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Exercise-induced anandamide—
CBI1R signaling and prefrontal-
amygdala stress circuits in
adolescent depression: a
critical hypothesis-driven
narrative review

Yongxin Luan®, Shupei Wang?, Yutang Gao®, Qiang Kong?,
Zhenhua Ma™ and Chuankai Luan™

!School of Physical Education, Qufu Normal University, Qufu, China, 2Kuiwen School, Qufu, China

Adolescent depression emerges during a developmental period characterized by
ongoing maturation of corticolimbic and stress-regulatory systems. This narra-
tive review critically evaluates a hypothesis that acute exercise-related
endocannabinoid mobilization, particularly changes in circulating anandamide
(AEA), may be linked to CB1 receptor (CB1R)-dependent processes relevant to
prefrontal-amygdala function and stress-sensitive symptom dimensions. The
evidence base is fragmented across populations and experimental levels. Human
exercise studies, conducted predominantly in healthy adults, indicate that acute
aerobic exercise can increase circulating AEA, but peripheral AEA cannot be
assumed to reflect AEA concentrations or CB1R engagement within the prefrontal
cortex or amygdala. Separately, preclinical and translational studies show that
endocannabinoid signaling can modulate presynaptic transmission, stress-related
responses, and fear learning in a region-, cell-type-, and ligand-dependent manner.
Neuroimaging studies implicate altered prefrontal-amygdala connectivity in some
adolescents with depression, although findings vary across tasks, subregions,
samples, and analytic approaches. Critically, no study has tested the complete
sequence linking exercise, AEA responses, CB1R-dependent signaling, prefrontal—
amygdala circuit change, and depressive symptom improvement in adolescents.
We therefore treat this sequence as an unvalidated cross-level model rather than a
demonstrated causal pathway. This review distinguishes direct from indirect
evidence, examines conflicting findings, considers developmental and sex-related
moderators, and proposes experiments that integrate exercise dose, circulating
AEA and 2-arachidonoylglycerol, FAAH-related biology, circuit-level outcomes,
and symptoms. The proposed framework is most appropriately viewed as a testable
model for stress-sensitive and emotion-regulation-related symptom dimensions
rather than an established antidepressant mechanism.
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1 Introduction

Adolescent depression occurs during a period of substantial
change in affective, cognitive-control, social, neuroendocrine, and
stress-responsive systems. This developmental context limits
straightforward extrapolation from adult depression because the
same clinical symptoms may arise against different maturational
states of cortical, limbic, and endocrine systems. Youth depression
is associated with recurrence, functional impairment, psychiatric
comorbidity, and long-term disability (1). Neurodevelopmental
models further propose that stress exposure interacts with ongoing
maturation of prefrontal, limbic, and neuroendocrine systems to
shape vulnerability during adolescence (2). Accordingly, evidence
derived from adults or mature animal models is considered in this
review as indirect unless developmental comparability is explic-
itly established.

A circuit-based framework is useful because pediatric
neuroimaging implicates abnormalities across prefrontal, cingulate,
striatal, and limbic systems in adolescent major depressive disorder
rather than dysfunction in a single region (3). Within this distrib-
uted architecture, prefrontal-amygdala interactions are one candi-
date system linking regulatory control with threat detection and
emotional salience processing. Some studies of adolescent depres-
sion report altered amygdala-prefrontal connectivity at rest or
during emotional tasks; these findings are consistent with, but do
not prove, disrupted corticolimbic regulation relevant to stress
sensitivity and emotional instability (4). Task-based evidence sim-
ilarly suggests that deficient prefrontal-amygdalar connectivity is
associated with inefficient emotional face processing in adolescent
major depressive disorder (5). However, prefrontal-amygdala find-
ings should not be interpreted as a uniform pattern of reduced
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connectivity or failed top-down control. Reported findings differ
across resting-state and task-based paradigms, prefrontal targets,
emotional contexts, diagnostic comparisons, illness stage and treat-
ment status, and connectivity-analysis frameworks (4-8). The
term “prefrontal-amygdala circuitry” is therefore used here as an
umbrella description of heterogeneous corticolimbic interactions
rather than a single anatomically or functionally homogeneous
pathway. Figure 1 shows a schematic representation of heteroge-
neous prefrontal-amygdala interactions relevant to adolescent
affective regulation.

This review highlights this circuit as it provides a manageable link
between molecular signaling and aspects of depressive symptoms.
The review does not attempt to explain adolescent depression as a
whole. It focuses on stress-sensitive and emotion-regulation-related
dimensions that may intersect with corticolimbic function, including
stress reactivity, rumination, anxiety symptoms or anxious distress
accompanying depression, and emotional dysregulation. Rumination
is especially important as it can extend negative emotions following
stress and is linked to symptoms of depression and anxiety during
adolescence (9). In adolescent girls, the connection between the
amygdala and ventrolateral prefrontal cortex, when disrupted, has
been shown to relate stress-reactive rumination to depressive symp-
toms, directly tying a behavioral vulnerability to corticolimbic
dysregulation (10).

