
Citation: Lee, J.E.; Walton, D.;

O’Connor, C.P.; Wammes, M.;

Burton, J.P.; Osuch, E.A. Drugs, Guts,

Brains, but Not Rock and Roll: The

Need to Consider the Role of Gut

Microbiota in Contemporary Mental

Health and Wellness of Emerging

Adults. Int. J. Mol. Sci. 2022, 23, 6643.

https://doi.org/10.3390/ijms23126643

Academic Editor: Daniele Lana

Received: 30 April 2022

Accepted: 4 June 2022

Published: 14 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Drugs, Guts, Brains, but Not Rock and Roll: The Need to
Consider the Role of Gut Microbiota in Contemporary Mental
Health and Wellness of Emerging Adults
Ju Eun Lee 1 , David Walton 2 , Colleen P. O’Connor 3, Michael Wammes 4, Jeremy P. Burton 5

and Elizabeth A. Osuch 4,*

1 London Health Science Centre—Victoria Hospital, Department of Psychiatry, B8-102,
London, ON N6A 5W9, Canada; jueun.lee@lhsc.on.ca

2 Rm. EC1443 School of Physical Therapy, 1201 Western Rd., London, ON N6G 1H1, Canada; dwalton5@uwo.ca
3 School of Food and Nutritional Sciences, Brescia University College, London, ON N6G 1H2, Canada;

cgobert@uwo.ca
4 London Health Sciences Centre, Department of Psychiatry, Lawson Health Research Institute, Schulich School

of Medicine and Dentistry, Western University, 860 Richmond Street, FEMAP, London, ON N6A 3H8, Canada;
michael.wammes@lhsc.on.ca

5 Departments of Surgery, Microbiology and Immunology, Lawson Health Research Institute,
Western University, London, ON N6A 3K7, Canada; jeremy.burton@lawsonresearch.com

* Correspondence: elizabeth.osuch@lhsc.on.ca; Tel.: +519-646-6000 (ext. 65188)

Abstract: Emerging adulthood (ages 18–25) is a critical period for neurobiological development
and the maturation of the hypothalamic–pituitary–adrenal axis. Recent findings also suggest that a
natural perturbation of the gut microbiota (GM), combined with other factors, may create a unique
vulnerability during this period of life. The GM of emerging adults is thought to be simpler, less
diverse, and more unstable than either younger or older people. We postulate that this plasticity in
the GM suggests a role in the rising mental health issues seen in westernized societies today via the
gut–brain–microbiota axis. Studies have paid particular attention to the diversity of the microbiota,
the specific function and abundance of bacteria, and the production of metabolites. In this narrative
review, we focus specifically on diet, physical activity/exercise, substance use, and sleep in the
context of the emerging adult. We propose that this is a crucial period for establishing a stable and
more resilient microbiome for optimal health into adulthood. Recommendations will be made about
future research into possible behavioral adjustments that may be beneficial to endorse during this
critical period to reduce the probability of a “dysbiotic” GM and the emergence and severity of mental
health concerns.

Keywords: microbiota; emerging adult; adolescent; mental health/ethnology; gut–brain–microbiota
axis; environmental exposure

1. Introduction: Emerging Adulthood, Mental Health, and the Gut Microbiome

Emerging adulthood (ages 18–25) is a critical period for human physical, cognitive,
social, and emotional development. Post-pubertal maturations, coupled with brain neuro-
plasticity and the maturing activity of the hypothalamic–pituitary–adrenal (HPA) axis in
emerging adults (EAs), play a vital role in neurobiological changes during this developmen-
tal period [1]. During puberty, fluctuations of the endogenous hormones such as estrogens
and testosterones influence stress responses within the HPA axis, as well as brain devel-
opment [2]. In the brain, changes in synaptic connectivity and axonal myelination in the
frontal cortex and other regions result in changes in a sense of identity, self-consciousness,
and cognitive flexibility [1,3]. Prior research also indicates that this is a window during
which the onset of mental illness is most common, the overwhelming majority of which
begin before the age of 24 [4].
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Stress responses, including the varied activation of the HPA axis through endocrine
signaling, greatly impact mental health [5]. These timely biological changes, coupled with
environmental factors such as diet, exercise, and substance use, are particularly relevant to
adolescents and EAs and appear to bidirectionally influence physical and psychological
maturation [5]. There is a well-known bidirectional interplay between the HPA axis and
the gut microbiome [6].

Consistent evidence, mostly from animal studies, shows that the gut microbiota (GM)
is influenced by genetics and early-life influences such as maternal infection, mode of
delivery, infant feeding, and antibiotics use, along with environmental factors such as diet,
stress, childhood adversity, and exercise [7]. Westernized cultures may be particularly
vulnerable during adolescent life stages, as those populations appear to be more likely to
practice lifestyles that have been previously associated with disruptions of the types and
diversity of GM [5]. For example, poor dietary habits, reduced physical activity, increased
substance use [8], and disorganized circadian rhythms [9,10] have been more commonly
associated with ‘Western’ lifestyles and many chronic illnesses—all habits that tend to start
in emerging adulthood.

Recent findings suggest a unique vulnerability in the GM in the context of emerging
adulthood. The GM of EAs is thought to be simpler, less diverse, and less stable than either
younger or older people [5,11]. A preclinical study in mice investigating the effects of a
three-week GM depletion with antibiotic treatment during adolescence and adulthood
found long-lasting effects on GM composition and increased anxiety-like behavior in mice
exposed during adolescence, but not in adulthood [11]. In humans, a cross-sectional study
conducted in more than 1000 “ridiculously healthy” [sic] humans in China between the
ages of 3 and over 100 years found that, post-weaning, the biggest perturbations in the GM
occurred between the ages of 19 and 24 [12]. In these healthy people, the GM differed little
after age 30 and did not decline in microbial diversity with age, though the latter finding is
inconsistent across studies. Interestingly, the average GM diversity was lowest at 20 years
of age [12]. In this population sample, many of the genera known for their short-chain fatty
acid (SCFA) production and other metabolic capabilities of importance to the host were
diminished in proportion [12]. Conversely, Zhang and colleagues found more abundant
microbiota in the GM of younger people (20–30) compared to an older cohort (30–40) [13].
Collectively, these findings suggest that the EA period may be particularly vulnerable in
the context of the HPA axis and sensitive to other hormonal changes, GM maturation, brain
development, and the onset of mental illnesses.

According to the World Health Organization, mental illnesses cause 1 in every 5 years
lived with disability, and suicide is the second leading cause of death among 15–29-year-
olds [14]. We propose that emerging adulthood is a crucial period to target for making
long-lasting changes in mental and physical health.

In this narrative review, we aim to focus specifically on diet, physical activity/exercise,
substance use, and sleep in the context of the EA. If the GM is associated with mental
health, there is evidence that the period of emerging adulthood may be critical for ma-
nipulating and establishing long-term homeostasis of the gut–brain–microbiome (GBM)
axis. This leads to considering the possibility that the extensive changes in the brain during
adolescence and early adulthood may function as a nexus in a series of complex, potentially
bidirectional, causal relationships among genetics, lifestyle factors, mental illnesses, and
the maturing GM. This is a unique lens through which to view GBM research, and we
suggest that this age group (18–25) should be a separate age category in clinical trials.

2. The Gut–Brain–Microbiota (GBM) and the Stress Response

The GBM axis is hypothesized to function via the gut–brain neural network, the
neuroendocrine–HPA axis, the gut immune system, and the neurotransmitters and neural
regulators synthesized by gut bacteria [15]. Communication from the gut to the brain occurs
across both the intestinal mucosal barrier and the blood–brain barrier [15]. The microbial
species residing in the gut regulate the production of essential proteins and metabolites
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such as SCFAs, brain-derived neurotrophic factors (BDNF), and neurotransmitters such as
serotonin and gamma-aminobutyric acid [16].

SCFAs, such as acetate, propionate, and butyrate, are produced by bacteria that
ferment non-digestible fibers and are important metabolites in maintaining intestinal home-
ostasis [17]. SCFAs have various functions, including as substrates for other bacteria and a
host anti-inflammatory function through the G-protein coupled receptors, as well as effects
at the cellular level, such as cell proliferation, differentiation, and gene expression [17].

This has implications for the GBM axis. For example, in van de Wouw et al.’s study,
when mice were exposed to acute stress, they developed changes in gut microbiota as well as
behavioral and numerous physiological processes [18]. When SCFAs were administered to
these mice, alterations in reward-seeking behavior, stress-responsivity, and stress-induced
increases in intestinal permeability were ameliorated. Interestingly, these effects were not
seen with chronic stress-induced alterations [18]. In fact, a functioning microbiota was
found to be crucial for the acute stress response.

“Dysbiosis” is a vague term, but simplistically it means an imbalance in the micro-
biota and its collective metabolic output, which has adapted to its current environmental
conditions but does not provide all the benefits for sustained homeostasis with the host.
Dysbiosis may occur via changes in microbial membership or substrates through a change
in diet, antimicrobial or other exposures, or genetics, amongst others. An “aberrant” or
“dysbiotic” GM often increases microbial lipopolysaccharides (LPS) bacterial and other
food components to permeate through the intestinal barrier more readily via epithelial
cell junctions, activating gut inflammatory responses. Pro-inflammatory cytokines then
stimulate the afferent vagal nerve, which has a strong influence on the HPA axis through
its ascending projections to the hypothalamus [19].

Notably, microbial antigens can stimulate components of the host immune response.
Through several complex pathways involving interactions between microbes in the gut
and host cells, “inflammasomes”, or host cells that mediate inflammatory responses, are
activated, and affect the brain via the GBM. These processes are beyond the scope of this
article [20].

3. Associations between GM and Brain Health

Increasing evidence shows that there is a link between the GM profile and brain/mental
health. However, findings between studies are not always in consensus regarding exactly
what microbes are beneficial or detrimental. In preclinical rodent studies, disturbances in
GM from antibiotic administration resulted in changed emotional behaviors resembling
anxiety and depression [21]. In a recent systematic review of human studies, a lower
abundance of Bacteroidetes, Prevotellaceae, Faecalibacterium, Coprococcus, and Sutterella, and a
higher abundance of Actinobacteria and Eggerthella were reported in depressive disorders,
and a lower abundance of Firmicutes, Ruminococcaceae, Subdoligranulum, and Dialister, and a
higher abundance of Enterobacterales and Enterobacteriaceae (including Escherichia/Shigella)
were reported in generalized anxiety disorder [16].

