Lifespan Development .
and Mental Health SCIEPublish

Psychophysiological Pathways Linking
Physical Activity and Mental Health in
Adolescents: A Narrative Review of
Autonomic Regulation, Hypothalamic—
Pituitary—Adrenal Axis Function,
Neuroplasticity, and Sleep Rhythms

Jianda Kong "»>*

' College of Physical Education, Hebei Normal University, Shijiazhuang 050025, China
2 School of Sport Science, Qufu Normal University, Qufu 273165, China

* Corresponding author. E-mail: jianda0426@163.com (J.K.)

Received: 8 May 2026; Revised: 2 June 2026; Accepted: 15 June 2026; Available online: 8 July 2026

ABSTRACT: Adolescence is a crucial developmental stage marked by rapid biological maturation, intense
social scrutiny, rising academic pressures, and ongoing development of brain systems linked to reward
processing, executive control, stress regulation, and emotion regulation. Depressive symptoms, anxiety,
perceived stress, sleep problems, sedentary behavior, and excessive screen exposure often occur during this
time. Research has extensively explored physical activity as a modifiable behavior that could enhance
adolescent mental health, but much of the evidence still focuses on its link to improved psychological outcomes.
Less attention has been given to the psychophysiological pathways through which physical activity may impact
mental health. This narrative review examines how physical activity affects adolescent mental health, focusing
on autonomic nervous system regulation, HPA axis function, inflammatory and immune pathways,
neuroplasticity, and sleep—circadian rhythm regulation. There is evidence that suggests physical activity may
support adolescent mental health by increasing autonomic flexibility, facilitating stress recovery, boosting
neurotrophic signaling, improving executive control and sleep quality, and fostering social connections, while
reducing sedentary time and inflammatory burden. However, these effects are not uniform. Factors such as
gender, pubertal development, initial mental health status, body weight, fitness, activity preferences, family
support, school climate, peer connections, digital lifestyle, and activity dose might all impact the psychological
and physiological outcomes. This review makes the case that physical activity shouldn’t be used as a panacea
for adolescent mental health problems. Rather, this should be interpreted as a developmentally integrated
psychophysiological regulation approach whose benefits depend on dose, timing, context, individual variation,
and its combination with sleep, stress management, and supportive social environments.
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1. Introduction

Adolescence is not only a transitional period between childhood and adulthood; it is also a crucial
developmental phase, both biologically and psychologically. During this time, neural systems linked to
reward processing, emotion regulation, cognitive control, social evaluation, and the stress response are still
maturing. According to developmental neuroscience, the behavior of teenagers is partly determined by the
asynchronous development of subcortical emotional and reward systems and the prefrontal regulatory
systems [1-4]. This developmental imbalance can improve sensitivity to peer evaluation, novelty, reward,
and stress, while executive control and long-term self-regulation are still consolidating [1-4]. Meanwhile,
during adolescence, there are notable changes in stress physiology, including an enhanced HPA axis response
and shifting relationships among pubertal hormones, cortisol, sleep, and emotional functioning [5]. These
developmental features make adolescence vulnerable, but health behaviors may have long-term effects.

Mental health problems among adolescents are now a major public health concern. Worldwide data
reveal that mental disorders and high levels of depressive symptoms are prevalent among children and
adolescents, though the rates differ depending on the country, tools used, diagnostic criteria, and research
methods [6,7]. Evidence from meta-analyses shows that the COVID-19 pandemic led to an increase in
depressive and anxiety symptoms among young people, heightening pre-existing mental health concerns
[8]. In the daily lives of adolescents, issues like depression, anxiety, perceived stress, sleep disturbances,
fatigue, low self-esteem, and social withdrawal frequently intersect. These challenges are seldom separate
from wider developmental and lifestyle contexts. The interaction of academic stress, family disputes,
worries about body image, peer comparisons, exposure to social media, less time spent outdoors, lack of
physical activity, and limited sleep is common.

Physical activity is one modifiable behavior with potential relevance for adolescent mental health.
According to the World Health Organization (WHO), children and adolescents between 5 and 17 years old
should aim for an average of 60 min per day of mostly aerobic physical activity at a moderate to vigorous
intensity each week, and include vigorous aerobic activity and muscle- and bone-strengthening activities
on at least three days per week [9,10]. However, global surveillance shows that most adolescents do not
meet physical activity guidelines [11]. A comprehensive review on adolescent physical activity behaviors
identified adolescent physical inactivity as a worldwide issue and highlighted that research on physical
activity during adolescence is unevenly spread across various countries, age groups, and environments [12].
The problem is not only that adolescents move too little. A 24-h behavioral pattern that encompasses
sedentary behavior, sleep schedules, recreational screen time, school obligations, active commuting, family
routines, and access to safe activity spaces includes physical inactivity [13,14].

A growing body of evidence links physical activity to better mental health in children and adolescents.
Reviews and meta-analyses have associated physical activity and exercise programs with reduced
symptoms of depression and anxiety, decreased psychological distress and perceived stress, and improved
cognitive abilities, self-esteem, and overall wellbeing [15-20]. However, an outcome question dominates
the literature: does physical activity improve adolescent mental health? This question is required but
insufficient. A more robust scientific inquiry is: what psychophysiological processes allow physical activity
to impact adolescent mental health, and in what circumstances are these processes most effective?

This mechanistic shift is necessary because adolescent mental health, physical activity, and
development are all multidimensional. Depression, anxiety, stress, fatigue, sleep disturbance, emotional
dysregulation, low self-worth, and weak social belonging are related but distinct outcomes, and they may
respond differently to different forms of physical activity [21]. Physical activity is also not a single exposure:
frequency, intensity, duration, timing, type, enjoyment, competition, and social context may all shape
psychological and physiological responses [21]. These issues are especially important during adolescence,
when self-regulation systems are still shaped by social and environmental experience [22], pubertal
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development is linked with changes in reward and circadian systems [23], stress reactivity and HPA-axis
regulation continue to develop [24], sleep timing and insomnia vulnerability are changing [25], body image
concerns become more salient during puberty [26], and autonomic heart-rate modulation continues to
mature across childhood and adolescence [27].

Thus, this narrative review examines adolescent psychophysiological pathways linking physical
activity and mental health. The focus is on five primary mechanisms: autonomic nervous system control,
HPA axis activity, inflammatory and immune pathways, neuroplasticity and brain growth, and sleep-
circadian rhythm regulation. Moderators like individual variations, the amount of exercise, the kind of
activity, family and school contexts, relationships with peers, digital lifestyles, and wearable technology
are also considered. The central argument is that physical activity should not be regarded as a generic
prescription or a universal solution. Its value for mental health hinges on whether it helps teenagers control
arousal, bounce back from stress, sleep well, experience competence, build social bonds, and engage
without excessive shame, coercion, or performance pressure. This proposed conceptual framework is
summarized in Figure 1.
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Figure 1. Conceptual framework of psychophysiological pathways linking physical activity and mental health in adolescents.
Physical activity may influence adolescent mental health through interacting pathways involving autonomic regulation, HPA-
axis function, inflammatory and immune processes, neuroplasticity and brain development, and sleep—circadian rhythm
regulation. These associations may be shaped by activity characteristics, including type, dose, timing, context, enjoyment, and
social setting, as well as moderators such as sex, pubertal stage, baseline mental health, body weight status, fitness, activity
preference, family support, school climate, peer relationships, screen exposure, and wearable monitoring.
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2. Methods

This narrative review was conducted to integrate evidence on psychophysiological pathways linking
physical activity with mental health in adolescents. Peer-reviewed literature was searched in PubMed, Web
of Science, Scopus, and Google Scholar. The search covered publications from database inception to 31

2 (13

August 2025. Search terms included combinations of the following keywords: “adolescent”, “youth”,
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“physical activity”, “exercise”, “mental health”, “depression”, “anxiety”, “stress”, “heart rate variability”,
“HRV”, “autonomic regulation”, “HPA axis”, “cortisol”, “inflammation”, “immune function”, “BDNF”,
“neuroplasticity”, “brain development”, “sleep”, and “circadian rhythm”. Reference lists of relevant
reviews and key theoretical papers were also examined to identify additional studies.