Exercise is relevant to this hypothesis because acute and
repeated physical activity can alter multiple physiological systems,
but its antidepressant effects are heterogeneous and should not be
reduced to a single molecular pathway. Acute exercise can modify
mood, cognition, neurophysiology, and neurochemical pathways,
indicating that physical activity is capable of rapidly engaging
biological systems relevant to affective regulation (11). Evidence
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Schematic representation of heterogeneous prefrontal-amygdala interactions relevant to adolescent affective regulation. Prefrontal-amygdala
circuitry comprises anatomically and functionally heterogeneous interactions involving dorsolateral, ventrolateral, medial, and ventromedial
prefrontal regions, anterior cingulate regions, and the amygdala. These interactions contribute differently to cognitive control, appraisal, salience
processing, threat learning, and emotion regulation. The schematic is not intended to imply a single unidirectional “top-down” pathway, and
connectivity abnormalities reported in adolescent depression vary across tasks, samples, subregions, and analytic methods.
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for antidepressant effects of exercise varies with age, clinical status,
intervention dose, adherence, comparator condition, and risk of
bias (12). This heterogeneity is particularly important in adoles-
cents, for whom findings from adult clinical trials cannot be
assumed to establish either equivalent efficacy or equivalent biolo-
gical mechanisms. Physical activity in young people is associated
with cognitive and mental health advantages, yet more detailed
explanations are needed to understand how exercise affects depres-
sive symptoms during growth (13).

AEA is considered here as one candidate component of the
exercise-responsive endocannabinoid system rather than an estab-
lished mediator of antidepressant effects. Human exercise studies,
conducted largely in nonclinical adult samples, indicate that acute
aerobic exercise can increase circulating AEA (14-16), and some
studies suggest that the magnitude of this response varies with
exercise intensity (17). These findings establish peripheral
endocannabinoid mobilization under specific experimental condi-
tions; they do not establish increased AEA within the prefrontal
cortex or amygdala, local CBIR engagement, or consequent changes
in corticolimbic neurotransmission. This distinction is important
because peripheral endocannabinoid concentrations cannot be
assumed to index region-specific central signaling, and human
multimodal evidence linking plasma endocannabinoids to brain
neurochemical measures remains limited and nonuniform (18).
Associations between exercise-related AEA changes and affective
outcomes are also not uniform across studies: some acute studies
report associations between circulating endocannabinoid changes
and mood-related outcomes, whereas longer-term exercise research
has linked mood improvement to decreases rather than increases in
plasma AEA (19, 20). Such associations should therefore not be
interpreted as proof that AEA mediates exercise-related affective
change. Accordingly, the present review treats AEA as a candidate
peripheral and molecular correlate whose role in central circuit
change remains to be tested.

At the receptor level, CBIR provides biological plausibility for a
possible link between endocannabinoid signaling and circuit func-
tion, but not evidence that exercise engages a specific corticolimbic
pathway. CBIR is expressed on distinct presynaptic neuronal popu-
lations and can regulate neurotransmitter release, including
glutamatergic transmission from principal-neuron terminals (21).
Endocannabinoids can participate in retrograde signaling that influ-
ences inhibitory and excitatory transmission (22), and experimental
work in the lateral amygdala shows that CBIR activation can
suppress both GABAergic and glutamatergic synaptic transmission
through predominantly presynaptic mechanisms (23). The result-
ing functional effect cannot be inferred from CBIR activation alone
because CBIR signaling can differ across neuronal populations and
produce divergent behavioral consequences when receptors on
glutamatergic versus GABAergic neurons are selectively manipulated
(24). Moreover, canonical evidence for endocannabinoid-mediated
retrograde synaptic suppression does not by itself establish AEA as
the operative ligand in a given circuit; genetic disruption of
diacylglycerol lipase-o. has demonstrated a major role for
2-arachidonoylglycerol in retrograde suppression across several syn-
aptic preparations (25). For these reasons, CBIR signaling is
treated here as context-dependent presynaptic modulation rather

Frontiers in Psychiatry

10.3389/fpsyt.2026.1915122

than as a uniform “synaptic brake,” and its relevance to exercise-
induced changes in adolescent prefrontal-amygdala circuitry re-
mains inferential.

The developmental relevance of this framework requires separate
consideration rather than direct extrapolation from adult exercise or
mature-animal studies. The endocannabinoid system plays a role in
the development of the adolescent brain, influencing stress manage-
ment, emotional learning, and the maturation of the corticolimbic
system (26). Developmental relevance, however, does not demon-
strate that an exercise-AEA-CBIR mechanism operates similarly
before and after pubertal maturation. Pubertal endocrine changes can
influence frontal-cortical inhibitory maturation, CB1R expression
and function show age- and region-dependent developmental trajec-
tories, and amygdala—prefrontal connectivity changes across human
development (27-29). These developmental differences may modify
the biological context in which exercise-related endocannabinoid
responses occur, but direct evidence that pubertal stage alters
exercise-induced AEA mobilization or central CBIR engagement
remains limited. This creates a narrow but important distinction:
exercise-related AEA mobilization is endogenous and transient,
whereas exogenous cannabinoid exposure has different pharmaco-
logical and temporal characteristics and may perturb developmental
signaling (30). The present review therefore does not argue that
cannabinoid exposure mimics exercise. Rather, it asks whether
exercise-related AEA responses are associated with CB1R-dependent
processes relevant to stress-sensitive corticolimbic regulation.