The GBM axis functions bidirectionally through a number of mechanisms, includ-
ing via the vagus nerve, generation of metabolites such as SCFAs and enteroendocrine
hormones, dysregulation of the HPA axis to alter intestinal motility, integrity, and mucus
production, cross-reaction of the bacterial proteins with human antigens, and immune
signaling [22]. The stimulation of immune/inflammatory pathways further reveals a po-
tentially important link between gut “dysbiosis” and the current inflammatory theory
of depression in humans [23]. Additionally, it plays a role in the development of other
neurological and psychiatric diseases such as Parkinson’s disease (PD), Alzheimer’s dis-
ease, multiple sclerosis, and autism spectrum disorder [20]. For example, in PD, there is
increased neuroinflammation, dopaminergic neuronal death, and α-synuclein in the brain,
and increased intestinal permeability and dysbiosis in the gut. Via the mechanisms of the
GBM axis, i.e., the vagal nerve, the CNS and the enteric nervous system bidirectionally
perpetuate immune dysregulation, inflammation, and cytokine increase, further increasing
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the severity of PD [22]. The mechanisms and the function of the GBM axis in the develop-
mental of neurological and psychiatric illnesses remain complex and multifactorial and
require further research and understanding the pathophysiology of the GBM axis.

As mentioned, evidence indicates that modulation of the GM may be both more
widespread and more impactful during EA life stage than at other life stages. If, indeed, an
optimal period for developing a healthy microbiota can be identified, this may provide an
opportunity to prevent mental illnesses that emerging evidence indicates are influenced
by the GBM, such as depression and anxiety [24]. Additionally, it is possible that GM-
modifying interventions may be useful as independent or adjunctive therapy alongside
pharmacotherapy and psychotherapy interventions for enhanced effect.

Conversely, the creation of “dysbiosis” during the time of emerging adulthood could
result in a cascade of effects that have long-lasting negative influences on health overall as
well as mental health. Below, we focus on emerging adulthood as the potential window in
which to establish reduced opportunities for the disruption of GBM homeostasis. We will
review some of the most salient factors that could be disrupting EAs’ GBM and affecting
their mental (and physical) health. These include diet, physical exercise, substance use, and
sleep (Figure 1).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 17 
 

 

and increased intestinal permeability and dysbiosis in the gut. Via the mechanisms of the 
GBM axis, i.e., the vagal nerve, the CNS and the enteric nervous system bidirectionally 
perpetuate immune dysregulation, inflammation, and cytokine increase, further increas-
ing the severity of PD [22]. The mechanisms and the function of the GBM axis in the de-
velopmental of neurological and psychiatric illnesses remain complex and multifactorial 
and require further research and understanding the pathophysiology of the GBM axis. 

As mentioned, evidence indicates that modulation of the GM may be both more 
widespread and more impactful during EA life stage than at other life stages. If, indeed, 
an optimal period for developing a healthy microbiota can be identified, this may provide 
an opportunity to prevent mental illnesses that emerging evidence indicates are influ-
enced by the GBM, such as depression and anxiety [24]. Additionally, it is possible that 
GM-modifying interventions may be useful as independent or adjunctive therapy along-
side pharmacotherapy and psychotherapy interventions for enhanced effect. 

Conversely, the creation of “dysbiosis” during the time of emerging adulthood could 
result in a cascade of effects that have long-lasting negative influences on health overall 
as well as mental health. Below, we focus on emerging adulthood as the potential window 
in which to establish reduced opportunities for the disruption of GBM homeostasis. We 
will review some of the most salient factors that could be disrupting EAs’ GBM and af-
fecting their mental (and physical) health. These include diet, physical exercise, substance 
use, and sleep (Figure 1). 

 
Figure 1. Interface between the gut microbiota and mental health likely depends upon several fac-
tors. (A) The first being the inputs to the intestinal tract which shape the microbiota accordingly 
(diet, medication, antimicrobials, etc.). (B) Periods where microbiota goes through changes in diver-
sity (alpha) occur in healthy people, especially between late teens and early twenties, which likely 
result in differences of metabolic output which impact brain health. (C) The intersection of the ado-
lescent brain, combined with a normally fluctuating microbiota of the age group, the promotion of 
a desirable microbiota through physical activity/exercise and circadian rhythm, and less desirable 
microbiota using different substances. Part (C) adapted from Bian et al., 2017 [12]. Figure created 
with Biorender (accessed on 29 April 2022). 

  

Figure 1. Interface between the gut microbiota and mental health likely depends upon several factors.
(A) The first being the inputs to the intestinal tract which shape the microbiota accordingly (diet,
medication, antimicrobials, etc.). (B) Periods where microbiota goes through changes in diversity
(alpha) occur in healthy people, especially between late teens and early twenties, which likely result
in differences of metabolic output which impact brain health. (C) The intersection of the adolescent
brain, combined with a normally fluctuating microbiota of the age group, the promotion of a desirable
microbiota through physical activity/exercise and circadian rhythm, and less desirable microbiota
using different substances. Part (C) adapted from Bian et al., 2017 [12]. Figure created with Biorender
(accessed on 29 April 2022).

4. Lifestyle Factors Affecting GM and Mental Health: Diet, Physical Activity/Exercise,
Substance Use, Sleep
4.1. Diet

Diet in EAs in Western societies can be affected by various factors. Common barriers to
healthy eating include time constraints, unhealthy snacking, convenience high-calorie food,
stress, high prices of healthy food, easy access to junk food [25], and food insecurity [26].
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A Western diet, which refers to the excessive consumption of simple sugars, saturated
fats, animal proteins, and reduced fruit and vegetable fibers, is particularly associated
with adverse health outcomes [27]. For adolescents and young adults, the Western diet
is associated with periodontal disease [28], negative mental health outcomes [29], obesity,
and cardiometabolic risks [30]. It is important to consider the impact of unhealthy dietary
habits on the GM in EAs.

The Western diet is associated with reduced Bacteroides, Verrucomicrobia, Eubacterium
rectale, Clostridium coccoides, and Bifidobacterium [27], increased Firmicutes, Proteobacteria,
Clostridiales, Ruminococcaceae, Bacteroidales, and Prevotellaceae, and lower production of
SCFAs [31,32]. These are associated with negative health outcomes such as the develop-
ment of metabolic diseases and neuropsychiatric consequences such as anxiety [27,32]. In
preclinical models, high-fat diets have been associated with triggering microbial dysbiosis,
intestinal permeability, and inflammation in the GM, such as by the depletion of acetate-
producing Bifidobacteria [33]. This is further associated with susceptibility to infections [34]
and pro-inflammatory cytokines such as interleukin (IL)-1, IL-6, and tumor necrosis factor
(TNF)-α [27].

Healthier diets improve the GM composition and activity. For example, the Mediter-
ranean diet consists of a high intake of fruit/vegetables/nuts, moderate consumption of
fish, and low intake of saturated fat, meat, and dairy products [35] (Figure 2). It is associated
with increased bifidobacterial counts, increased concentrations of SCFA, and a lower Firmi-
cutes/Bacteroidetes ratio [36]. Dietary fiber, plant-based foods, vegetables, and fermented
foods are associated with increased production of anti-inflammatory SCFA [33], and mi-
cronutrients such as polyphenols and omega-3 fatty acids are associated with increased
Lactobacillus and Bifidobacteria at the gastrointestinal level [37].

A reduced food intake, as seen in individuals with anorexia nervosa (AN), also results
in an altered GM and body-wide alterations [38]. For example, transplantation of stool from
individuals with AN to germ-free mice resulted in reduced appetite, lower weight gain,
less energy use, and even obsessive-compulsive and anxious behaviors, characteristics
found in humans with AN [39]. The GM in patients with AN is thought to have different
energy-extracting capabilities, which explains the greater caloric requirements to gain
weight [38,39].

Food directly alters the microbiota, but the microbiota also affects the nutritional
value and metabolism of food [34]. Preclinical studies have shown that GM regulates and
modulates energy extraction from food along with the regulation of energy expenditure,
appetite and satiety, glucose homeostasis, and lipid metabolism [40].

The GBM axis suggests multiple ways in which associations between poor diet and
mental illness exist, such as HPA axis hyperactivation and secretion of glucocorticoids,
reduced hippocampal neurogenesis, altered kynurenine pathway, mitochondrial dysfunc-
tion, reduced serotonin and dopamine, and release of inflammatory cytokines [32]. Certain
foods and micronutrients such as polyphenol-rich dark chocolates and vitamin C have
been shown to decrease cortisol levels [32], and antioxidant properties of certain nutrients
such as omega-3 fatty acids have been found to mitigate inflammation-induced reductions
in neurogenesis [41]. Conversely, high amounts of sugar and fat in the diet are associated
with impaired neurogenesis and reduced BDNF levels within the hippocampus, thereby
impacting cognitive performance [42].

Multiple studies have found associations between diet and mood/anxiety symp-
toms [32,43,44]. For example, a randomized control trial (RCT) of young adults (aged
17–35) with elevated levels of depression and poor diet undergoing a brief three-week diet
intervention compared to habitual diet found that the diet group reported lower depression
symptoms than controls [45].

There is also increasing evidence for the role of prebiotic and probiotic supplementa-
tion to improve health outcomes. Akkermansia muciniphila is one of many studied supple-
ments, with its positive association to metabolic health [46]. It is also a strain of interest in
mental health, with associations between metabolic/inflammatory diseases and mental
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illness, as well as for the weight gain and metabolic side effects of psychotropic medications.
Psychobiotics, which refers to prebiotics and probiotics that influence the central nervous
system (CNS) by the GBM axis, is an emerging option of treatment for neuropsychiatric
symptoms [47]. Psychobiotics influence the CNS via the vagus nerve through the action
of SCFAs, enteroendocrine hormones, cytokines, and neurotransmitters [47]. Preclinical
studies show positive mental health outcomes; however, individual differences (i.e., sex,
gender, diet), different types of strains in the supplements, long-term investigations, dosage,
and good-quality clinical data are current barriers, and remaining questions need to be
answered before they are more widely disseminated and practiced [47].