The initial database search identified 412 records. After removing duplicates, 286 records were
screened based on their titles and abstracts. Of these, 132 full-text articles were assessed for relevance, and
77 publications were retained for narrative synthesis. The retained literature included systematic reviews,
meta-analyses, longitudinal studies, randomized or controlled trials, observational studies, and major
theoretical papers relevant to adolescent development, physical activity, mental health, and
psychophysiological mechanisms.

Studies were included when they met at least one of the following criteria: they examined adolescents or
school-aged youth; assessed physical activity, exercise, sport participation, sedentary behavior, or 24-h
movement behaviors; reported mental health-related outcomes such as depressive symptoms, anxiety
symptoms, perceived stress, psychological distress, self-esteem, wellbeing, sleep problems, or social
functioning; or addressed candidate psychophysiological pathways, including autonomic regulation, HPA-
axis function, inflammatory and immune processes, neuroplasticity, brain development, or sleep—circadian
rhythms. Studies were excluded when they focused exclusively on adult populations, elite adult athletes, non-
health-related performance outcomes, or clinical conditions not directly relevant to adolescent mental health.
Articles not available in English were also excluded. Adult and animal studies were used only when they
provided a mechanistic background that could not be adequately addressed using adolescent evidence alone.

A narrative synthesis was chosen because the review aimed to integrate heterogeneous evidence across
multiple outcomes, mechanisms, developmental stages, and activity contexts rather than estimate a single
pooled effect size. The included literature varied substantially in study design, exposure measurement,
outcome assessment, participant characteristics, and mechanistic indicators. Therefore, no formal meta-
analysis was conducted. Instead, evidence was organized around five major psychophysiological domains:
autonomic regulation, HPA-axis function, inflammatory and immune pathways, neuroplasticity and brain
development, and sleep—circadian rhythm regulation. Potential moderators, including sex, pubertal stage,
baseline mental health, body weight status, fitness, activity type, dose, timing, family support, school
climate, peer relationships, digital lifestyle, and wearable monitoring, were also considered.

Because this was a narrative rather than a systematic review, no formal risk-of-bias assessment or
quantitative certainty grading was performed. This approach allows conceptual integration across diverse
bodies of evidence but may be affected by selection bias, publication bias, heterogeneity in measurement
methods, and uneven availability of adolescent-specific evidence across mechanisms. For this reason,
mechanistic interpretations were presented cautiously, and established findings were distinguished from
plausible hypotheses or indirect evidence.
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3. Results
3.1. Physical Activity and Mental Health Outcomes in Adolescents
3.1.1. Physical Activity and Negative Psychological Symptoms

Depressive symptoms, anxiety symptoms, perceived stress, psychological distress, and fatigue are the
mental health outcomes most often studied in adolescent physical activity research. Meta-analytic evidence
generally reports that youth who participate in physical activity and organized exercise interventions tend
to have better mental health outcomes, but the impact varies depending on the study’s design, the format
of the intervention, the characteristics of the participants, and the methods used to measure outcomes [ 15—
20]. More recent meta-analytic evidence similarly suggests that physical activity interventions may improve
several aspects of mental health in typically developing children and adolescents, including anxiety,
depression, stress, self-esteem, and social competence. However, the certainty of evidence remains limited
by methodological weaknesses in the included studies [21]. The overall pattern is supportive but not simple.
Since much of the evidence is cross-sectional, establishing causality is challenging. Adolescents with better
mental health might be more inclined to engage in physical activities, which could also cause improved
mental health. Both directions are plausible.

Depressive symptoms have received the most sustained attention. Physical activity may reduce
depressive symptoms through several interacting processes, including behavioral activation, reduced
rumination, greater exposure to rewarding experiences, improved sleep, stronger self-efficacy, increased
social interaction, and changes in stress-related, inflammatory, and neuroplasticity-related pathways [15—
21]. Regular, supervised, acceptable, and moderate-intensity exercise interventions for depressed
adolescents often work [19,20]. However, the evidence should not be exaggerated. Some studies have small
sample sizes, brief intervention periods, varied exercise protocols, and restricted long-term follow-up.
Additionally, physical activity interventions might contain non-exercise elements, like adult attention, peer
interaction, novelty, and structured routine, which also cause mental health outcomes.

The impact of physical activity on anxiety symptoms may differ from its effect on depression. When
engaging in physical activity, adolescents experience bodily sensations such as an elevated heart rate,
perspiration, rapid breathing, and muscle tension. In some adolescents, repetition of these sensations in a
safe environment may decrease physiological arousal, fear, and improve stress-related bodily cue tolerance.
By enhancing autonomic regulation, sleep quality, perceived competence, and social belonging, exercise
may decrease anxiety. However, the same physical arousal can be intimidating for teenagers who have high
anxiety, lack motor skills, worry about social evaluation, or have had negative experiences in physical
education. Hence, the context of the activity is important. A humiliating, competitive, or mandatory activity
may increase anxiety, while a supportive one may decrease it.

Perceived stress and psychological fatigue are significant because adolescents have chronic academic
and social demands. Physical activity can relieve cognitive load, release emotions, provide mastery, and foster
peer connection. However, incorporating additional activities into an already busy schedule may not be
advantageous if it exacerbates sleep deprivation or stress. This highlights the significance of the 24-h
movement perspective. Time is a factor they contend with, and they interact biologically. Substituting evening
screen time with outdoor activities could boost mood and sleep, whereas engaging in vigorous late-night
exercise following prolonged study hours might yield little advantage or even lead to increased tiredness.

Thus, a cautious conclusion is necessary: physical activity is typically linked to a reduction in negative
psychological symptoms among adolescents, though the relationship is probabilistic, contextual, and
complex in its mechanisms. It should be interpreted as part of a broader developmental and lifestyle system
rather than as an isolated behavioral exposure.
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3.1.2. Physical Activity and Positive Psychological Resources

The developmental value of physical activity is overlooked in symptom reduction. Physical activity
may boost self-esteem, self-efficacy, physical self-concept, resilience, peer belonging, and life satisfaction
[15,28]. These results are crucial for adolescent growth as mental health encompasses more than just the
lack of depression or anxiety. It includes skills, independence, connections, emotional resilience, physical
self-assurance, and a sense of purpose.

Self-efficacy is one plausible mechanism. Adolescents who acquire a motor skill, enhance their fitness,
overcome a challenge, or feel physically competent might strengthen their belief in their ability to impact
results. This feeling of control can extend to managing stress and academic performance. However, the
emergence of self-efficacy from movement isn’t automatic; it hinges on activities being developmentally
suitable, progressively structured, and evaluated with an emphasis on improvement over comparison.
Physical self-concept is another significant pathway. Adolescents are acutely aware of their body image,
peer comparisons, appearance assessments, and perceived physical abilities. Puberty-related changes in
height, weight, body shape, and muscle development may intensify body image concerns, making the
psychological climate of physical activity especially important during this developmental stage [26].
Positive experiences with physical activities can enhance body confidence and decrease avoidance, while
negative experiences may increase avoidance. For adolescents facing obesity, poor motor skills, atypical
pubertal development, or past teasing, the psychological environment surrounding physical activity may
hold greater significance.