The organizing hypothesis examined in this review is that
exercise-related AEA mobilization may be associated with
CB1R-dependent processes relevant to prefrontal-amygdala func-
tion and, ultimately, to stress-sensitive or emotion-regulation-
related symptoms in some adolescents with depression. Critically,
no study has tested this sequence as a complete pathway. The
individual links are supported by evidence drawn from partially
independent literatures involving different species, age groups,
clinical populations, biological compartments, and experimental
paradigms. We therefore distinguish four evidential levels through-
out the review: direct human evidence, indirect human evidence,
translational or preclinical evidence, and untested mechanistic
inference. The proposed sequence—exercise — AEA response —
CBIR-dependent process — circuit change — symptom change—is
evaluated as a cross-level hypothesis rather than a validated
causal mechanism.

2 Methods

This article is a critical narrative mechanistic review rather than a
systematic review or meta-analysis. Its purpose is to evaluate the
plausibility, limitations, and testable predictions of a proposed
cross-level model linking exercise-related endocannabinoid responses
with prefrontal-amygdala circuitry and stress-sensitive symptom
dimensions in adolescent depression.

Literature searches were conducted in PubMed, Web of Science,
Scopus, and Google Scholar using combinations of terms related to five
concept domains: (1) adolescent depression and major depressive
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disorder; (2) exercise and physical activity; (3) anandamide,
endocannabinoids, CB1R, FAAH, and 2-arachidonoylglycerol; (4) pre-
frontal-amygdala or frontoamygdalar connectivity, stress reactivity,
emotion regulation, and rumination; and (5) synaptic transmission,
GABA, glutamate, and developmental neurobiology. Representative

» o«

search terms included “adolescent depression,” “major depressive
disorder,” “exercise,” “physical activity,” “anandamide,”

“endocannabinoid system,” “CB1 receptor,” “FAAH,” “2-AG,” “pre-

» o« » <«

frontal cortex,” “amygdala,” “frontoamygdalar connectivity,” “stress

reactivity,” “stress recovery,” “rumination,” “emotion regulation,” “syn-
aptic plasticity,” “GABA,” and “glutamate.” Reference lists of relevant
articles were also screened to identify additional studies.

The search was last updated in May 2026. Because this is a
narrative review, the search was designed to identify mechanistically
informative evidence rather than to claim exhaustive retrieval of all
eligible studies. Studies were prioritized when they addressed at
least one of the following: (1) prefrontal-amygdala or broader
corticolimbic abnormalities in adolescent depression; (2) acute or
repeated exercise effects on affective or stress-related outcomes;
(3) exercise-related changes in circulating endocannabinoids;
(4) CBI1R-dependent synaptic, stress-related, or affective processes;
or (5) developmental factors that may modify translation of adult or
preclinical findings to adolescence.

Evidence was classified according to population and experi-
mental level: adolescent clinical human studies, adolescent nonclin-
ical human studies, adult clinical human studies, healthy adult
studies, translational human studies, animal studies, and cellular or
synaptic studies. We additionally distinguished direct evidence for a
proposed link from indirect or inferential evidence. In particular,
changes in circulating AEA were not treated as direct evidence of
central AEA concentrations, regional CB1R engagement, or altered
prefrontal-amygdala neurotransmission.

Studies focused exclusively on recreational cannabis exposure,
unrelated neurological disorders, or peripheral metabolic outcomes
without relevance to the review question were not prioritized,
although cannabis-related studies were considered when necessary
to distinguish endogenous exercise-related signaling from exoge-
nous cannabinoid exposure. Conference abstracts without sufficient
methodological detail and non-peer-reviewed sources were not used
as primary mechanistic evidence.

Because the included evidence differs substantially in population,
species, exercise protocol, biological compartment, outcome measure,
and experimental level, no quantitative synthesis was attempted. The
review instead evaluates convergent and conflicting evidence across
three broad levels: exercise-related endocannabinoid responses,
CBI1R-related synaptic and stress mechanisms, and prefrontal-amyg-
dala or broader corticolimbic findings relevant to adolescent depres-
sion. The resulting framework should be interpreted as a hypothesis
assembled from heterogeneous evidence streams, not as a demon-
strated causal pathway.

3 Evidence synthesis

The following sections evaluate partially independent evidence
streams relevant to the proposed model. The purpose is not to
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demonstrate a continuous causal pathway, but to identify which
links have direct support, which rely on cross-population or cross-
species translation, and which remain untested. Figure 2 summarizes
the proposed cross-level sequence while explicitly distinguishing em-
pirically supported associations from untested mechanistic transitions.