Dietary interventions may be especially effective for EAs. For example, diet interven-
tions may serve as a behavioral activation intervention, which is part of a well-established
approach to managing depression in EAs [48]. If our hypothesis is true and the GM of EAs
are more unstable and susceptible to change, then brief diet interventions such as those
found in Francis et al.’s work [45] may lead to significant changes in the GM and mental
health of EAs.
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Figure 2. Common findings for the different types of diet on the gut–brain–microbiome axis.
(A) Diets rich in vegetables, fiber, micronutrients such as vitamins D and C, probiotics and pre-
biotics, fermented foods, anti-inflammatory omega-3-rich, low-fat, and low-carbohydrate foods
promote positive mental health and increases in Bacteroidetes, Prevotella, short-chain fatty acids,
Bifodobacteria, Akkermansia, Roseburia, Lactilobacillus, and interleukin (IL)-10, and decreases in
Firmicutes, Escherichia coli, Ruminococcus, Coprococcus, vascular endothelial growth factor, monocyte
chemoattractant protein-1, interferon gamma-induced protein 10, IL-17, IL-12, c-reactive protein,
IL-2, tumor necrosis factor, and lipopolysaccharide [49–51]. (B) High-fat, high-sugar, and ultra-
processed foods increase Bacteroides, bile acids, Bilophila wadsworth, Enterobacteriaceae, Firmicutes,
Enterobacteriaceae, Escherichia, Klebsiella, and Shigella [49,52]. Figure created with Biorender (accessed
on 29 April 2022).
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4.2. Physical Activity and Exercise

Physical activity and exercise are well-known, effective strategies for improving physi-
cal and mental health. Exercise is of particular importance among EAs, with its influence
on a variety of systems, including neuroendocrine, neurogenesis, oxidative stress, autoim-
mune, and cortical structural changes [53], as well as on HPA axis regulation [54]. Exercise
in EAs is associated with improvements in adiposity levels, blood pressure, plasma lipid
and lipoprotein levels, non-traditional cardiovascular risk factors, as well as mental health
characteristics such as self-concept, anxiety, and depression [55]. Additionally, fitness in
early adulthood (ages 18–30) is strongly associated with improved long-term mortality
independent of obesity or other indices of metabolic or cardiovascular risk [56].

Physical activity is important for GM diversity and the regulation of health-beneficial
microbes and metabolites. Exercise has a role not only in altering the GM diversity but in
the production of bioactive metabolites such as butyrate [57], as the fermentation of SCFAs
are dependent on factors such as gut peristalsis, which is affected by exercise [58]. Exercise
is thought to increase gut motility, thereby increasing the availability of carbohydrates and
amino acids in the distal colon for increased bacterial metabolic processes and fermentation
efficiency [58]. Lactate produced by skeletal muscle energy metabolism crosses the epithe-
lial barrier into the intestinal lumen and may also contribute as a carbon source for certain
SCFA-producing bacteria such as Veillonella, and to produce propionate, which enhances
energy production and prevents the accumulation of lactate [59].

Several preclinical studies have found an increase in Akkermansia muciniphila and
Fecalibacterium associated with physical exercise [60–65]. However, findings are inconsistent
across studies due to participant variability in gender, geography, baseline body mass index
(BMI)/activity level, diet, age, genetics, and the exercise modalities used [58]. For example,
in Allen et al.’s study, after a six-week exercise intervention, the abundance of butyrate-
producing taxa and fecal acetate and butyrate concentrations were only increased in lean
subjects but not in obese subjects [62]. This suggests that there may be functional differences
depending on a variety of factors, such as BMI, genetics, and diet.

Mika et al. found that in juvenile rats, with their less even and diverse GMs, exercise
had a greater impact on the GM than in adult rats and produced patterns associated
with adaptive metabolic consequences [66]. This included increased SCFA production,
increased energy expenditure, inhibited fat accumulation in adipose tissue, as well as a
greater relative abundance of Bacteroidetes and decreased Firmicutes, all reflective of a lean
phenotype. Nevertheless, a recent 12-week RCT on aerobic (moderate-intensity) exercise
on GM in adolescent humans (aged 12–14) with subthreshold mood syndromes found no
significant changes in the GM [67].

A few important findings stand out in the literature regarding exercise and the GM.
The intensity of exercise is important, and the optimal level may need to be individualized.
Intense exercise can be inflammation-promoting [68] and can lead to dysbiosis via increased
heat stress, reduction of intestinal blood flow and gut ischemia, and transient impairment of
gut barrier function [69–71]. This is of significant interest to the EA population, particularly
for young athletes and for those EAs who use excessive exercise to manage body image.

Thus, there are individual differences based on age, gender, genetics, baseline BMI,
baseline activity level, and diet that are important. Exercise alone may not independently
alter the GM of humans. For example, diet, which often changes with changes in activity
levels, may be an important co-factor in determining the benefits of exercise on individuals.

4.3. Substance Use

Emerging adulthood is a period of increased risk-taking behaviors, including with
substance use. Substance use among EAs is increasing with the increased availability and
popularity [72–74]. The use of electronic cigarettes (E-cigarettes/vaping) has increased
in popularity in youth [75]. Alcohol use remains consistently popular among EAs and
there has been an increase in cannabis use in recent years, particularly with legalization in
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various Western countries including Canada, parts of the United States, and Europe. In
this section, nicotine, alcohol, and cannabis effects on the GM of EAs will be discussed.

4.3.1. Nicotine

E-cigarettes have been the most commonly used tobacco product among youth since
2014 [75]. One in nine high school students reported using E-cigarettes in 2021 in the United
States [76], and one in four of European youth (aged 15–24) reported trying E-cigarettes in
a 2020 report [77].

The neuronal nicotinic acetylcholine receptors are a key factor in brain development
and are highly critical for the formation and the maturation of the central nervous system
(CNS) [78]. Early nicotine use affects impulsivity and addiction and can potentiate the
development of psychiatric disorders [79,80]. Chronic nicotine exposure during adolescence
exerts long-term effects on cognitive processing, including attention [80].

The underlying mechanisms of nicotine effects on GM are largely unknown but are
thought to involve increased permeability of intestinal mucosa and impaired mucosal
immune responses [81]. These may occur via altered levels of SCFA and bile acids [82,83].
Nicotine use is associated with significantly lower bacterial diversity in the upper small
intestinal mucosa [82]. However, conflicting microbial findings are reported in the literature
on smoking and the GM [16]. For example, Shanahan et al. found increased relative
abundance of Firmcutes and Actinobacteria, with lower levels of Bacteroidetes (Prevotella) and
Proteobacteria (Neisseria) [84]. Other studies have found an increase in Proteobacteria and
Bacteroidetes, as well as Clostridia and Prevotella, in smokers [82]. The effects of nicotine on
the GM may depend on the mode of intake and individual factors such as sex, diet, and
genetics [82].

4.3.2. Alcohol

Alcohol use remains high among EAs. The 2019 Youth Risk Behavior Survey data
found that 29% drank alcohol and 14% binge drank during the past 30 days in the United
States [85]. In Europe, approximately 37% of 15-year-olds used alcohol [86]. Alcohol use
in EAs is commonly in the form of heavy and binge drinking [87]. However, alcohol
dependence does occur, especially in those with predisposing factors such as mental illness
and family history of substance use, and vulnerable social and environmental factors such
as adverse childhood experiences [88–90]. Binge and heavy drinking in adolescents are
associated with changes in frontal and temporal lobes, as well as interconnecting networks
associated with learning, memory, visuospatial functioning, psychomotor speed, attention,
executive functioning, and impulsivity [91].

Alcohol consumption is associated with reduced Bifidobacteria, Bacteroidetes, and
Lactobacillus, and increased pro-inflammatory Proteobacteria in the gut [82]. Changes in the
GM, along with an impaired intestinal barrier and mucosal inflammation secondary to
excessive alcohol use, are thought to play a key role in the development and maintenance of
alcohol use disorders as well as alcohol-related liver disease [82]. Alcohol induces microbial
changes with significant variability in findings due to the types of alcohol ingested, quantity
and duration of use, comorbid use of other substances, and individual differences (genetics,
comorbid illness). In general, alterations in the metabolites of GM by alcohol, such as
bile acids, have been identified to increase inflammation and decrease intestinal epithelial
integrity [82].

4.3.3. Cannabis

In Canada, cannabis use among EAs is double that of individuals aged 25 years old,
and 31% of EAs have reported an increase in cannabis consumption due to the COVID-19
pandemic [92]. In Europe, 20% of young adults (aged 15–24) reported using cannabis in
the past year [93], and in the United States, 22% of high school students reported use of
cannabis in the past 30 days in 2019 [94]. Cannabis use has been associated with deficits in
attention, memory, processing speed, visuospatial functioning, planning, and sequencing
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ability [95,96]. These effects are more severe and longer lasting with earlier onset of use
and higher quantity used [96].

The endocannabinoid system is thought to play an essential role in the interactions
within the GBM axis. The cannabinoid 1 receptor (CB1R) is highly expressed in the intesti-
nal epithelium, smooth muscle, the submucosal myenteric plexus, and in the brain [82].
The cannabinoid 2 receptor (CB2R) is expressed more frequently in the plasma cells,
macrophages, and the microglial cells of the brain [82]. Tetrahydrocannabinol binds
mainly to the CB1Rs, while cannabidiol has a higher affinity for CB2Rs. Activation of
the CB1Rs reduces intestinal motility, gastric acid secretion, and nausea, and enhances food
intake [82]. CB2R modulates inflammatory mechanisms by altering the integrity of the
intestinal epithelial barrier, thereby affecting gut epithelial permeability [97].

In one preclinical study, the agonism of cannabinoid receptors showed increased
plasma levels of pro-inflammatory LPS and changes in mRNA expression of proteins such
as occludin and zonulin, which are involved in modulating intestinal endothelial barrier
permeability [98]. By antagonizing the CB1R, the authors then reduced the levels of LPS
and improved intestinal barrier permeability [98]. Similar findings were reported when
probiotics (live microorganisms of benefit to the host) were administered to antibiotic-
treated mice: treatment with probiotics induced changes in the expression of mRNA for
the CB1R receptor in the colon [97]. These findings suggest potential for changes in the GM
from alterations in the endocannabinoid system by environmental exposure to cannabis,
although this remains to be demonstrated in humans.

Panee et al. conducted a pilot study in humans that compared mitochondrial function,
microbiota composition, and five domains of cognitive function in chronic versus non-
cannabis users [99]. They found that lifetime cannabis use was inversely correlated with the
Prevetolla/Bacterioides ratio, mitochondrial function, and the inhibitory control and attention
subdomain of cognitive function. Associations among microbiota, mitochondrial function,
and cognition were not observed in non-cannabis users. With advances in understanding
the GBM and cannabinoid and other receptors, the targets for microbiota therapy are
shifting towards the regulation of endocannabinoid precursors. It is important to consider
cannabis use by EAs and its effects on physiology and the impact on establishing long-term
properties of the GM and GBM.

4.4. Sleep/Circadian Rhythm

Circadian rhythm refers to the complex endocrine and molecular processes together
with resulting behavioral, biochemical, and physiological functions that occur over a period
of 24 h. It is modulated by the suprachiasmatic nucleus (SCN) in the hypothalamus, which
receives innervation from the eyes via the retinohypothalamic tract [100]. The function of
this human biological clock is influenced by the light–dark cycle, along with signals such
as diet, exercise, temperature, and infection [101]. Some of the disruptions to the circadian
rhythm that occur in modern society include shift work, jet lag, inconsistent eating times,
“Western” high-fat diet, and night-time light exposure or food intake [101].