Organized sport and team-based activities may provide additional benefits through social connection.
Reviews of youth sport reveal that involvement is frequently linked to reduced anxiety and depression
symptoms, although the impact differs based on the type of sport, level of competition, and social
environment [29]. Team sport participation during adolescence may improve adult mental health, especially
in adversity-exposed youth [30]. Cross-sectional evidence suggests that team sport athletes may report
lower anxiety or depression than individual sport athletes [31]. However, this association should be
interpreted cautiously because of possible confounding and self-selection. Adolescents with stronger social
skills, higher baseline wellbeing, better family support, or greater confidence in group settings may be more
likely to enter and remain in team sports. Thus, the apparent mental health advantage of team sport may
reflect both social features of team participation and pre-existing differences among participants [29-31].
However, not all sports are protective. Exclusion, bullying, injury, overspecialization, coach pressure, and
performance-based self-worth harm mental health.

The most defensible position is that engaging in physical activity boosts positive psychological
resources in adolescents by offering them a sense of mastery, autonomy, enjoyment, social connection, and
confidence in their bodies. However, if it leads to feelings of humiliation, coercion, overtraining, or social
comparison, the psychological benefits may disappear.

3.1.3. Hypothesized Differences Across Types of Physical Activity

Different forms of physical activity may plausibly influence adolescent mental health through partially
different pathways, but these activity-specific claims should be interpreted as mechanistic hypotheses rather
than established comparative effects. Aerobic activity is often discussed in relation to cardiorespiratory
fitness, autonomic regulation, cerebral blood flow, neurotrophic signaling, and sleep quality [32,33].
Resistance training may be relevant to perceived strength, self-efficacy, and physical self-concept [34,35].
Team and group-based activities may support belonging, shared identity, and social support [28-31],
whereas outdoor activity may combine movement with daylight exposure, natural environments, reduced
screen time, and emotional restoration [36-38]. However, relatively few adolescent studies directly
compare activity types while also measuring psychophysiological mediators. Therefore, activity-type
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recommendations should be framed as hypotheses requiring further testing. A more precise research
question is not whether “exercise improves mental health” in general, but which type, intensity, frequency,
timing, and social context are most appropriate for which adolescents and which outcomes [15—
21,35,39,40].

Therefore, research and intervention design should move beyond broad statements like “exercise
improves mental health”. A more specific inquiry is: what kind of activity, with what intensity and
frequency, in what social environment, is best suited for which teenager and which psychological effect?
Table 1 summarizes the main mental health outcomes discussed in the adolescent physical activity literature
and highlights the likely mechanisms and evidence limitations.

Table 1. Summary of physical activity exposures, adolescent mental health outcomes, and evidence limitations.

Mental Health Common Physical

Outcome Activity Exposures

Proposed Pathways Overall Interpretation

Key Limitations References

MVPA,; structured
exercise; aerobic

Behavioral activation;

reduced rumination; .
. Generally supportive
improved sleep; self-efficacy;

Cross-sectional evidence
remains common;
intervention protocols vary;

Depressive . . evidence, including .
exercise; sport social contact; stress . . long-term follow-up is [15-20,39-41]
symptoms . .. . some intervention o )
participation; regulation; inflammation and ffect limited; non-exercise
. .. effects )
school-based activityneuroplasticity-related components may contribute
pathways to effects
) . Physical activity may
Acrobic exercise; . . . .
) Autonomic regulation; reduce anxiety Bodily arousal may worsen
. structured exercise; . . .. -
Anxiety . reduced anxiety sensitivity; symptoms, but effects anxiety in some adolescents;
sport participation; | . . . 20,29,31,35,39—
symptoms improved sleep; perceived  depend strongly on competitive or evaluative

radual exposure to 41
i dil P | competence; social belonging context and individual —settings may be harmful ]
odily arousa
Y experience

Regular MVPA;

aerobic exercise;

. Physical activity is Effects depend on dose,

. Stress recovery; HPA-axis . . o

Perceived stress o . plausibly beneficial timing, sleep, school
. flexibility; emotional .

and psychologicalschool-based . when it supports demands, and whether [15-20,39-46]

. . discharge; break from
activity; recreational . . recovery rather than
cognitive load; social support

adding burden

distress activity is experienced as
activity
MVPA; reduced

Fatigue and low sedentary behavior;

manageable

Sleep pressure; circadian Physical activity may  Fatigue may worsen if

stability; reduced sedentary reduce fatigue indirectly activity displaces sleep or is

[13,14,47-54]

energy daytime activity;  exposure; metabolic through improved sleep added to an overloaded

outdoor activity regulation and daily rhythm schedule

Benefits are most likely
Self-esteem, self- Resistance training; .
. . .. Mastery; competence; bodily
skill-based activity;
sport; school PE;

progressive exercise

when activity Public ranking, body

efficacy, and ...~ emphasizes
confidence; autonomy; visible,
improvement,

comparison, teasing, or

) . . [15,28,34,35,41]
physical self- weight-focused messaging
progress
concept

competence, and may undermine benefits

inclusion

Evidence is often cross-

Team sport; group- Team and group activity sectional; self-selection and

Peer belonging Social identity; belonging;

based recreational may support mental confounding are likely; sport

and social shared goals; peer support; . . . 29-31,55,56
activity; peer-led £ . P PP health through social ~ may also involve exclusion, [ ]
connectedness accountability . L.
programs mechanisms bullying, injury, or coach
pressure
. . L. Neuroplasticity; BDNF; Physical activity may . .
Cognitive Aerobic activity; Evidence is heterogeneous;

cerebral blood flow; support cognitive and

function and physical fitness; cognition and mental health [1-4,57-60]

. . ., executive control; attention .
executive control school-based activity are often studied separately

regulation

regulatory capacities

relevant to mental health
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General physical . Physical activity may .
. L Enjoyment; autonomy; . Measures vary widely;
Wellbeing and  activity; sport; . support positive R
. . . . competence; social . causal direction is difficult [15,28,36-38,41]
life satisfaction outdoor activity; i wellbeing, not only .
. .. connection; outdoor exposure . to establish
recreational activity symptom reduction

3.2. Psychophysiological Mechanisms Linking Physical Activity and Adolescent Mental Health

The mechanisms reviewed below should not be read as independent or fully established causal chains.
Autonomic regulation, HPA-axis activity, inflammatory signaling, neuroplasticity, sleep, and social-
affective experience are biologically and behaviorally interconnected [23,24]. For example, poor sleep may
alter HRV, cortisol rhythms, inflammatory regulation, and emotional control, while stress exposure may
influence sleep, immune function, and motivation for activity [25,27]. Therefore, the following sections
distinguish between relatively well-supported associations, plausible mechanistic pathways, and
hypotheses that require more direct testing in adolescent samples.

3.2.1. Autonomic Nervous System Regulation

The autonomic nervous system links physical activity, stress, and emotional regulation. Stress causes
sympathetic activation, increased heart rate, and reduced parasympathetic regulation. To function
adaptively, one must be able to both engage physiological resources during challenges and relax them after
stress. Heart rate variability, especially vagally mediated HRV, is widely used as an indicator of
parasympathetic regulation and flexible physiological control [61-63].

From a psychophysiological perspective, HRV is relevant because it has been proposed as a peripheral
marker of flexible physiological regulation. In line with neurovisceral integration models, vagally mediated
HRYV is thought to reflect functional coordination between prefrontal regulatory circuits and autonomic
systems involved in adapting to environmental demands [62]. Lower resting HRV has been associated with
poorer emotion regulation and psychopathology, whereas higher HRV is often interpreted as an indicator
of greater regulatory flexibility, although this interpretation depends on measurement context and
population characteristics [61-65].

