010 CFU) and 
magnesium orotate 1600 mg 
divided in two daily doses. 

12 adults with TRD; 
mean 
age = 49.3 ± 10.9 yo 

Bambling et al. (2017) Mean years of 
MDD = 19.8 yo  

Table 3 
Potential mechanisms underlying probiotic-associated mood and anxiety im
provements in human participants.  

Intervention Participants Results 

30-day double-blind, 
placebo controlled 
RCT 

55 healthy adults, 
aged 30–60 years  

• Participants in probiotic 
(L. helveticus R0052, B. longum 
R0175) group had significantly 
reduced HSCL-90 scores 
(global severity index, 
z = 1.98; somatization 
z = 2.16; depression z = 1.96; 
and anger-hostility z = 2.41), 
and HADS-global (z = 2.19) 
and HADS-anxiety (z = 1.92) 
scores, between time-points 
compared to placebo group.  

• Participants in probiotic group 
had significant decrease in 
median urinary free cortisol 
(UFC) level between time- 
points; no significant change in 
UFC among controls. 

Once daily probiotic 
(one stick 1.5g 
combination of 
L. helveticus R0052 
and B. longum R0175, 
3 × 109 CFU/stick) 

Probiotic group: 
42.4 ± 7.5 yo 

Messaoudi et al. (2011) Placebo group: 
43.2 ± 8.5 yo 

8-week repeated 
measures, placebo- 
controlled design. 
Placebo for 4 weeks, 
followed by probiotic 
(1 × 109 CFU stick of 
Bifidobacterium 
longum 1714) for 4 
weeks. 

22 healthy adults, 
aged 18–40  

• At the post-probiotic 
(B. Longum 1714) visit, signifi
cantly lower cortisol increase 
in response to cold-stressor test 
(compared to placebo, 
r = 0.42; and compared to 
baseline, r = 0.45).  

• State anxiety was significantly 
elevated in response to cold 
stressor test post-placebo 
(r = 0.57), but not post- 
probiotic (r = 0.12).  

• Subjective stress, as measured 
with AUCg, was significantly 
lower during the 1714 
condition compared with the 
placebo (Cohen’s d = 0.53).  

• Frontal midline 
electroencephalographic 
mobility was significantly 
higher post-probiotic 
compared with post-placebo 
(r = 0.31). 

Allen et al. (2016) Mean age: 
25.5 ± 1.2 yo 

6-week double-blind, 
placebo controlled 
RCT 

44 adults with IBS 
and mild to 
moderate anxiety 
and/or depression 
(HAD-A or HAD-D 
score 8–14)  

• 14 out of 22 (64%) participants 
in the B. longum NC 3001 group 
had decreased HAD-D scores 
(≥2 points), compared with 7 
out of 22 (32%) participants in 
the placebo group.  

• Significant reduction in HAD-D 
scores between time-points in 
BL group compared to placebo 
group (when accounting for 
baseline differences).  

• After treatment, participants in 
BL group (compared with 
placebo group) showed: 1) 
reduced engagement of the 
amygdala, frontal and 
temporal cortices, as well as 2) 
heightened engagement of 
occipital regions, in response to 
the fear stimuli (relative to 
fixation).  

• Within the BL group, reduced 
engagement of the amygdala 
correlated with decreased 
depression scores (r = 0.58, 
p = .03) – pattern not observed 
among placebo group. 

Once daily probiotic 
(B. longum NCC 3001, 
1 × 1010 CFU/1g 
powder) or placebo 
for 6 weeks. 

Probiotic group 
median age: 46.5 
(30–58)yo 

Pinto et al. (2017) Placebo group 
median age: 40.0 
(26–57) yo  
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Nishida et al., 2017; Sawada et al., 2017), probiotics may be a low-risk 
intervention for delaying – or preventing – the onset of depression in 
high-risk individuals. 

Probiotics may also exert different effects on depressive symptoms 
among specific populations, based on differences between populations 
in the impact of stress on gut microbiota composition – and the effect of 
gut microbiota disturbances on the brain. In support of this concept, 
probiotics administered to adolescent rodents prevent enduring neural 
effects (hippocampal c-Fos expression evident only in males (Murray 
et al., 2020); hippocampal 5HT1A expression evident only in females 
(Yahfoufi et al., 2021)) and behavioral (anxiety-like behavior evident 
only in males(Murray et al., 2020); depressive-like behavior evident 
only in females(Yahfoufi et al., 2021)) effects associated with immune 
stress exposure in a sex-dependent manner(Murray et al., 2019, 2020; 
Yahfoufi et al., 2021). Yurkovetskiy et al. showed that sexual dimor
phism in the rodent gut microbiota emerges during puberty, a trend 
which is eliminated by male castration(Yurkovetskiy et al., 2013). 
Notably, sex differences exist in the gut microbiota profile associated 
with depressive symptoms in adult clinical populations – including 
different phylotype predominance in adult men and women with 
depressive disorders(Chen et al., 2018). However, further research is 
needed to identify precise mechanisms underlying sex-based differences 
in the relationship between gut microbiota disturbances and depression. 

Potential differences in probiotic efficacy may also extend to different 
depressive disorder subtypes. For example, depressed patients with 
glucocorticoid resistance (elevated cortisol) and subclinical inflamma
tion may be more likely to experience treatment-resistance or minimal 
responsivity to first-line antidepressants(Haroon et al., 2018; Miller and 
Raison, 2016), highlighting the therapeutic potential of targeting the 
inflammatory response in treatment-resistant depression. In light of the 
potential anti-inflammatory properties demonstrated by probiotic agents 
(Cruz-Pereira et al., 2020), as well as preliminary evidence that probiotics 
may be effective adjuvant therapies among individuals with 
treatment-resistant MDD and elevated inflammatory markers(Miyaoka 
et al., 2018; Bambling et al., 2017), an important area of future inquiry 
would be to further investigate their potential utility as adjuncts to 
first-line antidepressants in clinical cohorts enriched with individuals 
displaying an inflammatory subtype of depression. Furthermore, given 
the evidence that adolescent-onset depression may represent a depressive 
subtype(Thapar and Riglin, 2020; Ho and King, 2021; Teicher and 
Samson, 2013) defined by the impact of early adversity on neuro
developmental factors in communication with the MGB axis, an impor
tant next step would be to conduct a double-blinded RCT with placebo 
and probiotic assessing the utility of probiotics for both 1) attenuating 
stress-associated neurohormonal changes, and 2) reducing depressive 
symptoms among adolescents diagnosed with clinical depression. 

In conclusion, we described evidence that: stress-induced deviations in 
normative, experience-dependent and hormone sensitive neurodevelop 
mental processes may help explain the increased incidence of depressive 
disorders onset during adolescence; the MGB axis is critical for normative 
programing of the developing adolescent brain, and gut microbiota dis
turbances provide an important pathway by which stress signals contribute 
to long-term HPA-axis dysregulation, adversely impacting development of 
frontolimbic circuitry; and probiotics, which may help maintain gut 
microbiota homeostasis, protect against adolescent-onset depression by 
attenuating stress-induced changes in HPA-axis function and frontolimbic 
development. While other work has previously described adolescence as a 
period of stress-sensitive neurodevelopmental plasticity, and proposed 
adolescence as a sensitive period for development of the MGB axis, we 
outline here the first framework to comprehensively describe how these 
distinct literatures provide overlapping support for the utility of probiotics 
as a novel means of treating or preventing depressive symptoms among 
adolescents. 
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