Circadian dysrhythmia is linked to mental illnesses such as depressive and anxiety
disorders [102]. Seasonal affective disorder (SAD) (DSM-V: MDD with seasonal pattern) is
a depressive disorder with symptoms typically during the fall and winter months when
there is less sunlight. The pathophysiology of SAD is thought to be related to circadian
rhythm disruption, dysregulation of the melanopsin signaling pathway and its impact
on the serotonin reuptake, and the dysfunction of the HPA axis [103]. Circadian rhythm
interruptions may therefore be more common and impactful during emerging adulthood,
when disruptions occur both intrinsically via hormonal and physiological changes, and
extrinsically via socially driven behavioral alterations.

During puberty, there is a shift in the circadian rhythm, with a delay in the timing of
sleep, called delayed circadian phase [104], as well as lower melatonin secretion amplitude,
and a decline in delta and theta non-rapid eye movement sleep [105]. On average, there is a
sleep delay of 1–3 h, greater in boys than in girls, with the age of peak delay at 15–21 years,
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and the age of onset of the delay with the onset of puberty [106]. The HPA axis also has a
strong diurnal rhythm, with high levels of endogenous cortisol upon awakening and the
lowest around midnight. This rhythm coincides with the sleep–wake cycle along with the
SCN, which also regulates the periodicity of corticosteroid activity [107].

The GM also functions under a diurnal rhythm and may be influenced by circadian dis-
ruptions [101,108]. For example, in Bowers et al.’s study, sleep disruptions were associated
with an increase in the Firmicutes/Bacteroidetes ratio, decreases in the genus Lactobacillus,
phylum Actinobacteria, genus Bifidobacterium, and reduced levels of bile acids [109].

Many bacterial genera and species also exhibit oscillatory behavior in response to
time of eating [101]. For example, Bacteroidetes genera and Clostridia species both oscillate
during light–dark cycles in mice, with different abundances of bacteria during the active
versus rest phases [110]. Where diurnal oscillations were disrupted by deleting circadian
clock genes, altering the timing of or restricting food availability, or changing the light–
dark phase, the gut microbial diurnal rhythmicity was also disrupted [111]. The timing
of food intake—chrono-nutrition—may therefore be an important factor in the regulation
of the GM. In Berendsen et al.’s study, adolescents (aged 13–20) with delayed sleep phase
disorder consumed dinner more regularly, had snacks in the morning less frequently, and
consumed their first food of the day later than controls [112], suggesting the importance of
chrono-nutrition.

5. Discussion

Although challenges exist in finding high-quality controlled human studies related to
the GM and how it relates to mental health in EAs, there is enough evidence to suggest
that this life stage is characterized by biological and environmental vulnerabilities within
both the brain and the gut. Effects of exposures to conditions that impact GM during this
stage could have broad impacts on health, including mental health, for the duration of the
individual’s life. This has vast healthcare implications.

GM composition studies of humans often have very different participant profiles and
have poor generalizability across populations. In the context of EAs, the confounders may
be even more complex given the overall instability in factors such as diet, substance use,
hormonal changes, circadian variability, and stress. In the context of future research, EAs
are currently more often classified as part of the adult cohort (ages 18–65) and are not
often separately analyzed. As a result, unique findings may be missed from this group in
research involving the GM, GBM, neurophysiology, and psychiatry. Appropriate grouping
of ages is therefore recommended, with special attention to the vulnerabilities during the
EA period.

Evidence suggests that the impact of diet, physical activity/exercise, substance use,
and sleep on the GBM axis and EAs’ mental health are strong despite inconsistent findings
on the GM. The various hormonal and environmental stressors during emerging adulthood
influence one another and synergistically impact EAs’ health. For example, in addition to
examining the “dysbiosis” or a maladapted microbiota from any specific substance use,
understanding the changes in diet independent of or secondary to the individual substance
use or how macro- and micro-nutrients are absorbed by the GM is a potentially interesting
and important topic to explore.

The food guidelines generally target all ages, with specific caloric and micronutrient
recommendations for certain age groups, such as children. To our knowledge, there is no
specific recommended diet for EAs. Given the benefits of certain foods on the GM, such
as fermented foods [113], future research is recommended to understand the short- and
long-term impact of healthy GM-promoting nutrients for this age group. Furthermore,
in the context of emerging adulthood, researchers need to understand the relationship
between food, activity/exercise, substance use, and sleep, and their short- and long-term
impact on the GM of EAs.

Due to the early preclinical findings described here, scientists are working to identify
potentially beneficial microbes and administrative mechanisms to promote health and to
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administer in the context of specific diseases to alter the GM environment and thereby
either prevent or alleviate clinical symptoms. While this may seem overly ambitious given
the individual non-modifiable differences in human populations, variable environmental
factors, and perhaps a narrow window of opportunity to treat conditions, the opportunities
offered by personalized, microbiota-focused interventions in disease are compelling.

Mental illnesses commonly arise in emerging adulthood, and their symptoms can
further compromise the gut health via poor diet, reduced activity, substance use (including
medications), and poor-quality sleep. Interventions to alleviate symptoms or to prevent
psychiatric illnesses as primary prevention are generally still quite limited. Interventions
are currently most often restricted to secondary and tertiary interventions such as phar-
macotherapy and psychotherapy. While newer approaches are being explored (e.g., brain
stimulation [114] and psychedelic therapies [115]), convergent lines of evidence lead us
to raise the possibility of a role for microbial therapeutics as primary and/or secondary
interventions for mental illnesses. With the emerging research and evidence for fecal mate-
rial transplant, pre-, pro-, and post-biotics to promote human brain health through their
effects on gut health, psychobiotics may become a new potentially cost-effective treatment
and/or preventative gut- and mind-altering therapy. Psychological and societal/public
health long-term approaches to the reduction and management of poor mental health for
EAs should involve psychoeducation on healthy lifestyle behaviors to enhance GM health,
such as good nutrition, exercise, substance abstinence, and proper sleep.

An important consideration not discussed in this paper is the use of prescription
medications such as antidepressants, antipsychotics, and stimulants for psychiatric illness
among EAs. With the increasing prevalence of mental illnesses among EAs and medication
use as a common, convenient, and often economical treatment, it is likely that psychotropic
medication use will increase over time [116]. However, medication switches and poor
adherence among EAs are barriers to treatment in this group [117], and some psychiatric
conditions and medications are associated with cardiometabolic syndrome [118–120]. Al-
terations in the GM secondary to various psychotropics may be an important consideration
for future analysis of the GM of EAs [121,122].

6. Conclusions

While it is currently unclear which combination of factors are most detrimental to
mental health with regards to the interaction with the GM, we know that healthy diet
and lifestyle with the least interference from chemicals with antimicrobial properties are
associated with the best health outcomes. Disadvantageously functioning homeostasis of
GM and GBM in the vulnerable years of emerging adulthood may lead to chronic and/or
lifelong challenges to health and mental health. Given the environmental and societal
forces at play during this stage of life, special attention and intervention in this age group
could have a great impact at both the individual and societal levels.

Author Contributions: Conceptualization, J.P.B., E.A.O. and J.E.L.; writing—original draft prepara-
tion, J.E.L.; writing—review and editing, E.A.O., J.P.B., D.W., C.P.O. and M.W.; supervision, E.A.O.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank the First Episode Mood and Anxiety Program for the opportunity to
collaborate with various disciplines and institutions.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2022, 23, 6643 12 of 16

References
1. Romeo, R.D.; Bellani, R.; Karatsoreos, I.N.; Chhua, N.; Vernov, M.; Conrad, C.D.; McEwen, B.S. Stress history and pubertal

development interact to shape hypothalamic-pituitary-adrenal axis plasticity. Endocrinology 2006, 147, 1664–1674. [CrossRef]
[PubMed]

2. Spear, L.P. Adolescent neurodevelopment. J. Adolesc. Health 2013, 52, S7–S13. [CrossRef] [PubMed]
3. Burnett, S.; Sebastian, C.; Cohen Kadosh, K.; Blakemore, S.J. The social brain in adolescence: Evidence from functional magnetic

resonance imaging and behavioural studies. Neurosci. Biobehav. Rev. 2011, 35, 1654–1664. [CrossRef] [PubMed]
4. Jaworska, N.; MacQueen, G. Adolescence as a unique developmental period. J. Psychiatry Neurosci. 2015, 40, 291–293. [CrossRef]
5. McVey Neufeld, K.A.; Luczynski, P.; Seira Oriach, C.; Dinan, T.G.; Cryan, J.F. What’s bugging your teen?-The microbiota and

adolescent mental health. Neurosci. Biobehav. Rev. 2016, 70, 300–312. [CrossRef]
6. Sudo, N. Microbiome, HPA axis and production of endocrine hormones in the gut. Adv. Exp. Med. Biol. 2014, 817, 177–194.

[CrossRef]
7. Cresci, G.A.; Bawden, E. Gut Microbiome: What We Do and Don’t Know. Nutr. Clin. Pract. 2015, 30, 734–746. [CrossRef]
8. Fulkerson, J.A.; Sherwood, N.E.; Perry, C.L.; Neumark-Sztainer, D.; Story, M. Depressive symptoms and adolescent eating and

health behaviors: A multifaceted view in a population-based sample. Prev. Med. 2004, 38, 865–875. [CrossRef]
9. Robillard, R.; Carpenter, J.S.; Rogers, N.L.; Fares, S.; Grierson, A.B.; Hermens, D.F.; Naismith, S.L.; Mullin, S.J.; Feilds, K.L.;

Glozier, N.; et al. Circadian rhythms and psychiatric profiles in young adults with unipolar depressive disorders. Transl. Psychiatry
2018, 8, 213. [CrossRef]

10. Toyoura, M.; Miike, T.; Tajima, S.; Matsuzawa, S.; Konishi, Y. Inadequate sleep as a contributor to impaired glucose tolerance:
A cross-sectional study in children, adolescents, and young adults with circadian rhythm sleep-wake disorder. Pediatr. Diabetes
2020, 21, 557–564. [CrossRef]

11. Lach, G.; Fulling, C.; Bastiaanssen, T.F.S.; Fouhy, F.; Donovan, A.N.O.; Ventura-Silva, A.P.; Stanton, C.; Dinan, T.G.; Cryan, J.F.
Enduring neurobehavioral effects induced by microbiota depletion during the adolescent period. Transl. Psychiatry 2020, 10, 382.
[CrossRef] [PubMed]

12. Bian, G.; Gloor, G.B.; Gong, A.; Jia, C.; Zhang, W.; Hu, J.; Zhang, H.; Zhang, Y.; Zhou, Z.; Zhang, J.; et al. The Gut Microbiota of
Healthy Aged Chinese Is Similar to That of the Healthy Young. mSphere 2017, 2, e00327-17. [CrossRef] [PubMed]

13. Zhang, W.; Li, J.; Lu, S.; Han, N.; Miao, J.; Zhang, T.; Qiang, Y.; Kong, Y.; Wang, H.; Gao, T.; et al. Gut microbiota community
characteristics and disease-related microorganism pattern in a population of healthy Chinese people. Sci. Rep. 2019, 9, 1594.
[CrossRef] [PubMed]

14. World Health Organization. Mental Health. Available online: https://www.who.int/health-topics/mental-health#tab=tab_1
(accessed on 1 December 2021).