Physical activity may influence autonomic regulation by improving cardiorespiratory fitness, vagal
tone, and recovery following physiological arousal. A systematic review and meta-analysis in children and
adolescents reported associations between physical activity and HRV indices, but findings were
heterogeneous [66]. Exercise training studies in children and adolescents with obesity also suggest possible
effects on HRV, although results vary by intervention duration, intensity, baseline fitness, and body
composition [67]. One plausible hypothesis is that repeated cycles of exercise-induced arousal and post-
exercise recovery may train psychophysiological flexibility over time. However, direct longitudinal
evidence testing this pathway in adolescents remains limited.

However, HRV should not be regarded as a direct mental health score. A typical but grave error is
made here. HRV is impacted by sleep, hydration, breathing patterns, body position, caffeine consumption,
illness, menstrual cycle phase, time of day, the measurement device, fitness level, and pubertal development
[61,66]. Recent developmental evidence also indicates that autonomic heart-rate modulation shows age-
related patterns across childhood and adolescence, reinforcing the need to interpret HRV in relation to
developmental stage rather than as a fixed individual trait [27]. A low HRV value in one adolescent does
not automatically suggest poor mental health, and a high HRV value does not guarantee resilience. Tracking
changes in HRV over time within the same person is more beneficial than using it to compare adolescents.
This point is particularly relevant to wearable monitoring. Consumer devices increasingly provide ‘stress’
scores based on HRV, but the outputs are limited. Physiological arousal can impact anxiety, excitement,
physical exertion, heat, sleep deprivation, illness, or caffeine intake. HRV lacks the ability to determine
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psychological significance without contextual data. It should be analyzed in conjunction with self-reports,
sleep patterns, activity context, and long-term trends in both research and practice.

3.2.2. HPA Axis and Stress-Related Endocrine Regulation

The HPA axis is another key pathway connecting physical activity with adolescent mental health. It
controls cortisol release in response to stress and follows a daily rhythm, with cortisol levels usually
increasing after waking and decreasing throughout the day. This rhythm is affected by sleep, light, stress,
puberty, illness, and daily routines. Adolescence changes HPA axis activity, including basal cortisol and
stress reactivity [68,69]. A recent developmental review further highlights that stress reactivity and stress
regulation continue to mature throughout childhood and adolescence, and that early experiences, adversity,
and regulatory contexts can shape HPA-axis functioning and broader stress physiology [24].

It is inaccurate to claim that exercise only lowers cortisol. Intense physical activity, particularly when
it’s vigorous, can raise cortisol levels since exercise poses a physiological challenge. The key question is
whether consistent, well-regulated exercise enhances the adaptability of the stress system. In this context,
flexibility means responding appropriately to challenge and recovering quickly. Systematic reviews reveal
that regular exercise and fitness may decrease stress reactivity, but results vary by protocol and population
[42]. A meta-analysis on physical activity and cortisol regulation indicated that engaging in physical
activity might be linked to healthier daily cortisol rhythms, although results vary based on how cortisol is
measured, how activity is assessed, and the characteristics of the sample [43].

Experimental work also reports that aerobic exercise may impact cortisol responses to psychosocial
stress [44]. This pathway is particularly significant for adolescents since academic demands, peer
assessments, family tensions, sleep limitations, and puberty interact with stress physiology. Evidence from
early-adolescent studies suggests that physical activity may be linked to HPA axis function, but correlations
can differ by sex, developmental stage, and measurement context [45]. Recent evidence on acute exercise
and psychosocial stress in children suggests that chronic stress levels and personal traits might influence
the ability to buffer stress [46]. Physical activity should improve stress recovery, not just increase
physiological load. Moderate, enjoyable, regular exercise may help teens cope with daily stress. Conversely,
engaging in excessive physical activity, late-night vigorous exercises, obligatory training, or high-pressure
competitive scenarios might elevate allostatic load, especially when coupled with lack of sleep and
academic demands.

Thus, a mechanism-based interpretation is better than “exercise reduces stress hormones”. Adolescent
mental health may benefit from physical activity that regulates stress reactivity and recovery. Factors like
dose, timing, sleep, developmental stage, and whether the adolescent finds the activity manageable rather
than threatening play a role.

3.2.3. Inflammation and Immune Pathways

Inflammation is a candidate biological pathway that may help explain some links between movement
behavior and mental health, particularly where low-grade inflammation, fatigue, depressive symptoms,
cognitive dysfunction, obesity, poor sleep, and chronic stress overlap. In children and adolescents, a meta-
analysis reported that inflammation is linked to depression, but the magnitude of this effect and its causality
should be interpreted carefully [70]. Evidence on depression in children has also considered inflammatory
markers within the larger biological framework of mood disorders [71].

Adolescence may be significant for immune-brain interactions. Adolescent neuroimmune
development is affected by stress, sleep deprivation, obesity, diet, and sedentary behavior [72]. Not all
adolescent depression is inflammatory. Such a view would be too simplistic. At present, causal evidence
demonstrating a complete pathway from adolescent physical activity to reduced inflammation and
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subsequently to improved mental health remains limited. Much of the available evidence is indirect, cross-
sectional, or extrapolated from broader child, adult, obesity-related, or clinical literatures. Therefore,
inflammation should be treated as a candidate mechanism within a multi-system model rather than as a
confirmed explanatory pathway for most adolescents [70—75]. Inflammation could serve as a pathway
linking lifestyle, stress, obesity, sleep, and mood biologically. Physical exercise might decrease
inflammation indirectly through various channels. Contracting skeletal muscle generates myokines, and
exercise can impact immune and metabolic function [73]. Engaging in regular physical exercise can help
decrease chronic low-grade inflammation by enhancing body composition, insulin sensitivity, autonomic
balance, and stress recovery [74]. Physical fitness in childhood and adolescence is a marker of metabolic
and cardiovascular health [75]. Inflammatory pathways may explain why lifestyle patterns are linked to
psychological symptoms because obesity, sedentary behavior, poor sleep, and depression often cluster. For
a sport and exercise psychology review, the main point is to steer clear of a strictly biomedical conversation.
The pertinent psychological issue is how inflammation could play a role in causing fatigue, low mood,
diminished motivation, and impaired cognitive control in adolescents. These symptoms are psychologically
meaningful but also physiologically embedded. The biological context of a sedentary adolescent with
insufficient sleep, high stress, and obesity may differ from that of an active adolescent who recovers well.
This could partially account for the differences in physical activity effects among individuals.

Hence, inflammation should be part of a multi-system model. It affects the HPA axis, autonomic
regulation, sleep, adiposity, diet, and neuroplasticity. Future research on adolescent physical activity should
include more than just mental health outcomes. It should also incorporate inflammatory markers,
psychological assessments, sleep patterns, heart rate variability, cortisol levels, and objective activity data.

3.2.4. Neuroplasticity and Brain Development

Adolescence is a sensitive period for brain development. Recent developmental neuroscience further
emphasizes that adolescent self-regulation is experience-dependent and shaped by social, cultural,
socioeconomic, and interpersonal contexts, which supports the view that physical activity should be
understood not only as a biological stimulus but also as a structured developmental experience [22].
Prefrontal regions involved in executive control continue to mature, while limbic and reward systems
remain highly responsive to emotion, novelty, and social evaluation [ 1-4]. Depression, anxiety, impulsivity,
rumination, reward sensitivity, and emotion regulation are directly connected to these developmental traits.
Physical activity may impact mental health, in part, by supporting brain plasticity, cognitive control, and
reward processing.