3.1 Prefrontal-amygdala circuitry in
adolescent depression: relevance and
heterogeneity

Neuroimaging studies of adolescent depression implicate distrib-
uted affective, cognitive-control, reward, and self-referential networks
rather than a single pathological region or circuit. Early pediatric
neuroimaging work already pointed to abnormalities in prefrontal,
cingulate, striatal, and limbic systems, suggesting that adolescent major
depressive disorder involves disrupted connectivity across distributed
affective and cognitive-control networks (3). Recent reviews focused on
RDoC further endorse the perspective that adolescent depression is
linked to disruptions in affective, reward, cognitive-control, and
default-mode systems, rather than being confined to one pathological
area (31). Importantly, this literature does not identify a single
reproducible prefrontal-amygdala abnormality across adolescent de-
pression. Adolescent depression is heterogeneous in symptom profile,
severity, course, and treatment response, and emerging evidence
indicates corresponding variability in brain-network connectivity
(32). Reported prefrontal-amygdala findings also differ across rest-
ing-state and task-based paradigms, the prefrontal regions examined,
emotional contexts, and clinical characteristics of the sampled popu-
lations (4-6). The present review therefore treats prefrontal-amygdala
circuitry as one relevant component of a broader and heterogeneous
network disturbance rather than as a sufficient or specific neural
signature of adolescent depression.

Within this broader network context, prefrontal-amygdala
interactions are one candidate system linking regulatory control
with threat and salience processing. Resting-state evidence shows
that depressed adolescents can exhibit reduced amygdala connec-
tivity with dorsolateral prefrontal regions, and these connectivity
differences relate to longitudinal changes in depression severity (4).
Imaging studies of structure and function in adolescents experienc-
ing their first episode of depression without prior medication
indicate abnormal amygdala-prefrontal connections early in the
illness (6). Task-based work adds a further layer by showing that
inefficient emotional face processing in adolescent MDD is associ-
ated with deficient prefrontal-amygdalar connectivity (5).

Prefrontal-amygdala circuitry is therefore used here as a
tractable but nonexclusive framework for examining selected
stress-sensitive and emotion-regulation-related dimensions. This
choice does not imply that the circuit is specific to depression, that
all depressed adolescents show the same abnormality, or that
exercise-related endocannabinoid effects preferentially target this
circuitry. Those propositions remain to be tested.

3.1.1 Adolescent depression and developmental
vulnerability

Adolescence is a time of increased risk for depression due to the
swift changes in biology, cognition, and social dynamics, while
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FIGURE 2
Evidence-graded hypothesis linking exercise-related AEA responses with CB1R-dependent processes, prefrontal-amygdala circuitry, and symptom
dimensions. Acute aerobic exercise can increase circulating AEA under some experimental conditions, with most direct evidence derived from
healthy adults. Whether peripheral AEA changes correspond to increased AEA availability or CB1IR engagement within the prefrontal cortex or
amygdala is unresolved. CB1R-dependent modulation of synaptic transmission is supported primarily by preclinical and translational evidence and is
highly dependent on cell type, receptor localization, ligand, region, and circuit state. No study has tested the complete sequence from exercise
through AEA and CB1R-dependent processes to prefrontal-amygdala circuit change and depressive symptom improvement in adolescents. Solid
arrows indicate relatively direct evidence; dashed arrows indicate indirect or untested mechanistic transitions. Sex, pubertal stage, hormonal context,
fitness, exercise dose, FAAH-related biology, medication, habitual activity, and cannabis exposure may modify different links in the model.

emotion-regulation systems are still developing. Depression rates
increase during adolescence, and this developmental rise is clinically
important because youth depression predicts recurrence, comor-
bidity, educational impairment, social dysfunction, and long-term
disability (1). Therefore, adolescent depression ought to be consid-
ered a developmental disorder rather than just an early-onset
version of adult depression. This distinction is central to the present
review because representative human exercise-endocannabinoid
studies have largely examined nonclinical adult samples (14, 17),
whereas key mechanistic studies of CB1R-dependent or
endocannabinoid-mediated synaptic transmission have often
relied on rodent brain preparations or genetic animal models (21,
25). Developmental differences are directly relevant to this transla-
tion: pubertal hormonal manipulations can alter the maturation of
inhibitory neurotransmission in frontal cortical circuits in mice,
human amygdala—prefrontal functional connectivity changes across
development, and HPA-axis activity and cortisol stress reactivity
vary across the transition to adolescence (27, 29, 33). Adult human
or animal findings are therefore used here to establish biological
plausibility, not developmental equivalence.

A key aspect of this vulnerability is how stress exposure
interacts with the continuous development of the nervous system.
The stress-sensitive maturational model suggests that during

Frontiers in Psychiatry

adolescence, there are periods when stress can influence neural
systems related to emotional regulation, reward, and threat pro-
cessing (2). Experimental and translational work similarly shows
that the development of the medial prefrontal cortex, amygdala,
hippocampus, and hypothalamic-pituitary-adrenal axis can be
influenced by stress experienced during adolescence, potentially
modifying future stress responses and emotional behaviors (34).

The onset of puberty heightens this susceptibility by altering
neuroendocrine states, social motivations, reward sensitivity, and
stress responses. Research on puberty and adolescence highlights
that this phase is a critical period where stressors can change
neurobehavioral paths instead of just causing temporary symptoms
(35). The onset of puberty might signify a shift in sensitive periods
for associative neocortical plasticity, offering a potential develop-
mental mechanism through which adolescent experiences can
adjust higher-order cortical systems related to learning, flexibility,
and affective control (36).