15. Wang, H.X.; Wang, Y.P. Gut Microbiota-brain Axis. Chin. Med. J. (Engl.) 2016, 129, 2373–2380. [CrossRef] [PubMed]
16. Simpson, C.A.; Diaz-Arteche, C.; Eliby, D.; Schwartz, O.S.; Simmons, J.G.; Cowan, C.S.M. The gut microbiota in anxiety and

depression—A systematic review. Clin. Psychol. Rev. 2021, 83, 101943. [CrossRef]
17. Parada Venegas, D.; De la Fuente, M.K.; Landskron, G.; Gonzalez, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber, K.N.;

Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef]

18. van de Wouw, M.; Boehme, M.; Lyte, J.M.; Wiley, N.; Strain, C.; O’Sullivan, O.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Short-
chain fatty acids: Microbial metabolites that alleviate stress-induced brain-gut axis alterations. J. Physiol. 2018, 596, 4923–4944.
[CrossRef]

19. Mogilevski, T. The bi-directional role of the gut-brain axis in inflammatory and other gastrointestinal diseases. Curr. Opin.
Gastroenterol. 2021, 37, 572–577. [CrossRef]

20. Pellegrini, C.; Antonioli, L.; Calderone, V.; Colucci, R.; Fornai, M.; Blandizzi, C. Microbiota-gut-brain axis in health and disease: Is
NLRP3 inflammasome at the crossroads of microbiota-gut-brain communications? Prog. Neurobiol. 2020, 191, 101806. [CrossRef]

21. Desbonnet, L.; Clarke, G.; Traplin, A.; O’Sullivan, O.; Crispie, F.; Moloney, R.D.; Cotter, P.D.; Dinan, T.G.; Cryan, J.F. Gut
microbiota depletion from early adolescence in mice: Implications for brain and behaviour. Brain Behav. Immun. 2015, 48, 165–173.
[CrossRef]

22. Kaur, G.; Behl, T.; Bungau, S.; Kumar, A.; Uddin, M.S.; Mehta, V.; Zengin, G.; Mathew, B.; Shah, M.A.; Arora, S. Dysregula-
tion of the Gut-Brain Axis, Dysbiosis and Influence of Numerous Factors on Gut Microbiota Associated Parkinson’s Disease.
Curr. Neuropharmacol. 2021, 19, 233–247. [CrossRef] [PubMed]

23. Carlessi, A.S.; Borba, L.A.; Zugno, A.I.; Quevedo, J.; Réus, G.Z. Gut microbiota-brain axis in depression: The role of neuroinflam-
mation. Eur. J. Neurosci. 2021, 53, 222–235. [CrossRef]

24. Forslund, S.K.; Chakaroun, R.; Zimmermann-Kogadeeva, M.; Markó, L.; Aron-Wisnewsky, J.; Nielsen, T.; Moitinho-Silva, L.;
Schmidt, T.S.B.; Falony, G.; Vieira-Silva, S.; et al. Combinatorial, additive and dose-dependent drug–microbiome associations.
Nature 2021, 600, 500–505. [CrossRef] [PubMed]

25. Sogari, G.; Velez-Argumedo, C.; Gomez, M.I.; Mora, C. College Students and Eating Habits: A Study Using An Ecological Model
for Healthy Behavior. Nutrients 2018, 10, 1823. [CrossRef] [PubMed]

26. Larson, N.; Laska, M.N.; Neumark-Sztainer, D. Food Insecurity, Diet Quality, Home Food Availability, and Health Risk Behaviors
Among Emerging Adults: Findings From the EAT 2010–2018 Study. Am. J. Public Health 2020, 110, 1422–1428. [CrossRef]

http://doi.org/10.1210/en.2005-1432
http://www.ncbi.nlm.nih.gov/pubmed/16410296
http://doi.org/10.1016/j.jadohealth.2012.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23332574
http://doi.org/10.1016/j.neubiorev.2010.10.011
http://www.ncbi.nlm.nih.gov/pubmed/21036192
http://doi.org/10.1503/jpn.150268
http://doi.org/10.1016/j.neubiorev.2016.06.005
http://doi.org/10.1007/978-1-4939-0897-4_8
http://doi.org/10.1177/0884533615609899
http://doi.org/10.1016/j.ypmed.2003.12.028
http://doi.org/10.1038/s41398-018-0255-y
http://doi.org/10.1111/pedi.13003
http://doi.org/10.1038/s41398-020-01073-0
http://www.ncbi.nlm.nih.gov/pubmed/33159036
http://doi.org/10.1128/mSphere.00327-17
http://www.ncbi.nlm.nih.gov/pubmed/28959739
http://doi.org/10.1038/s41598-018-36318-y
http://www.ncbi.nlm.nih.gov/pubmed/30733472
https://www.who.int/health-topics/mental-health#tab=tab_1
http://doi.org/10.4103/0366-6999.190667
http://www.ncbi.nlm.nih.gov/pubmed/27647198
http://doi.org/10.1016/j.cpr.2020.101943
http://doi.org/10.3389/fimmu.2019.00277
http://doi.org/10.1113/JP276431
http://doi.org/10.1097/MOG.0000000000000779
http://doi.org/10.1016/j.pneurobio.2020.101806
http://doi.org/10.1016/j.bbi.2015.04.004
http://doi.org/10.2174/1570159X18666200606233050
http://www.ncbi.nlm.nih.gov/pubmed/32504503
http://doi.org/10.1111/ejn.14631
http://doi.org/10.1038/s41586-021-04177-9
http://www.ncbi.nlm.nih.gov/pubmed/34880489
http://doi.org/10.3390/nu10121823
http://www.ncbi.nlm.nih.gov/pubmed/30477101
http://doi.org/10.2105/AJPH.2020.305783


Int. J. Mol. Sci. 2022, 23, 6643 13 of 16

27. Martinez Leo, E.E.; Segura Campos, M.R. Effect of ultra-processed diet on gut microbiota and thus its role in neurodegenerative
diseases. Nutrition 2020, 71, 110609. [CrossRef]

28. Moreira, A.R.O.; Batista, R.F.L.; Ladeira, L.L.C.; Thomaz, E.; Alves, C.M.C.; Saraiva, M.C.; Silva, A.A.M.; Brondani, M.A.;
Ribeiro, C.C.C. Higher sugar intake is associated with periodontal disease in adolescents. Clin. Oral Investig. 2021, 25, 983–991.
[CrossRef]

29. Chopra, C.; Mandalika, S.; Kinger, N. Does diet play a role in the prevention and management of depression among adolescents?
A narrative review. Nutr. Health 2021, 27, 243–263. [CrossRef]

30. Ruiz, L.D.; Zuelch, M.L.; Dimitratos, S.M.; Scherr, R.E. Adolescent Obesity: Diet Quality, Psychosocial Health, and Car-
diometabolic Risk Factors. Nutrients 2019, 12, 43. [CrossRef]

31. Davis, E.C.; Dinsmoor, A.M.; Wang, M.; Donovan, S.M. Microbiome Composition in Pediatric Populations from Birth to
Adolescence: Impact of Diet and Prebiotic and Probiotic Interventions. Dig. Dis. Sci. 2020, 65, 706–722. [CrossRef]

32. Marx, W.; Lane, M.; Hockey, M.; Aslam, H.; Berk, M.; Walder, K.; Borsini, A.; Firth, J.; Pariante, C.M.; Berding, K.; et al. Diet and
depression: Exploring the biological mechanisms of action. Mol. Psychiatry 2021, 26, 134–150. [CrossRef] [PubMed]

33. Dash, S.; Clarke, G.; Berk, M.; Jacka, F.N. The gut microbiome and diet in psychiatry: Focus on depression. Curr. Opin. Psychiatry
2015, 28, 1–6. [CrossRef] [PubMed]

34. Illiano, P.; Brambilla, R.; Parolini, C. The mutual interplay of gut microbiota, diet and human disease. FEBS J. 2020, 287, 833–855.
[CrossRef] [PubMed]

35. De Filippis, F.; Pellegrini, N.; Vannini, L.; Jeffery, I.B.; La Storia, A.; Laghi, L.; Serrazanetti, D.I.; Di Cagno, R.; Ferrocino, I.;
Lazzi, C.; et al. High-level adherence to a Mediterranean diet beneficially impacts the gut microbiota and associated metabolome.
Gut 2016, 65, 1812–1821. [CrossRef] [PubMed]

36. Garcia-Mantrana, I.; Selma-Royo, M.; Alcantara, C.; Collado, M.C. Shifts on Gut Microbiota Associated to Mediterranean Diet
Adherence and Specific Dietary Intakes on General Adult Population. Front. Microbiol. 2018, 9, 890. [CrossRef]

37. Lima-Ojeda, J.M.; Rupprecht, R.; Baghai, T.C. “I Am I and My Bacterial Circumstances”: Linking Gut Microbiome, Neurodevelop-
ment, and Depression. Front. Psychiatry 2017, 8, 153. [CrossRef]

38. Seitz, J.; Dahmen, B.; Keller, L.; Herpertz-Dahlmann, B. Gut Feelings: How Microbiota Might Impact the Development and
Course of Anorexia Nervosa. Nutrients 2020, 12, 3295. [CrossRef]

39. Hata, T.; Miyata, N.; Takakura, S.; Yoshihara, K.; Asano, Y.; Kimura-Todani, T.; Yamashita, M.; Zhang, X.T.; Watanabe, N.; Mikami,
K.; et al. The Gut Microbiome Derived From Anorexia Nervosa Patients Impairs Weight Gain and Behavioral Performance in
Female Mice. Endocrinology 2019, 160, 2441–2452. [CrossRef]

40. Leong, K.S.W.; Jayasinghe, T.N.; Wilson, B.C.; Derraik, J.G.B.; Albert, B.B.; Chiavaroli, V.; Svirskis, D.M.; Beck, K.L.; Conlon, C.A.;
Jiang, Y.; et al. Effects of Fecal Microbiome Transfer in Adolescents With Obesity: The Gut Bugs Randomized Controlled Trial.
JAMA Netw. Open 2020, 3, e2030415. [CrossRef]

41. Borsini, A.; Alboni, S.; Horowitz, M.A.; Tojo, L.M.; Cannazza, G.; Su, K.P.; Pariante, C.M.; Zunszain, P.A. Rescue of IL-1beta-
induced reduction of human neurogenesis by omega-3 fatty acids and antidepressants. Brain Behav. Immun. 2017, 65, 230–238.
[CrossRef]