Brain-derived neurotrophic factor (BDNF) is one mechanism that has attracted considerable attention.
BDNF promotes neuronal survival, synaptic plasticity, and learning. Systematic reviews highlight that
aerobic exercise, particularly at moderate to high intensity, has the potential to raise BDNF levels in young
people, although the results are mixed and the evidence is not comprehensive [76]. A recent RCT-focused
systematic review suggests that evidence for exercise-induced changes in BDNF among adolescents
remains mixed, with effects likely depending on exercise modality, intensity, intervention duration, and
participant characteristics [77]. These findings are promising, but they should be interpreted cautiously.
Peripheral BDNF serves as an indirect indicator of central neuroplasticity, with adolescent BDNF responses
potentially influenced by factors like puberty, sex, sleep, nutrition, and baseline fitness. Exercise might also
impact cognition and executive function. Reviews of the adolescent brain reveal that physical activity and
aerobic fitness may be linked to brain structure, brain function, and cognitive performance [57]. The
systematic review of children’s physical activity, fitness, cognition, and academic outcomes found evidence
of positive relationships, although the results were mixed and methodological problems were noted [58].
Broader neuroscience work also promotes links between exercise, brain health, and cognition [59].
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Executive function is crucial for adolescent mental health as it aids in regulating emotions, controlling
attention, planning, inhibiting impulses, and breaking away from rumination.

Animal and developmental evidence further reveals that exercise during adolescence may have various
neural effects from exercise during adulthood, including impacts on memory and BDNF [60]. These results,
though not directly applicable to human adolescents without careful consideration, reinforce the general
idea that adolescence might be a crucial time when movement behavior impacts neurodevelopmental
development. Reward processing is also relevant. Adolescents are sensitive to reward, peer approval,
novelty, and social status [4]. Physical activity can offer adaptive rewards through mastery, bodily pleasure,
group identity, and visible progress. Nevertheless, if activity is tied to shame, failure, exclusion, or pressure,
it can become undesirable. Hence, interpreting the neuroplasticity pathway requires considering its
psychological significance. Exercise serves as more than a mere biological stimulus, it is also a social and
emotional experience.

The strongest interpretation is that physical activity may support adolescent mental health by enhancing
neurobiological systems involved in plasticity, executive control, and reward. Yet, the context plays a crucial
role in these biological effects. Enjoyable, mastery-focused, and socially supportive physical activities are
more likely to engage adaptive motivational systems compared to those that feel punitive or humiliating.

3.2.5. Sleep and Circadian Rhythm Regulation

Sleep is one of the most significant pathways linking physical activity and adolescent mental health.
Adolescents typically experience delayed sleep timing, insufficient sleep, irregular routines, academic
stress, and exposure to screens at night. Adolescent sleep has been described as a “perfect storm” of
biological, psychological, and social pressures that delay sleep timing and reduce sleep opportunity [47,48].
Reviews of adolescent sleep report that sleep problems are general and closely linked to mood, cognitive
performance, irritability, and emotional regulation [49,50]. Recent reviews of adolescent sleep deprivation
and insomnia also emphasize that insufficient sleep may function both as a contributor to, and a
consequence of, mental health problems, especially mood disturbance, emotional dysregulation, and self-
injury risk [25].

Physical activity may improve sleep through several mechanisms. Engaging in physical activity could
heighten sleep pressure, lower stress levels, stabilize circadian rhythms, elevate mood, and cut down on
evening screen time. However, the link between exercise and sleep varies. Timing, intensity, baseline sleep
quality, and daily schedule matter. For some adolescents, vigorous exercise performed late at night could
delay the onset of sleep, whereas regular outdoor activities during the day may aid in aligning their circadian
rhythms. The 24-h movement behavior framework is valuable here because it treats physical activity,
sedentary behavior, and sleep as interdependent behaviors within a fixed day [13,14]. It is suggested that
the combined effects of physical activity, sedentary time, and sleep be evaluated to better understand their
impact on depressive symptoms in youth [51]. Other reviews of 24-h movement behaviors and health
indicators also support the significance of considering movement, sedentary behavior, and sleep as a
combined behavioral system [52]. Screen exposure is also important. Research has shown that screen time
is linked to negative sleep outcomes in children and adolescents, notably causing shorter sleep durations
and later sleep timings [53]. A meta-analysis of portable screen-based media device access or use found
correlations with inadequate sleep quantity, poor sleep quality, and excessive daytime sleepiness [54]. The
significance of these findings lies in the fact that insufficient sleep can undermine several systems that
physical activity could bolster for mental well-being, including HRV, cortisol rhythm, inflammatory
regulation, executive function, and emotion regulation.

Thus, sleep is not only another outcome. It is a central regulator of psychophysiological functioning.
Physical activity could potentially enhance sleep, thereby indirectly benefiting mood, stress recovery, and
cognitive control. Conversely, if exercise is poorly timed or crammed into a hectic schedule, it might lead
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to worse sleep and reduced mental health advantages. Hence, adolescent physical activity interventions
should be designed with sleep timing, screen behavior, and daily rhythm in mind. Table 2 summarizes the
psychophysiological pathways reviewed above and distinguishes relatively stronger evidence from more

tentative mechanistic claims.

Table 2. Psychophysiological pathways linking physical activity and adolescent mental health.

Evidence
Pathway Main Indicators Proposed Role of Physical Activity Main Caveats
Strength
. . . . HRYV is affected by sleep, respiration,
) Resting HRV; vagally ~ Regular physical activity may improve .
Autonomic posture, puberty, menstrual cycle, caffeine,

mediated HRV; heart rate cardiorespiratory fitness, vagal tone,

nervous system . oo Moderate illness, device type, and fitness. It should
. recovery; autonomic flexibility, and recovery .
regulation ) . . . not be treated as a direct mental health
parasympathetic activity after physiological arousal [61-67]
score [61,66]
. . . Acute vigorous exercise can increase Findings depend on cortisol sampling time,
Diurnal cortisol; cortisol . . . .
. . cortisol, whereas regular and L exercise intensity, chronic stress, sex,
HPA-axis and awakening response; . . Limited to .
. . . . appropriately dosed activity may pubertal stage, sleep, and baseline mental
cortisol regulation cortisol stress reactivity; moderate

post-stress recovery

support more flexible stress-system
regulation and recovery [42-46,68,69]

health. Evidence in adolescents remains
mixed [42-46,68,69]

Inflammatory and CRP; IL-6; TNF-a; other
immune pathwaysinflammatory markers

Physical activity may reduce chronic
low-grade inflammation indirectly
through improved fitness, body .
.. . . Limited
composition, metabolic regulation,

autonomic balance, and stress recovery

[70-75]

Causal evidence linking adolescent
physical activity to reduced inflammation
and, in turn, to improved mental health
remains limited. Much evidence is indirect
or extrapolated from adult, obesity-related,
or clinical studies [70-75]

BDNF; executive

Physical activity may support

Peripheral BDNF is only an indirect proxy

Neuroplasticity . . neurotrophic signaling, executive L. for central neuroplasticity. Effects may
. function; cognitive . Limited to .

and brain . control, reward processing, and vary by puberty, sex, sleep, nutrition,
control; brain structure i . ... moderate . .

development . experience-dependent brain plasticity fitness, exercise type, and social context
and function indicators

[1-4,57-60,76,77] [57-60,76,77]
. . . .. . Effects depend on activity timing and

Sleep duration; sleep Daytime physical activity may increase . . . . .