The developmental context is important for the suggested
exercise-anandamide model. If stress interacts with still-maturing
corticolimbic systems during adolescence, activity-dependent
endocannabinoid processes are developmentally relevant candi-
dates for investigation. This rationale is supported by evidence
that human amygdala-prefrontal connectivity changes across
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development, that CBIR expression and function follow region-
dependent developmental trajectories, and that experimental CB1R
stimulation during adolescence can alter the maturation of pre-
frontal GABAergic function in rodents (28, 29, 37). This reasoning
establishes a rationale for study, but it does not demonstrate that
exercise-induced AEA responses modulate these systems in adoles-
cents with depression.

3.1.2 Prefrontal regulation of emotion during
adolescence

Developmental neuroimaging studies indicate that prefrontal
contributions to affective regulation continue to change across
adolescence (38). These contributions are not unitary: dorsolateral,
ventrolateral, medial, ventromedial, and cingulate regions differ in
their involvement in cognitive control, appraisal, reappraisal, valu-
ation, and interactions with limbic systems. Studies on the devel-
opment of emotion regulation highlight that adolescence is
characterized by evolving interactions between prefrontal control
systems and subcortical emotional systems (38).

This developmental imbalance is important in a clinical context
because improper regulation of both positive and negative emotions
is strongly associated with anxiety and depression in adolescents.
Evidence from self-report, behavioral, physiological, and neural
studies suggests that emotion dysregulation is not a peripheral
feature but a core process in adolescent internalizing psychopathol-
ogy (39). From a neural perspective, depressive symptoms might
result not just from an overwhelming negative affect, but also from a
reduced ability to manage that affect once it is activated. The
maturation of the frontoamygdala offers a distinct circuit frame-
work for this concept. Research in developmental neuroimaging
indicates that the amygdala and prefrontal cortex interact differ-
ently during adolescence to support emotional reactivity and
regulation (40). In clinically vulnerable adolescents, the neural
connections involved in emotion regulation are linked to serious
consequences like suicidal thoughts, suggesting that prefrontal
regulation is a clinically significant process, not just a theoretical
concept (41). In adolescent depression specifically, abnormalities in
the prefrontal region have been associated with changes in how
both positive and negative information is processed, indicating that
prefrontal dysfunction might lead to a negative bias, decreased
positive emotions, and reduced emotional adaptability (42).

These findings justify examining prefrontal regulation as an
outcome in future mechanistic studies. They do not, however,
provide evidence that exercise-induced AEA or CBIR signaling
improves prefrontal regulatory efficiency in adolescent depression.

3.1.3 Amygdala reactivity and stress sensitivity:
heterogeneous findings

Amygdala findings in adolescent depression should not be
reduced to a consistently ‘overactive fear center.” Reported differ-
ences may involve context-dependent changes in salience process-
ing, stress-related reactivity, or post-stressor recovery rather than a
single direction of abnormality. In depressed adolescents, differ-
ences in amygdala response and functional connectivity during
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emotion regulation suggest a lack of coordination between affective
reactivity and regulatory control compared to healthy patterns (7).

Research on emotional face processing supports the role of the
amygdala in adolescent depression. Adolescents with major depres-
sion show altered neural responses to emotional faces, implicating
amygdala-related processing of social and affective cues (43).
Studies comparing depressed and anxious teenagers reveal that
amygdala disturbances vary depending on the diagnosis and emo-
tional situation, challenging a simplistic model of amygdala over-
activity (8).

Stress sensitivity is one possible clinical construct linking
affective-circuit findings with depressive vulnerability, but it
should not be equated with amygdala hyperreactivity. Here, stress
sensitivity refers to the magnitude or persistence of affective and
physiological responses to stress exposure, whereas stress recovery
refers specifically to return toward baseline after a stressor. These
constructs are related but not interchangeable, and experimental
work has shown that stress reactivity and post-stressor recovery can
be modeled separately and exhibit differential associations with
longer-term stress- and health-related measures (44).

Evidence of altered amygdala responses in adolescent and youth
depression is heterogeneous. Studies have reported heightened amyg-
dala responses under some emotional-processing or emotion-main-
tenance conditions, whereas other work has identified blunted
modulation of amygdala activity during cognitive reappraisal; amyg-
dala findings also vary with emotional stimulus, attention condition,
diagnostic group, comorbid anxiety, age-related effects, and task
demands (7, 8, 43, 45). Accordingly, the present review does not
assume a uniformly hyperreactive amygdala. Nor does the existence
of altered amygdala function establish involvement of AEA-CBIR
signaling. The proposed endocannabinoid link remains an indirect
inference from separate stress and synaptic literatures.