42. Kanoski, S.E.; Davidson, T.L. Western diet consumption and cognitive impairment: Links to hippocampal dysfunction and
obesity. Physiol. Behav. 2011, 103, 59–68. [CrossRef] [PubMed]

43. Tapia-Serrano, M.A.; Esteban-Cornejo, I.; Rodriguez-Ayllon, M.; Vaquero-Solis, M.; Sanchez-Oliva, D.; Sanchez-Miguel, P.A.
Adherence to the Mediterranean diet and academic performance in adolescents: Does BMI status moderate this association?
Clin. Nutr. 2021, 40, 4465–4472. [CrossRef] [PubMed]

44. Yin, W.; Lof, M.; Chen, R.; Hultman, C.M.; Fang, F.; Sandin, S. Mediterranean diet and depression: A population-based cohort
study. Int. J. Behav. Nutr. Phys. Act. 2021, 18, 153. [CrossRef] [PubMed]

45. Francis, H.M.; Stevenson, R.J.; Chambers, J.R.; Gupta, D.; Newey, B.; Lim, C.K. A brief diet intervention can reduce symptoms of
depression in young adults—A randomised controlled trial. PLoS ONE 2019, 14, e0222768. [CrossRef] [PubMed]

46. Corb Aron, R.A.; Abid, A.; Vesa, C.M.; Nechifor, A.C.; Behl, T.; Ghitea, T.C.; Munteanu, M.A.; Fratila, O.; Andronie-Cioara, F.L.;
Toma, M.M.; et al. Recognizing the Benefits of Pre-/Probiotics in Metabolic Syndrome and Type 2 Diabetes Mellitus Considering
the Influence of Akkermansia muciniphila as a Key Gut Bacterium. Microorganisms 2021, 9, 618. [CrossRef]

47. Sharma, R.; Gupta, D.; Mehrotra, R.; Mago, P. Psychobiotics: The Next-Generation Probiotics for the Brain. Curr. Microbiol. 2021,
78, 449–463. [CrossRef]

48. Tindall, L.; Mikocka-Walus, A.; McMillan, D.; Wright, B.; Hewitt, C.; Gascoyne, S. Is behavioural activation effective in the
treatment of depression in young people? A systematic review and meta-analysis. Psychol. Psychother. 2017, 90, 770–796.
[CrossRef]

49. Beam, A.; Clinger, E.; Hao, L. Effect of Diet and Dietary Components on the Composition of the Gut Microbiota. Nutrients 2021,
13, 2795. [CrossRef]

50. Dimidi, E.; Cox, S.R.; Rossi, M.; Whelan, K. Fermented Foods: Definitions and Characteristics, Impact on the Gut Microbiota and
Effects on Gastrointestinal Health and Disease. Nutrients 2019, 11, 1806. [CrossRef]

51. So, D.; Whelan, K.; Rossi, M.; Morrison, M.; Holtmann, G.; Kelly, J.T.; Shanahan, E.R.; Staudacher, H.M.; Campbell, K.L. Dietary
fiber intervention on gut microbiota composition in healthy adults: A systematic review and meta-analysis. Am. J. Clin. Nutr.
2018, 107, 965–983. [CrossRef]

http://doi.org/10.1016/j.nut.2019.110609
http://doi.org/10.1007/s00784-020-03387-1
http://doi.org/10.1177/0260106020980532
http://doi.org/10.3390/nu12010043
http://doi.org/10.1007/s10620-020-06092-x
http://doi.org/10.1038/s41380-020-00925-x
http://www.ncbi.nlm.nih.gov/pubmed/33144709
http://doi.org/10.1097/YCO.0000000000000117
http://www.ncbi.nlm.nih.gov/pubmed/25415497
http://doi.org/10.1111/febs.15217
http://www.ncbi.nlm.nih.gov/pubmed/31955527
http://doi.org/10.1136/gutjnl-2015-309957
http://www.ncbi.nlm.nih.gov/pubmed/26416813
http://doi.org/10.3389/fmicb.2018.00890
http://doi.org/10.3389/fpsyt.2017.00153
http://doi.org/10.3390/nu12113295
http://doi.org/10.1210/en.2019-00408
http://doi.org/10.1001/jamanetworkopen.2020.30415
http://doi.org/10.1016/j.bbi.2017.05.006
http://doi.org/10.1016/j.physbeh.2010.12.003
http://www.ncbi.nlm.nih.gov/pubmed/21167850
http://doi.org/10.1016/j.clnu.2020.12.036
http://www.ncbi.nlm.nih.gov/pubmed/33495088
http://doi.org/10.1186/s12966-021-01227-3
http://www.ncbi.nlm.nih.gov/pubmed/34838037
http://doi.org/10.1371/journal.pone.0222768
http://www.ncbi.nlm.nih.gov/pubmed/31596866
http://doi.org/10.3390/microorganisms9030618
http://doi.org/10.1007/s00284-020-02289-5
http://doi.org/10.1111/papt.12121
http://doi.org/10.3390/nu13082795
http://doi.org/10.3390/nu11081806
http://doi.org/10.1093/ajcn/nqy041


Int. J. Mol. Sci. 2022, 23, 6643 14 of 16

52. Barber, T.M.; Valsamakis, G.; Mastorakos, G.; Hanson, P.; Kyrou, I.; Randeva, H.S.; Weickert, M.O. Dietary Influences on the
Microbiota-Gut-Brain Axis. Int. J. Mol. Sci. 2021, 22, 3502. [CrossRef] [PubMed]

53. Schuch, F.B.; Deslandes, A.C.; Stubbs, B.; Gosmann, N.P.; Silva, C.T.; Fleck, M.P. Neurobiological effects of exercise on major
depressive disorder: A systematic review. Neurosci. Biobehav. Rev. 2016, 61, 1–11. [CrossRef] [PubMed]

54. Stranahan, A.M.; Lee, K.; Mattson, M.P. Central mechanisms of HPA axis regulation by voluntary exercise. Neuromol. Med. 2008,
10, 118–127. [CrossRef] [PubMed]

55. Janssen, I.; Leblanc, A.G. Systematic review of the health benefits of physical activity and fitness in school-aged children and
youth. Int. J. Behav. Nutr. Phys. Act. 2010, 7, 40. [CrossRef] [PubMed]

56. Shah, R.V.; Murthy, V.L.; Colangelo, L.A.; Reis, J.; Venkatesh, B.A.; Sharma, R.; Abbasi, S.A.; Goff, D.C., Jr.; Carr, J.J.; Rana, J.S.; et al.
Association of Fitness in Young Adulthood With Survival and Cardiovascular Risk: The Coronary Artery Risk Development in
Young Adults (CARDIA) Study. JAMA Intern. Med. 2016, 176, 87–95. [CrossRef] [PubMed]

57. Matsumoto, M.; Inoue, R.; Tsukahara, T.; Ushida, K.; Chiji, H.; Matsubara, N.; Hara, H. Voluntary running exercise alters
microbiota composition and increases n-butyrate concentration in the rat cecum. Biosci. Biotechnol. Biochem. 2008, 72, 572–576.
[CrossRef]

58. Lensu, S.; Pekkala, S. Gut Microbiota, Microbial Metabolites and Human Physical Performance. Metabolites 2021, 11, 716.
[CrossRef]

59. Scheiman, J.; Luber, J.M.; Chavkin, T.A.; MacDonald, T.; Tung, A.; Pham, L.D.; Wibowo, M.C.; Wurth, R.C.; Punthambaker, S.;
Tierney, B.T.; et al. Meta-omics analysis of elite athletes identifies a performance-enhancing microbe that functions via lactate
metabolism. Nat. Med. 2019, 25, 1104–1109. [CrossRef]

60. Clark, A.; Mach, N. Exercise-induced stress behavior, gut-microbiota-brain axis and diet: A systematic review for athletes. J. Int.
Soc. Sports Nutr. 2016, 13, 43. [CrossRef]

61. Bressa, C.; Bailen-Andrino, M.; Perez-Santiago, J.; Gonzalez-Soltero, R.; Perez, M.; Montalvo-Lominchar, M.G.; Mate-Munoz, J.L.;
Dominguez, R.; Moreno, D.; Larrosa, M. Differences in gut microbiota profile between women with active lifestyle and sedentary
women. PLoS ONE 2017, 12, e0171352. [CrossRef]

62. Allen, J.M.; Mailing, L.J.; Niemiro, G.M.; Moore, R.; Cook, M.D.; White, B.A.; Holscher, H.D.; Woods, J.A. Exercise Alters Gut
Microbiota Composition and Function in Lean and Obese Humans. Med. Sci. Sports Exerc. 2018, 50, 747–757. [CrossRef] [PubMed]

63. Cho, J.; Kim, D.; Kang, H. Exercise Preconditioning Attenuates the Response to Experimental Colitis and Modifies Composition
of Gut Microbiota in Wild-Type Mice. Life 2020, 10, 200. [CrossRef] [PubMed]

64. Fernandez, J.; Fernandez-Sanjurjo, M.; Iglesias-Gutierrez, E.; Martinez-Camblor, P.; Villar, C.J.; Tomas-Zapico, C.; Fernandez-Garcia, B.;
Lombo, F. Resistance and Endurance Exercise Training Induce Differential Changes in Gut Microbiota Composition in Murine
Models. Front. Physiol. 2021, 12, 748854. [CrossRef] [PubMed]

65. Morishima, S.; Aoi, W.; Kawamura, A.; Kawase, T.; Takagi, T.; Naito, Y.; Tsukahara, T.; Inoue, R. Intensive, prolonged exercise
seemingly causes gut dysbiosis in female endurance runners. J. Clin. Biochem. Nutr. 2021, 68, 253–258. [CrossRef]

66. Mika, A.; Van Treuren, W.; Gonzalez, A.; Herrera, J.J.; Knight, R.; Fleshner, M. Exercise is More Effective at Altering Gut Microbial
Composition and Producing Stable Changes in Lean Mass in Juvenile versus Adult Male F344 Rats. PLoS ONE 2015, 10, e0125889.
[CrossRef]

67. Wang, R.; Cai, Y.; Li, J.; Yau, S.Y.; Lu, W.; Stubbs, B.; Su, K.P.; Xu, G.; So, K.F.; Lin, K.; et al. Effects of aerobic exercise on gut
microbiota in adolescents with subthreshold mood syndromes and healthy adolescents: A 12-week, randomized controlled trial.
J. Affect. Disord. 2021, 293, 363–372. [CrossRef]

68. Ticinesi, A.; Lauretani, F.; Tana, C.; Nouvenne, A.; Ridolo, E.; Meschi, T. Exercise and immune system as modulators of intestinal
microbiome: Implications for the gut-muscle axis hypothesis. Exerc. Immunol. Rev. 2019, 25, 84–95.