Sleep and Moderate to intensity. Late-night vigorous exercise may

quality; sleep timing;

sleep pressure, reduce stress, stabilize

circadian rhythm ) . i relatively ~ worsen sleep onset for some adolescents,
. daytime sleepiness; daily rhythm, and reduce sedentary i . .
regulation ) i . strong especially when combined with delayed
circadian regularity screen exposure [13,14,47-54] .
screen use or academic overload [47-54]
L. Sport and PE can also produce exclusion,
. . Group activity, sport, and school PE i . .
Belonging; perceived Moderate  bullying, shame, injury, comparison, coach

Social-affective
X competence; autonomy,

regulation . .
enjoyment; social safety

may provide mastery, shared identity,
. but context-
peer support, and emotional reward

dependent
[28-31,55,56,78]

pressure, or performance-based self-worth.
Cross-sectional evidence is vulnerable to
self-selection [29-31,55,56]

3.3. Moderators of the Psychophysiological Effects of Physical Activity

3.3.1. Individual Differences

Physical activity does not impact all adolescents in the same way. Psychological and physiological
responses can be influenced by factors like sex, stage of puberty, initial mental health, body weight, motor
skills, self-perception of physical abilities, fitness, sleep quality, and activity preferences. This is not a
minor methodological issue. Adolescence is a period of rapid and uneven development, and treating all
adolescents as a homogeneous group weakens interpretation.

Pubertal development is particularly important. During puberty, there are alterations in sex hormones,
body composition, sleep patterns, stress physiology, social awareness, and body image, with changes in
HPA axis function occurring as one transitions into adolescence [68,69], and adolescent brain systems
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involved in emotional regulation and reward sensitivity continue to develop [1-5]. Recent evidence further
suggests that pubertal maturation may intersect with reward sensitivity and circadian rhythm features in
relation to depressive symptoms, indicating that puberty should be treated as a biologically and
psychologically meaningful moderator rather than merely an age marker [23]. Hence, a physical activity
program may not have identical effects in early and late adolescence. While younger adolescents may rely
heavily on family and school frameworks, older adolescents might be more swayed by autonomy, peer
identity, academic pressures, and digital habits. Attention should also be given to differences between sexes.
Girls often report higher rates of depressive and anxiety symptoms during adolescence [6—8], and may face
stronger appearance-related pressures. Boys may face various pressures linked to muscularity,
competitiveness, and emotional expression. Physiological indicators like HRV and cortisol may also vary
by sex and pubertal stage [42-45,64—69]. Failure to measure or adjust for these factors may obscure
significant subgroup differences, with baseline mental health serving as a crucial moderator. Adolescents
with mild stress or subclinical depressive symptoms may benefit from school-based or community physical
activity. Adolescents with severe depression, trauma, eating disorders, self-harm risk, or disabling anxiety
may require clinical care, with physical activity used only as an adjunct. It is careless to propose exercise
as an alternative to professional treatment in high-risk scenarios. Motor abilities and physical self-image
also impact responses. Adolescents who see themselves as capable may find moderate-to-vigorous activity
energizing and rewarding. Adolescents with low motor competence, obesity, body shame, or negative
physical education experiences may experience the same activity as threatening. Hence, participation
quality matters as much as participation quantity. Environments that are inclusive, support autonomy, and
build competence tend to provide more mental health benefits than those focused on comparison, exclusion,
or public assessment.

Finally, adolescent health should be viewed through a broader developmental lens. The evidence
emphasized that investments in adolescent health can yield benefits during adolescence, in adulthood, and
for the next generation [79]. Engaging in physical activity aligns with this reasoning, as it serves not only
as a short-term mood enhancer but also as a developmental behavior that influences habits, identity, social
connections, sleep patterns, and physiological regulation.

3.3.2. Exercise Dose and Activity Type

Exercise dose is often discussed using frequency, intensity, time, and type. Public health guidelines
provide a valuable benchmark, but the impact on mental health may not follow a straightforward linear
dose-response relationship. The WHO suggests that an average of at least 60 min of moderate-to-vigorous
physical activity per day is a suitable general population goal [9,10]. However, for mental health, more is
not always better. Excessive, compulsory, or highly competitive activity may increase stress, injury risk,
fatigue, body dissatisfaction, or sleep disruption.

Evidence from child and adolescent health research promotes the significance of moderate-to-vigorous
physical activity, cardiorespiratory fitness, and muscular fitness [32—34]. There is growing discussion about
using resistance training as a mental health intervention for young individuals, as it could boost their
perceptions of strength, self-efficacy, and confidence in their bodies [35]. Broader reviews of physical
activity interventions for depression, anxiety, and distress also reveal that exercise can have meaningful
psychological effects, though most evidence is stronger in adults than in adolescents [39,40].

Therefore, the dose should be individualized. For an inactive adolescent with low confidence,
beginning with light activity or short bouts may be more effective than prescribing vigorous exercise.
Adolescents dealing with significant stress and insufficient sleep might find regular moderate daytime
exercise more advantageous than vigorous evening workouts. Progressive resistance training can improve
competence in those with low self-esteem. For a socially isolated adolescent, group-based recreational
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activity may be more beneficial than solitary exercise. For an adolescent with anxiety sensitivity, gradual
exposure to bodily arousal may be appropriate.

Activity type should be matched cautiously to the target outcome and proposed mechanism. Aerobic
activity may be most relevant when the goal is to improve cardiorespiratory fitness, sleep, and stress
recovery; resistance training may be useful when competence, strength perception, and physical self-
concept are central concerns; and group-based activities may be appropriate when social belonging is a
priority. These links should be treated as practice-oriented hypotheses rather than definitive prescriptions,
because direct comparative evidence in adolescents remains limited [21,32-38]. Engaging in outdoor
activities can impact circadian rhythms, provide exposure to green spaces, and aid in emotional recovery.
Activities conducted in schools can focus on accessibility and fairness. This method, based on specific
mechanisms, is more accurate than the general suggestion to “exercise more”.

3.3.3. Family, School, and Peer Environments

Adolescent physical activity is not only an individual behavior. Family support, school climate, peer
norms, teacher behavior, community safety, urban design, and socioeconomic resources shape it. Reviews
focusing on adolescent physical activity underscore the necessity of supportive schools, social contexts,
and accessible locations [12]. Empirical research also demonstrates that support from parents, teachers, and
peers is connected to adolescent physical activity behavior [55].

Family support may operate through transportation, encouragement, modeling, payment for activities,
and emotional climate. Parents who value physical activity without imposing excessive pressure may
support participation. Conversely, placing too much importance on weight, appearance, or performance can
heighten shame. Schools play a crucial role as they influence adolescents irrespective of family wealth.
Physical education can promote health, but it can also produce avoidance if it emphasizes public
comparison, fitness testing, or competitive performance without adequate support.

Peer relationships may be especially powerful during adolescence. Peer-led health behavior
interventions have been examined as a way to impact adolescent mental health and health behaviors [56].
In the realm of physical activities, peers can provide a sense of belonging, hold each other accountable,
offer encouragement, and foster a shared identity. However, they can also lead to exclusion, comparisons,
bullying, and anxiety related to performance. Hence, researchers should measure not only whether
adolescents participate in physical activity, but also how they experience the social climate.

There are direct consequences for schools. When school physical education centers on performance
ranking, it could advantage students who are already confident while excluding those who are more vulnerable.
Ifit is designed around mastery, inclusion, autonomy, and enjoyment, it may support both physical and mental
health. To support mental health, a physical education framework should feature stress control, body
awareness, collaborative activities, inclusive games, and options for students with varying abilities.