3.1.4 Prefrontal-amygdala dysconnectivity in
adolescent depression

For the present hypothesis, interactions between prefrontal and
amygdala regions are more informative than isolated claims of
prefrontal hypoactivity or amygdala hyperreactivity, but these
interactions remain heterogeneous across studies. Longitudinal
evidence shows that decreased connectivity between the frontal
lobe and amygdala during adolescence is linked to a rise in
depressive symptoms over time, indicating that weakened regula-
tory connections might lead to or precede symptom worsening (46).
Longitudinal associations do not establish a single direction of
causal influence, and reduced connectivity should not automatically
be interpreted as weaker top-down control. Functional connectivity
quantifies statistical dependencies between regional signals and
does not by itself identify directional influence; by contrast, effec-
tive-connectivity estimates derived from dynamic causal modeling
are conditional on the specified generative model and experimental
context (47). Moreover, youth depression studies indicate that
different prefrontal subdivisions and task contexts can implicate
distinct frontoamygdalar pathways: cognitive-reappraisal work has
identified altered ventrolateral and ventromedial prefrontal influ-
ences on the amygdala, whereas dynamic face-processing work has
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implicated distributed lateral prefrontal-subgenual anterior cingu-
late-amygdala coupling (5, 48). These limitations are relevant
because the proposed exercise~AEA model requires not merely
the presence of dysconnectivity, but a demonstrable intervention-
related change that temporally follows the molecular response.

Studies on effective connectivity bolster this argument by
focusing on directional influences instead of mere correlations. In
youth depression, frontoamygdalar effective connectivity during
cognitive reappraisal can differentiate depressed youth from con-
trols and is related to treatment-relevant negative-affect regulation
circuits (48). Research on effective connectivity in the rostral
anterior cingulate of depressed adolescents suggests that commu-
nication between the cingulate, prefrontal, and limbic regions is
important for both understanding the disease and predicting
treatment outcomes (49). This circuit abnormality is embedded
within broader network dysfunction. Resting-state effective-con-
nectivity studies suggest that in adolescent depression, the interac-
tions between the salience network and the default-mode network,
which are responsible for detecting important stimuli and process-
ing self-related information, are weakened (50). Children with a
family history of major depression exhibit changes in the intrin-
sic functional architecture of default-mode, cognitive-control,
and affective networks, including unusual amygdala-fron-
tal connectivity (51).

Overall, these results back a model at the circuit level where
adolescent depression is linked to disrupted integration of regula-
tory, salience-detection, and self-referential systems. Within this
broader network context, prefrontal-amygdala circuitry is selected
as one experimentally tractable candidate outcome. Its selection
should not be interpreted as evidence that it is the dominant or
exclusive circuit through which exercise or endocannabinoid sig-
naling affects depressive symptoms.

3.1.5 Symptom dimensions relevant to the circuit:
stress sensitivity, anxiety, rumination, and
emotional dysregulation

Several related constructs are distinguished throughout this
review. Stress sensitivity refers here to heightened affective or
physiological responsiveness to stress exposure, rather than to a
specific pattern of amygdala activation; in depression research,
stress sensitivity has commonly been operationalized in terms
of increased negative-affect reactivity to stressful or negatively
appraised experiences (52). Stress recovery refers specifically to
the post-stressor return toward affective, autonomic, endocrine,
or neural baseline, and should be distinguished from the magni-
tude of the initial stress response; empirical work has modeled
stress reactivity and recovery as separable response phases with
potentially different correlates (44). Stress regulation is used here
as a broader umbrella term for processes that shape the initiation,
magnitude, and termination of stress responses, whereas stress ad-
aptation refers to longer-term adjustment to repeated or sustained
challenges; this distinction is broadly consistent with allostatic
accounts of physiological adjustment to changing demands (53).
Fear extinction is a specific learning process in which conditioned
fear responding declines following nonreinforced exposure to a
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previously threat-predictive conditioned stimulus; it is not synon-
ymous with stress recovery, emotion regulation, or antidepressant
response (54). Rumination refers to repetitive negative thinking
focused on distress and its causes, consequences, or related content
and is treated here as a cognitive process rather than a direct
measure of circuit function (55). The prefrontal-amygdala model is
more robust when linked to particular symptom dimensions instead
of just overall depression severity. Stress-reactive rumination is one
such dimension. In adolescent girls, the connection between the
amygdala and ventrolateral prefrontal cortex is disrupted during
emotion regulation, which mediates the link between stress-induced
rumination and depressive symptoms, directly associating repetitive
negative thinking with corticolimbic dysregulation (10).

Rumination offers a behavioral pathway that could sustain
internalizing symptoms due to stress sensitivity. In adults with
major depressive disorder and generalized anxiety disorder, rumi-
nation predicts heightened responses to stressful life events, sup-
porting its role as a mechanism that prolongs or amplifies stress-
related affective responses (56). During adolescence, responding to
stress with rumination has been recognized as a risk factor for
depressive symptoms and substance-related issues, suggesting that
stress-reactive rumination might be a more general maladaptive
coping mechanism (57). Longitudinal studies strengthen the devel-
opmental relevance of this symptom dimension. As adolescents
move from early to middle stages, rumination is a predictor of
depressive symptoms and episodes over time, particularly as vul-
nerability increases developmentally (58). Rumination plays a role
in connecting stressful life events to subsequent depression and
anxiety symptoms in both early adolescents and adults, acting as a
direct pathway from stress exposure to internalizing mental health
issues (9).