69. Otte, J.A.; Oostveen, E.; Geelkerken, R.H.; Groeneveld, A.B.; Kolkman, J.J. Exercise induces gastric ischemia in healthy volunteers:
A tonometry study. J. Appl. Physiol. (1985) 2001, 91, 866–871. [CrossRef]

70. van Wijck, K.; Lenaerts, K.; van Loon, L.J.; Peters, W.H.; Buurman, W.A.; Dejong, C.H. Exercise-induced splanchnic hypoperfusion
results in gut dysfunction in healthy men. PLoS ONE 2011, 6, e22366. [CrossRef]

71. Mailing, L.J.; Allen, J.M.; Buford, T.W.; Fields, C.J.; Woods, J.A. Exercise and the Gut Microbiome: A Review of the Evidence,
Potential Mechanisms, and Implications for Human Health. Exerc. Sport Sci. Rev. 2019, 47, 75–85. [CrossRef]

72. Leyton, M.; Stewart, S. (Eds.) Substance Abuse in Canada: Childhood and Adoelscent Pathwaya to Substance Use Disorders; Canadian
Centre on Substance Abuse: Ottawa, ON, Canada, 2014.

73. World Health Organization. Adolescent and Young Adult Health. Available online: https://www.who.int/news-room/fact-
sheets/detail/adolescents-health-risks-and-solutions (accessed on 2 March 2022).

74. SAMHSA. Mental Illness and Substance Use in Young Adults. Available online: https://www.samhsa.gov/young-adults
(accessed on 6 April 2022).

75. Centre for Disease Control and Prevention (CDC). Youth and Tobacco Use. Available online: https://www.cdc.gov/tobacco/
data_statistics/fact_sheets/youth_data/tobacco_use/index.htm (accessed on 6 April 2022).

76. Gentzke, A.S.; Wang, T.W.; Cornelius, M.; Park-Lee, E.; Ren, C.; Sawdey, M.D.; Cullen, K.A.; Loretan, C.; Jamal, A.; Homa, D.M.
Tobacco Product Use among Middle and High School Students-United States, 2021; U.S. Department of Health and Human Services:
Washington, DC, USA, 2022; pp. 1811–1888.

77. Eurobarometer, S. Attitudes of Europeans towards Tobacco and Electronic Cigarettes; European Union: Brussels, Belgium, 2020.

http://doi.org/10.3390/ijms22073502
http://www.ncbi.nlm.nih.gov/pubmed/33800707
http://doi.org/10.1016/j.neubiorev.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26657969
http://doi.org/10.1007/s12017-008-8027-0
http://www.ncbi.nlm.nih.gov/pubmed/18273712
http://doi.org/10.1186/1479-5868-7-40
http://www.ncbi.nlm.nih.gov/pubmed/20459784
http://doi.org/10.1001/jamainternmed.2015.6309
http://www.ncbi.nlm.nih.gov/pubmed/26618471
http://doi.org/10.1271/bbb.70474
http://doi.org/10.3390/metabo11110716
http://doi.org/10.1038/s41591-019-0485-4
http://doi.org/10.1186/s12970-016-0155-6
http://doi.org/10.1371/journal.pone.0171352
http://doi.org/10.1249/MSS.0000000000001495
http://www.ncbi.nlm.nih.gov/pubmed/29166320
http://doi.org/10.3390/life10090200
http://www.ncbi.nlm.nih.gov/pubmed/32937846
http://doi.org/10.3389/fphys.2021.748854
http://www.ncbi.nlm.nih.gov/pubmed/35002754
http://doi.org/10.3164/jcbn.20-131
http://doi.org/10.1371/journal.pone.0125889
http://doi.org/10.1016/j.jad.2021.06.025
http://doi.org/10.1152/jappl.2001.91.2.866
http://doi.org/10.1371/journal.pone.0022366
http://doi.org/10.1249/JES.0000000000000183
https://www.who.int/news-room/fact-sheets/detail/adolescents-health-risks-and-solutions
https://www.who.int/news-room/fact-sheets/detail/adolescents-health-risks-and-solutions
https://www.samhsa.gov/young-adults
https://www.cdc.gov/tobacco/data_statistics/fact_sheets/youth_data/tobacco_use/index.htm
https://www.cdc.gov/tobacco/data_statistics/fact_sheets/youth_data/tobacco_use/index.htm


Int. J. Mol. Sci. 2022, 23, 6643 15 of 16

78. Ehlinger, D.G.; Bergstrom, H.C.; Burke, J.C.; Fernandez, G.M.; McDonald, C.G.; Smith, R.F. Adolescent nicotine-induced dendrite
remodeling in the nucleus accumbens is rapid, persistent, and D1-dopamine receptor dependent. Brain Struct. Funct. 2016,
221, 133–145. [CrossRef] [PubMed]

79. Grant, J.E.; Lust, K.; Fridberg, D.J.; King, A.C.; Chamberlain, S.R. E-cigarette use (vaping) is associated with illicit drug use,
mental health problems, and impulsivity in university students. Ann. Clin. Psychiatry 2019, 31, 27–35. [PubMed]

80. Ruszkiewicz, J.A.; Zhang, Z.; Goncalves, F.M.; Tizabi, Y.; Zelikoff, J.T.; Aschner, M. Neurotoxicity of e-cigarettes. Food Chem.
Toxicol. 2020, 138, 111245. [CrossRef]

81. Gui, X.; Yang, Z.; Li, M.D. Effect of Cigarette Smoke on Gut Microbiota: State of Knowledge. Front. Physiol. 2021, 12, 673341.
[CrossRef] [PubMed]

82. Simpson, S.; McLellan, R.; Wellmeyer, E.; Matalon, F.; George, O. Drugs and Bugs: The Gut-Brain Axis and Substance Use
Disorders. J. Neuroimmune Pharmacol. 2021. [CrossRef] [PubMed]

83. Tomoda, K.; Kubo, K.; Asahara, T.; Andoh, A.; Nomoto, K.; Nishii, Y.; Yamamoto, Y.; Yoshikawa, M.; Kimura, H. Cigarette smoke
decreases organic acids levels and population of bifidobacterium in the caecum of rats. J. Toxicol. Sci. 2011, 36, 261–266. [CrossRef]
[PubMed]

84. Shanahan, E.R.; Shah, A.; Koloski, N.; Walker, M.M.; Talley, N.J.; Morrison, M.; Holtmann, G.J. Influence of cigarette smoking on
the human duodenal mucosa-associated microbiota. Microbiome 2018, 6, 150. [CrossRef]

85. Centers for Disease Control and Prevention. Underage Drinking. Available online: https://www.cdc.gov/alcohol/fact-sheets/
underage-drinking.htm (accessed on 2 March 2022).

86. Inchley, J.C.D.; Budisavljevic, S.; Torsheim, T.; Jåstad, A.; Cosma, A.; Kelly, C.; Arnarsson, Á.M. Spotlight on Adolescent Health and
Well-Being; World Health Organization: Copenhagen, Denmark, 2020.

87. Government of Canada. Alcohol use among Canadians. Available online: https://health-infobase.canada.ca/alcohol/ctads/
#shr-pg0 (accessed on 2 March 2022).

88. Pilowsky, D.J.; Keyes, K.M.; Hasin, D.S. Adverse childhood events and lifetime alcohol dependence. Am. J. Public Health 2009,
99, 258–263. [CrossRef]

89. Ports, K.A.; Holman, D.M.; Guinn, A.S.; Pampati, S.; Dyer, K.E.; Merrick, M.T.; Lunsford, N.B.; Metzler, M. Adverse Childhood
Experiences and the Presence of Cancer Risk Factors in Adulthood: A Scoping Review of the Literature From 2005 to 2015.
J. Pediatr. Nurs. 2019, 44, 81–96. [CrossRef]

90. Kirsch, D.E.; Lippard, E.T.C. Early life stress and substance use disorders: The critical role of adolescent substance use. Pharmacol.
Biochem. Behav. 2022, 215, 173360. [CrossRef]

91. Lees, B.; Meredith, L.R.; Kirkland, A.E.; Bryant, B.E.; Squeglia, L.M. Effect of alcohol use on the adolescent brain and behavior.
Pharmacol. Biochem. Behav. 2020, 192, 172906. [CrossRef] [PubMed]

92. Government of Canada. Canadian Cannabis Survey 2021: Summary. Available online: https://www.canada.ca/en/health-
canada/services/drugs-medication/cannabis/research-data/canadian-cannabis-survey-2021-summary.html (accessed on 2
March 2022).

93. European Monitoring Centre for Drugs and Drug Addiction. European Drug Report Trends and Developments 2021; Publications
Office of the European Union: Luxembourg, 2021.

94. Jones, C.M.; Clayton, H.B.; Deputy, N.P.; Roehler, D.R.; Ko, J.Y.; Esser, M.B.; Brookmeyer, K.A.; Hertz, M.F. Prescription Opioid
Misuse and Use of Alcohol and Other Substances Among High School Students—Youth Risk Behavior Survey, United States,
2019. MMWR Suppl. 2020, 69, 38–46. [CrossRef] [PubMed]

95. Medina, K.L.; McQueeny, T.; Nagel, B.J.; Hanson, K.L.; Schweinsburg, A.D.; Tapert, S.F. Prefrontal cortex volumes in adolescents
with alcohol use disorders: Unique gender effects. Alcohol. Clin. Exp. Res. 2008, 32, 386–394. [CrossRef] [PubMed]

96. Jacobus, J.; Squeglia, L.M.; Meruelo, A.D.; Castro, N.; Brumback, T.; Giedd, J.N.; Tapert, S.F. Cortical thickness in adolescent
marijuana and alcohol users: A three-year prospective study from adolescence to young adulthood. Dev. Cogn. Neurosci. 2015,
16, 101–109. [CrossRef]

97. DiPatrizio, N.V. Endocannabinoids in the Gut. Cannabis Cannabinoid Res. 2016, 1, 67–77. [CrossRef]
98. Muccioli, G.G.; Naslain, D.; Backhed, F.; Reigstad, C.S.; Lambert, D.M.; Delzenne, N.M.; Cani, P.D. The endocannabinoid system

links gut microbiota to adipogenesis. Mol. Syst. Biol. 2010, 6, 392. [CrossRef]
99. Panee, J.; Gerschenson, M.; Chang, L. Associations Between Microbiota, Mitochondrial Function, and Cognition in Chronic

Marijuana Users. J. Neuroimmune Pharmacol. 2018, 13, 113–122. [CrossRef]
100. National Institute of General Medical Sciences. Circadian Rhythms. National Institues of Health. 2020. Available online:

https://www.nigms.nih.gov/education/fact-sheets/Pages/circadian-rhythms.aspx (accessed on 2 March 2022).
101. Teichman, E.M.; O’Riordan, K.J.; Gahan, C.G.M.; Dinan, T.G.; Cryan, J.F. When Rhythms Meet the Blues: Circadian Interactions

with the Microbiota-Gut-Brain Axis. Cell Metab. 2020, 31, 448–471. [CrossRef]
102. Walker, W.H., 2nd; Walton, J.C.; DeVries, A.C.; Nelson, R.J. Circadian rhythm disruption and mental health. Transl. Psychiatry

2020, 10, 28. [CrossRef]
103. Galima, S.V.; Vogel, S.R.; Kowalski, A.W. Seasonal Affective Disorder: Common Questions and Answers. Am. Fam. Physician

2020, 102, 668–672.
104. Crowley, S.J.; Acebo, C.; Carskadon, M.A. Sleep, circadian rhythms, and delayed phase in adolescence. Sleep Med. 2007, 8, 602–612.