3.3.4. Digital Lifestyles and Wearable Monitoring

Digital lifestyle is now inseparable from adolescent physical activity and mental health. Screen time,
sedentary behavior, social media comparison, late-night device use, and disrupted sleep often cluster
together. Yearly assessments of adolescent mental health in the digital era caution against oversimplified
statements and stress the importance of investigating who is impacted, in what situations, and by what
means [80]. Systematic reviews reveal that social media use may be linked to depression, anxiety, and
psychological distress in adolescents, although effect sizes and causality remain debated [81]. Large-scale
evidence also suggests that the association between digital technology use and wellbeing is usually small
but heterogeneous [82].
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The relevant issue is not whether screen exposure is uniformly harmful, but how specific digital habits
may displace physical activity, delay sleep, intensify social comparison, increase sedentary time, or
fragment attention. These effects may interact with psychophysiological pathways. Exposure to screens in
the evening might postpone sleep, while losing sleep could reduce HRV and change cortisol patterns;
extended periods of inactivity might negatively impact metabolic and inflammatory health; comparing
oneself to others socially might heighten stress and dissatisfaction with one’s body.

Wearable devices introduce both opportunities and risks. Accelerometers and wearable sensors can
offer objective data on physical activity, sedentary behavior, heart rate, and sleep. Systematic reviews of
accelerometer methods report that device-based measurement can improve behavioral assessment, but
methodological choices strongly impact estimates [83]. Ecological momentary assessment can also capture
mood, stress, context, and behavior in daily life, allowing researchers to test within-person correlations
between activity and mental health [78]. However, while wearable devices can measure movement and
physiological arousal, they are not capable of diagnosing psychological conditions like anxiety, excitement,
shame, motivation, or social connectivity in teenagers. For some adolescents, wearable feedback may
increase motivation. For some individuals, it might increase body monitoring, perfectionism, or anxiety.
Therefore, digital tracking should be considered alongside self-reports, developmental context, sleep, and
qualitative experiences.

The future of adolescent physical activity research will likely involve multimodal data: accelerometry,
HRYV, sleep, cortisol, mood diaries, ecological momentary assessment, and contextual information. This is
promising, but only if researchers avoid reducing adolescents to data streams. The goal is not only to collect
more data; it is to understand how daily movement, stress, sleep, and social experience interact in real
adolescent lives. For readability, these moderators are divided into individual and developmental factors
and contextual and behavioral factors. Table 3 summarizes individual and developmental moderators,
whereas Table 4 summarizes contextual and behavioral moderators that should be considered when
translating physical activity evidence into adolescent mental health research and practice.

Table 3. Individual and developmental moderators of physical activity—-mental health associations in adolescents.

Potential Risk If . L.
Moderator Why It Matters Practical Implication References
Ignored
Girls and boys may differ in depressive
and anxiety symptoms, body image Average effects may hide Analyze sex-specific patterns where [6-8.34.36_38.61
Sex pressures, pubertal timing, HRV, sex-specific benefits or  possible; avoid assuming that one 66] v ’
cortisol regulation, and social harms activity model fits all adolescents
experiences of activity.
Puberty affects hormones, sleep timing, Treating early and late ~ Measure pubertal stage or
stress physiology, body composition, adolescents as one developmental phase; tailor activit
Pubertal stage bhystology, body comp pmentatp ) Y 11-5,61,62,80,81]
reward sensitivity, circadian thythm, = homogeneous group expectations to early, middle, and late
and self-consciousness weakens interpretation  adolescence

. . Use physical activity as an adjunct to
Adolescents with mild stress may . PRy Y ) !
i . ) . evidence-based psychological or
. respond differently from those with Physical activity may be ) o
Baseline mental . . medical care when indicated, not as a
severe depression, trauma, eating wrongly presented as a . . [15-20,49-51,55]
health . ) Lo ) . replacement; tailor intensity and
disorders, self-harm risk, or disabling  substitute for clinical care .
. context to symptom severity and
anxiety
safety

. ) . Activity may become Use inclusive, progressive, non-
Body weight  Obesity, poor motor skills, low fitness, . .yA Y . . . .p & .
humiliating, threatening, shaming activity formats; emphasize
status and motorand body shame can change how ) . [25-27,45]
. . or avoidant rather than ~ competence, function, and
competence adolescents experience activity . .
rewarding improvement
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Adolescents are sensitive to appearance, Weight-focused or

Physical self-

peer comparison, perceived appearance-focused

concept and

competence, and puberty-related body activity may worsen

body image

changes shame and avoidance

Frame activity around function,
strength, mood, sleep, skill learning, [15,21,27,49,83]
and mastery rather than appearance

Baseline cardiorespiratory and muscularPrescribing activity that

Fitness level

tolerance, perceived effort, recovery,
and enjoyment

fitness may influence exercise is too intense may

increase fatigue, failure
experience, or dropout

Start with tolerable doses and
progress gradually; match intensity to [25-27,45]
baseline fitness and confidence

A disliked or imposed

Activity Enjoyment, autonomy, and perceived

activity may increase

preference and relevance influence adherence and

resistance, shame, or

motivation psychological response

dropout

Offer choices among aerobic,
resistance, outdoor, recreational, and [15,21,49,55]
group-based activities where feasible

Table 4. Contextual and behavioral moderators of physical activity—mental health associations in adolescents.

Moderator

Why It Matters Potential Risk If Ignored

Practical Implication References

Exercise dose

Excessive, compulsory, or

Mental health effects  intense activity may increase
may not follow a simplefatigue, injury risk, stress, body enjoyment, and recovery

“more is better” pattern dissatisfaction, or sleep
disruption

Start with tolerable doses;

prioritize regularity, [9,10,25—

rather than maximum 27,50,51,55]

intensity

Physical activity

interacts with sleep, Late-evening vigorous activity

Prefer daytime or early-
evening activity when sleep [13,14,47,57-60,75—

Activity timin circadian rhythm, or overloaded schedules ma . .
vy £ . Y . Y is a target; consider 24-h  77,82]
screen time, and worsen sleep and fatigue .
. movement behavior
academic schedule
Match activity cautiously to
. .. the target mechanism:
Aerobic activity, 'g .
. L . . « . aerobic activity for stress
resistance training, teamGeneric advice to “exercise
. ” . recovery and sleep,
. sport, outdoor activity, more” may fail because the . .
Activity type resistance training for [21-30,49,55]

and school PE may activity does not match the
work through partly  target problem
different mechanisms

competence, group activity
for belonging, and outdoor
activity for circadian and
restorative effects

Family support

Parents influence

transportation, Lack of support may reduce
encouragement, adherence; excessive pressure
modeling, fees, may increase shame or
routines, and emotional resistance

climate

Encourage supportive

involvement without

weight stigma, appearance [12,52]
pressure, or performance

pressure

Schools reach
adolescents across

Public ranking, fitness testing,

Design PE around mastery,

School and PE socioeconomic groups .. inclusion, autonomy, bod
. group and competitive pressure may y. Y [9-12,15,52]
climate and can shape long- . awareness, cooperation, and
. alienate vulnerable students
term attitudes toward stress recovery
physical activity
Peers can provide
belonging, .. Assess the social climate,
accountability, shared Group activity may harm not just participation; use
Peer relationships ’ adolescents exposed to bullying ’ [22-24,52,53]

identity, and support,
but also comparison and
exclusion

teasing, or status pressure

"cooperative and peer-
supportive formats
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Screen use, sedentary

time, social media Physical activity effects may be Integrate activity promotion

comparison, and late- reduced if sleep remains poor  with sleep education and  [35,47,54,60,79]
night device use interactand sedentary time remains highscreen-time management

with sleep and mood

Digital lifestyle and
screen exposure

Devices can measure

movement, heart rate, Over-reliance on device scores
Wearable HRYV, and sleep, but  may increase surveillance,
monitoring cannot determine perfectionism, anxiety, or

psychological meaning misinterpretation

on their own

Combine wearable data

with self-report, mood

diaries, sleep context, [31,37,39,40]
developmental information,

and qualitative experience

3.4. Practical Implications, Research Limitations, and Future Directions
3.4.1. Implications for School Physical Education and Health Promotion

The evidence discussed here supports a wider role for school physical education and the encouragement
of physical activity among youth. Physical activity should not be limited to just preventing obesity,
conducting fitness tests, or enhancing sports performance. It can also function as a setting for emotional
regulation, stress recovery, social connection, competence development, and sleep support [9—12,15].