This symptom-focused perspective is crucial for the current
review. The proposed model is therefore restricted to selected
stress-sensitive and emotion-regulation-related dimensions. Even
within these dimensions, evidence that exercise-related AEA
responses alter prefrontal-amygdala function or reduce rumina-
tion, anxiety symptoms, or emotional dysregulation remains
indirect. These outcomes should be tested separately rather than
treated as interchangeable manifestations of one underly-
ing process.

3.2 Exercise and circulating
endocannabinoid responses

Acute exercise can alter circulating endocannabinoid concen-
trations under some experimental conditions, providing one can-
didate biological correlate of exercise exposure (14, 15). This
observation should be distinguished from evidence of a central
mechanism. Human exercise studies commonly quantify AEA in
peripheral blood, and systematic review and meta-analytic evidence
in this field has largely synthesized changes in circulating
endocannabinoid concentrations rather than direct measures of
regional brain signaling (16). A rise in circulating AEA therefore
does not demonstrate increased AEA within the prefrontal cortex or
amygdala, regional CBIR engagement, or altered corticolimbic
synaptic transmission. Consistent with this limitation, preliminary
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multimodal human evidence indicates that relationships between
plasma endocannabinoid concentrations and brain neurochemical
measures are limited and nonuniform, rather than validating
peripheral AEA as a region-specific proxy for central signaling
(18). Reviews of the human exercise literature likewise emphasize
that associations between exercise-related endocannabinoid
changes and central neurobehavioral effects do not yet constitute
reliable causal proof (15). The following sections therefore first
evaluate the peripheral exercise-response evidence before consider-
ing the more indirect central and circuit-level literature.

3.2.1 Exercise as a biological modulator of
affective states

Acute exercise can alter affective and neurophysiological out-
comes through multiple interacting neurochemical, autonomic,
endocrine, and cognitive processes (11). These short-term effects
are relevant to mechanistic study, but they should not be assumed to
accumulate into durable stress resilience, sleep improvement, or
sustained symptom reduction in adolescents.

In adults with depression, meta-analytic evidence suggests
antidepressant effects of exercise, although effect estimates vary
with study quality, intervention characteristics, and control condi-
tions (12). Cochrane evidence suggests that exercise might be a
beneficial treatment for depression, although it highlights variability
and methodological constraints (59). In youth, systematic review
evidence suggests that physical activity is associated with cognitive
and mental health benefits, but adolescent studies require sharper
mechanistic designs (13). Data from a longitudinal adolescent
cohort indicate that reduced physical activity and increased seden-
tary behavior are linked to subsequent depressive symptoms,
highlighting the importance of movement in emotional regulation
during development (60).

Exercise should therefore be considered a multilevel interven-
tion whose psychological effects may involve behavioral, social,
autonomic, endocrine, inflammatory, neuroplastic, and other path-
ways. Evidence for depressive symptom improvement does not
identify AEA as the mediator. In adolescents, intervention effects
are heterogeneous across clinical status, exercise modality, dose,
adherence, comparator conditions, and outcome measures.
Accordingly, AEA is treated here as one candidate mechanism
among several rather than as the likely immediate mediator of
exercise-induced mood change.

3.2.2 Anandamide as a candidate molecular
mediator of exercise-induced mood regulation

Anandamide, also known as N-arachidonoylethanolamine, was
discovered as a natural ligand that can bind to cannabinoid
receptors, laying the groundwork for the current endocannabinoid
system (61). Its relevance to exercise emerged when moderate-
intensity running and cycling were shown to increase circulating
anandamide in humans (14). This discovery contributed to moving
the explanation of exercise-induced positive feelings from focusing
solely on endorphins to a wider neuromodulatory model that
includes endocannabinoids (62).
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The relevance of AEA differs across evidential levels. In humans,
exercise studies primarily provide correlational evidence linking
changes in circulating endocannabinoids with contemporaneous
affective or threat-related outcomes, and these associations are not
consistently observed (15, 16, 63, 64). In preclinical studies, experi-
mental manipulation of endocannabinoid signaling provides stronger
causal evidence for effects on stress-related behavior, anxiety-like
behavior, and fear-learning processes (65-70). These preclinical
findings should not be interpreted as direct evidence that exercise-
induced peripheral AEA changes produce antidepressant effects in
adolescents. Exercise-related endocannabinoid responses may vary
with intensity, but the limited adult literature does not establish that
moderate intensity is universally superior to lower or higher inten-
sities (17). Human reviews report frequent acute increases in circu-
lating endocannabinoids while emphasizing that causal evidence for
specific affective outcomes remains incomplete (15). Meta-analytic
evidence indicates an overall acute effect on circulating
endocannabinoids but substantial heterogeneity by intensity, modal-
ity, timing, and assay methods (16). The focus on AEA also requires
qualification because the endocannabinoid system is not an
AEA-only system. Human exercise studies have measured AEA
together with 2-arachidonoylglycerol (2-AG), and some studies
have additionally quantified related lipid mediators such as
palmitoylethanolamide (PEA) and oleoylethanolamide (OEA) (63,
71). Likewise, generic evidence for endocannabinoid-mediated syn-
aptic signaling should not be attributed automatically to AEA: genetic
disruption of diacylglycerol lipase-o. has demonstrated that 2-AG
mediates retrograde suppression across several central synaptic
preparations (25). The present review prioritizes AEA because
exercise-related changes in circulating AEA provide a specific pe-
ripheral response of interest and because FAAH-related translational
findings link altered AEA regulation with frontoamygdalar pheno-
types (63, 69). This prioritization does not establish that AEA is the
sole or dominant mediator. Future studies should therefore include 2-
AG as a comparator and avoid attributing generic endocannabinoid
effects specifically to AEA without ligand-specific evidence.