[CrossRef] [PubMed]

http://doi.org/10.1007/s00429-014-0897-3
http://www.ncbi.nlm.nih.gov/pubmed/25257604
http://www.ncbi.nlm.nih.gov/pubmed/30699215
http://doi.org/10.1016/j.fct.2020.111245
http://doi.org/10.3389/fphys.2021.673341
http://www.ncbi.nlm.nih.gov/pubmed/34220536
http://doi.org/10.1007/s11481-021-10022-7
http://www.ncbi.nlm.nih.gov/pubmed/34694571
http://doi.org/10.2131/jts.36.261
http://www.ncbi.nlm.nih.gov/pubmed/21628954
http://doi.org/10.1186/s40168-018-0531-3
https://www.cdc.gov/alcohol/fact-sheets/underage-drinking.htm
https://www.cdc.gov/alcohol/fact-sheets/underage-drinking.htm
https://health-infobase.canada.ca/alcohol/ctads/#shr-pg0
https://health-infobase.canada.ca/alcohol/ctads/#shr-pg0
http://doi.org/10.2105/AJPH.2008.139006
http://doi.org/10.1016/j.pedn.2018.10.009
http://doi.org/10.1016/j.pbb.2022.173360
http://doi.org/10.1016/j.pbb.2020.172906
http://www.ncbi.nlm.nih.gov/pubmed/32179028
https://www.canada.ca/en/health-canada/services/drugs-medication/cannabis/research-data/canadian-cannabis-survey-2021-summary.html
https://www.canada.ca/en/health-canada/services/drugs-medication/cannabis/research-data/canadian-cannabis-survey-2021-summary.html
http://doi.org/10.15585/mmwr.su6901a5
http://www.ncbi.nlm.nih.gov/pubmed/32817608
http://doi.org/10.1111/j.1530-0277.2007.00602.x
http://www.ncbi.nlm.nih.gov/pubmed/18302722
http://doi.org/10.1016/j.dcn.2015.04.006
http://doi.org/10.1089/can.2016.0001
http://doi.org/10.1038/msb.2010.46
http://doi.org/10.1007/s11481-017-9767-0
https://www.nigms.nih.gov/education/fact-sheets/Pages/circadian-rhythms.aspx
http://doi.org/10.1016/j.cmet.2020.02.008
http://doi.org/10.1038/s41398-020-0694-0
http://doi.org/10.1016/j.sleep.2006.12.002
http://www.ncbi.nlm.nih.gov/pubmed/17383934


Int. J. Mol. Sci. 2022, 23, 6643 16 of 16

105. Pesonen, A.K.; Martikainen, S.; Kajantie, E.; Heinonen, K.; Wehkalampi, K.; Lahti, J.; Strandberg, T.; Raikkonen, K. The
associations between adolescent sleep, diurnal cortisol patterns and cortisol reactivity to dexamethasone suppression test.
Psychoneuroendocrinology 2014, 49, 150–160. [CrossRef] [PubMed]

106. Hagenauer, M.H.; Perryman, J.I.; Lee, T.M.; Carskadon, M.A. Adolescent changes in the homeostatic and circadian regulation of
sleep. Dev. Neurosci. 2009, 31, 276–284. [CrossRef] [PubMed]

107. Kalsbeek, A.; van der Spek, R.; Lei, J.; Endert, E.; Buijs, R.M.; Fliers, E. Circadian rhythms in the hypothalamo-pituitary-adrenal
(HPA) axis. Mol. Cell. Endocrinol. 2012, 349, 20–29. [CrossRef]

108. Wu, G.; Tang, W.; He, Y.; Hu, J.; Gong, S.; He, Z.; Wei, G.; Lv, L.; Jiang, Y.; Zhou, H.; et al. Light exposure influences the diurnal
oscillation of gut microbiota in mice. Biochem. Biophys. Res. Commun. 2018, 501, 16–23. [CrossRef]

109. Bowers, S.J.; Vargas, F.; Gonzalez, A.; He, S.; Jiang, P.; Dorrestein, P.C.; Knight, R.; Wright, K.P., Jr.; Lowry, C.A.; Fleshner, M.; et al.
Repeated sleep disruption in mice leads to persistent shifts in the fecal microbiome and metabolome. PLoS ONE 2020, 15, e0229001.
[CrossRef]

110. Kinnucan, J.A.; Rubin, D.T.; Ali, T. Sleep and inflammatory bowel disease: Exploring the relationship between sleep disturbances
and inflammation. Gastroenterol. Hepatol. 2013, 9, 718–727.

111. Wagner-Skacel, J.; Dalkner, N.; Moerkl, S.; Kreuzer, K.; Farzi, A.; Lackner, S.; Painold, A.; Reininghaus, E.Z.; Butler, M.I.; Bengesser,
S. Sleep and Microbiome in Psychiatric Diseases. Nutrients 2020, 12, 2198. [CrossRef]

112. Berendsen, M.; Boss, M.; Smits, M.; Pot, G.K. Chrono-Nutrition and Diet Quality in Adolescents with Delayed Sleep-Wake Phase
Disorder. Nutrients 2020, 12, 539. [CrossRef]

113. Leeuwendaal, N.K.; Stanton, C.; O’Toole, P.W.; Beresford, T.P. Fermented Foods, Health and the Gut Microbiome. Nutrients 2022,
14, 1527. [CrossRef]

114. Mahoney, J.J., 3rd; Hanlon, C.A.; Marshalek, P.J.; Rezai, A.R.; Krinke, L. Transcranial magnetic stimulation, deep brain stimulation,
and other forms of neuromodulation for substance use disorders: Review of modalities and implications for treatment. J. Neurol.
Sci. 2020, 418, 117149. [CrossRef] [PubMed]

115. Breeksema, J.J.; Koolen, M.H.B.; Somers, M.; Schoevers, R.A. Treatment with psilocybin: Applications for patients with psychiatric
disorders. Ned. Tijdschr Geneeskd. 2021, 165, D4842. [PubMed]

116. Cosgrove, L.; Morrill, Z.; Yusif, M.; Vaswani, A.; Cathcart, S.; Troeger, R.; Karter, J.M. Drivers of and Solutions for the Overuse of
Antidepressant Medication in Pediatric Populations. Front. Psychiatry 2020, 11, 17. [CrossRef] [PubMed]

117. Lampela, P.; Tanskanen, A.; Lahteenvuo, M.; Tiihonen, J.; Taipale, H. Switches and early discontinuations of antidepressant
medication in young adults with depression. J. Affect. Disord. 2021, 295, 1474–1481. [CrossRef]

118. Alosaimi, F.D.; Abalhassan, M.; Alhaddad, B.; Alzain, N.; Fallata, E.; Alhabbad, A.; Alassiry, M.Z. Prevalence of metabolic
syndrome and its components among patients with various psychiatric diagnoses and treatments: A cross-sectional study.
Gen. Hosp. Psychiatry 2017, 45, 62–69. [CrossRef]

119. Li, C.; Birmaher, B.; Rooks, B.; Gill, M.K.; Hower, H.; Axelson, D.A.; Dickstein, D.P.; Goldstein, T.R.; Liao, F.; Yen, S.; et al.
High Prevalence of Metabolic Syndrome Among Adolescents and Young Adults With Bipolar Disorder. J. Clin. Psychiatry 2019,
80, 11793. [CrossRef]

120. Crookes, D.M.; Demmer, R.T.; Keyes, K.M.; Koenen, K.C.; Suglia, S.F. Depressive Symptoms, Antidepressant Use, and Hyperten-
sion in Young Adulthood. Epidemiology 2018, 29, 547–555. [CrossRef]

121. Macedo, D.; Filho, A.; Soares de Sousa, C.N.; Quevedo, J.; Barichello, T.; Junior, H.V.N.; Freitas de Lucena, D. Antidepres-
sants, antimicrobials or both? Gut microbiota dysbiosis in depression and possible implications of the antimicrobial effects of
antidepressant drugs for antidepressant effectiveness. J. Affect. Disord. 2017, 208, 22–32. [CrossRef]

122. Cussotto, S.; Clarke, G.; Dinan, T.G.; Cryan, J.F. Psychotropics and the Microbiome: A Chamber of Secrets. Psychopharmacology
2019, 236, 1411–1432. [CrossRef]

http://doi.org/10.1016/j.psyneuen.2014.07.005
http://www.ncbi.nlm.nih.gov/pubmed/25086827
http://doi.org/10.1159/000216538
http://www.ncbi.nlm.nih.gov/pubmed/19546564
http://doi.org/10.1016/j.mce.2011.06.042
http://doi.org/10.1016/j.bbrc.2018.04.095
http://doi.org/10.1371/journal.pone.0229001
http://doi.org/10.3390/nu12082198
http://doi.org/10.3390/nu12020539
http://doi.org/10.3390/nu14071527
http://doi.org/10.1016/j.jns.2020.117149
http://www.ncbi.nlm.nih.gov/pubmed/33002757
http://www.ncbi.nlm.nih.gov/pubmed/33560605
http://doi.org/10.3389/fpsyt.2020.00017
http://www.ncbi.nlm.nih.gov/pubmed/32116838
http://doi.org/10.1016/j.jad.2021.09.034
http://doi.org/10.1016/j.genhosppsych.2016.12.007
http://doi.org/10.4088/JCP.18m12422
http://doi.org/10.1097/EDE.0000000000000840
http://doi.org/10.1016/j.jad.2016.09.012
http://doi.org/10.1007/s00213-019-5185-8

	Introduction: Emerging Adulthood, Mental Health, and the Gut Microbiome 
	The Gut–Brain–Microbiota (GBM) and the Stress Response 
	Associations between GM and Brain Health 
	Lifestyle Factors Affecting GM and Mental Health: Diet, Physical Activity/Exercise, Substance Use, Sleep 
	Diet 
	Physical Activity and Exercise 
	Substance Use 
	Nicotine 
	Alcohol 
	Cannabis 

	Sleep/Circadian Rhythm 

	Discussion 
	Conclusions 
	References