A mental health-oriented physical education model would have several features. First, inclusivity is
key, so students with low fitness levels, motor competence, disabilities, obesity, anxiety, or negative
experiences in sports should not be publicly ranked or humiliated. Second, it would emphasize mastery
rather than comparison. Improvement, effort, skill learning, and self-monitoring should matter more than
outperforming peers. Third, it would educate students on body awareness and recovery, helping them
understand the interactions between breathing, heart rate, fatigue, sleep, and stress. Fourth, it would include
varied activity options. Some teenagers might not like competitive sports and instead favor activities like
dance, walking, resistance training, yoga, cycling, outdoor games, or non-competitive group activities.
Additionally, it would combine movement with education on sleep and screen time.

This approach is not a soft alternative to physical education. It is a more developmentally realistic
model. Adolescents tend to continue engaging in physical activities when they find them meaningful,
enjoyable, socially safe, and in harmony with their identities. If school programs make these activities
undesirable, they might hinder lifelong involvement.

3.4.2. Implications for Adolescent Mental Health Interventions

Physical activity may be valuable as an adjunctive strategy for adolescents with mild to moderate
depressive symptoms, anxiety symptoms, perceived stress, low self-esteem, and sleep problems [15—
20,35,39,40]. By promoting behavioral activation, minimizing sedentary rumination, improving sleep,
enhancing self-efficacy, aiding physiological regulation, and facilitating social connections can support
psychological interventions. However, physical activity should not be prescribed carelessly. For
adolescents with severe depression, in cases of self-harm risk, trauma, eating disorders, compulsive exercise,
or severe anxiety, integrating physical activity with professional psychological or medical care is essential.
Exercise should not replace clinical intervention when it is required.

Intervention design should begin with the target mechanism. For problems related to low mood and
withdrawal, the objective could be to promote behavioral activation and reconnect socially. In cases of
anxiety sensitivity, gradual exposure to physical arousal might help. Addressing poor sleep might involve
managing daytime activities and evening screen exposure. If low self-worth is the concern, activities that
build competence may be helpful. If the problem is chronic stress, moderate activity combined with
recovery education may be more valuable than intense training. The key clinical takeaway is that physical
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activity is more than just a prescribed behavior; it is a psychophysiological and social experience. Its impact
relies on the adolescent’s sense of safety, competence, autonomy, connection, and ability.

In practice, physical activity recommendations should begin with the adolescent’s primary difficulty
and safety profile. For low mood and withdrawal, structured moderate-intensity activity combined with
social support may support behavioral activation. For anxiety sensitivity, gradual and tolerable exposure to
exercise-related bodily arousal may be considered, rather than sudden vigorous training. For sleep problems,
daytime or early-evening activity should be prioritized over late-night vigorous exercise, especially when
screen exposure and delayed sleep timing are present. For low self-esteem or poor physical self-concept,
progressive resistance training or skill-based activities may be useful if they emphasize mastery rather than
appearance or comparison [21,35,39,40,47-54].

Psychophysiological markers may support individualized planning, but they should not be used
diagnostically in isolation. For example, within-person HRV trends, sleep timing, sleep duration, perceived
stress, and activity logs may help identify whether an adolescent is recovering well or accumulating fatigue.
However, single HRV values or wearable “stress” scores should be interpreted cautiously and combined
with self-report, sleep data, illness status, menstrual cycle context, caffeine use, activity history, and
contextual information [41,61,66,78,83].

3.4.3. Limitations of Existing Research

Several limitations weaken current evidence. Many studies are cross-sectional. This restricts the ability
to draw causal conclusions. Teens with superior mental health might be more physically active, and those
who are active might experience improvements in mental health. Longitudinal and experimental studies are
necessary to distinguish between selection effects and intervention effects. Second, measurement of
physical activity is inconsistent. Some studies use self-report questionnaires, others use accelerometers,
intervention attendance, sport participation, or broad activity categories. These measures capture various
constructs. While self-reports may affect perceptions of activity and its social context, accelerometry
records movement intensity without capturing enjoyment, autonomy, or peer interactions. Third,
psychological and physiological indicators are typically analyzed independently. Studies in exercise
psychology may focus on depression and anxiety without including HRV, cortisol, sleep, inflammation, or
BDNF. The measurement of biomarkers in biomedical evidence often lacks an assessment of activity
meaning, motivation, or social context, limiting the ability to test mechanisms effectively. Furthermore,
adolescence is typically viewed as one age category. Early, middle, and late adolescence differ in puberty,
autonomy, peer influence, sleep timing, academic pressure, and brain development [1-5,68,69]. Evidence
that fails to measure pubertal stage or sex differences may miss significant developmental effects. Fifth,
many studies focus on average effects. This is inadequate for practice. An overall small effect could conceal
substantial benefits for some teenagers and no benefit or even negative effects for others. Studies should
aim to identify moderators and mechanisms rather than just estimating overall associations.

3.4.4. Future Directions

Future research should move from association-based models to mechanism-oriented models. Robust
designs would integrate objective physical activity metrics, HRV, cortisol levels, sleep indicators,
inflammatory markers, BDNF, mood journals, perceived stress, ecological momentary assessment, and
contextual data. Such designs might investigate whether physical activity forecasts mood on the same day,
whether HRV mediates the recovery from stress, whether sleep accounts for prolonged changes in anxiety,
and whether inflammatory markers influence depressive symptoms, and whether social context determines
adherence. Longitudinal evidence is particularly important. Physical activity may have acute, short-term,
and long-term effects. Engaging in one exercise session can temporarily boost mood. Consistent activity
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over several weeks might affect sleep and stress recovery. Long-term involvement over the years can
influence identity, social connections, fitness, and self-perception. These time scales should not be
collapsed. Future intervention evidence should also compare activity contexts. Different mechanisms may
be at play in aerobic exercise, resistance training, team sports, outdoor activities, school physical education,
active commuting, and digital exercise programs. Researchers should measure enjoyment, autonomy
support, perceived competence, peer belonging, coach or teacher climate, and perceived pressure. In the
absence of these measures, it’s difficult to ascertain if mental health benefits stem from the movement,
social connections, competence, routine, outdoor exposure, or reduced sedentary time. Finally, future work
should integrate physical activity with sleep, stress management, and digital lifestyle. Adolescents do not
live in isolated behavioral domains. The interplay of their movement, screen habits, educational
requirements, social interactions, sleep, and stress responses forms a linked system. The crucial future
inquiry is not solely about whether physical activity enhances adolescent mental well-being. The more
useful question is: what type of physical activity, at what dose and timing, benefits which adolescents,
through which psychophysiological pathways, and under what developmental and social conditions?

4. Conclusions

Physical activity is a promising but context-dependent strategy for supporting adolescent mental health.
Its potential benefits are unlikely to arise from a single mechanism; rather, they may involve interacting
pathways related to autonomic regulation, HPA-axis function, inflammation, neuroplasticity, sleep—circadian
rhythms, and social-affective experience. However, the strength of evidence differs across pathways, and
causal evidence remains limited for several proposed mechanisms, especially inflammation and activity-type-
specific effects. Physical activity should therefore not be framed as a universal remedy or a substitute for
clinical care. Its mental health value depends on dose, timing, activity type, developmental stage, baseline
mental health, sleep, digital behavior, and social context. Future research should test which forms of physical
activity benefit which adolescents, through which mechanisms, and under what conditions.
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