AEA should therefore be treated as a candidate exercise-
responsive signal rather than an established mediator. Its causal
role in central circuit change or clinical improvement remains
untested in adolescents with depression.

3.2.3 Acute exercise, anandamide mobilization,
and affective response

The most justifiable context for discussing anandamide mobi-
lization is acute exercise. Initial human studies indicated that
moderate-intensity aerobic activities like running or cycling ele-
vated circulating anandamide levels (14). Comparative work in
humans and cursorial mammals further suggested that endurance
exercise can trigger endocannabinoid signaling in species evolved
for prolonged movement, connecting anandamide to the evolu-
tionary biology of endurance activities and their rewards (72).

Associations between exercise-related endocannabinoid re-
sponses and affective outcomes appear less consistent than the
evidence for acute changes in circulating endocannabinoid concen-
trations. Systematic reviews indicate that acute exercise frequently
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increases circulating endocannabinoids, whereas evidence linking
these changes to specific affective outcomes remains heterogeneous
and does not establish a causal mediating role (15, 16). Some human
studies report concurrent changes in circulating endocannabinoids
and mood-related outcomes, but the specific associations vary
across exercise conditions and measured outcomes (19, 63).
Concurrent molecular and affective change should therefore not
be interpreted as proof of mediation. In a preliminary secondary
analysis of a randomized controlled fear-extinction study in women
with posttraumatic stress disorder, exercise-related increases in
peripheral AEA and BDNF were associated with reduced threat
expectancy following reinstatement (64). This finding is relevant to
threat learning in PTSD, but it should not be interpreted as direct
evidence of antidepressant action, stress recovery, or normalization
of prefrontal-amygdala circuitry in adolescent depression. Reviews
of the runner’s-high literature similarly indicate that acute exercise-
related endocannabinoid increases are more consistently observed
than durable changes attributable to longer-term training, while re-
liable causal evidence linking endocannabinoids to human affective
outcomes remains limited (15, 16). Direct evidence that repeated
transient AEA responses accumulate into durable circuit adaptation
or sustained clinical improvement has not been established.

For adolescent depression, this differentiation is vital. AEA
should therefore be treated primarily as an acute, dynamically
regulated candidate signal. Evidence that transient exercise-related
changes in circulating AEA produce immediate stress recovery,
sustained positive affect, or long-term antidepressant adaptation in
adolescents is currently insufficient.

3.2.4 Peripheral AEA is not a direct measure of
central CB1R engagement

Human exercise studies commonly quantify AEA in peripheral
blood, including plasma or serum, rather than directly measuring
AEA within specific brain regions (63, 73). These measurements are
informative as peripheral biomarkers of an exercise response but do
not directly index AEA concentrations within the prefrontal cortex,
amygdala, or other specific brain regions. A transient rise in
circulating AEA cannot by itself demonstrate increased regional
AEA availability, CB1R occupancy or activation, or changes in local
GABAergic or glutamatergic transmission. Preliminary multimodal
human evidence examining plasma AEA and 2-AG alongside brain
neurochemical measures has not established a uniform correspon-
dence between peripheral endocannabinoid concentrations and
central neurotransmitter measures, underscoring the limitations
of treating plasma AEA as a region-specific proxy for brain
signaling (18). The proposed transition from peripheral AEA
mobilization to central corticolimbic signaling is therefore one of
the least directly established links in the model.

This distinction also affects causal interpretation. Human exer-
cise studies can identify concurrent changes in circulating
endocannabinoids and affective outcomes, but temporal co-occur-
rence or statistical association does not by itself establish molecular
mediation (63). A correlation between circulating AEA and mood,
threat expectancy, or another behavioral outcome may reflect a
mediating process, a parallel response to exercise, or covariance
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with other physiological changes. Peripheral measurements are
also sensitive to methodological conditions. Experimental work
demonstrates that endocannabinoid concentrations can differ be-
tween serum and plasma and can change with sample processing
and storage conditions; AEA and 2-AG also show analyte-specific
stability profiles during collection and handling (73, 74).
Accordingly, throughout this review, the terms “circulating AEA
response” and “central endocannabinoid signaling” are not
used interchangeably.

Future mechanistic studies should establish temporal ordering
and test whether peripheral AEA changes predict independently
measured neural outcomes beyond exercise dose and other phys-
iological responses. Even a reproducible association between circu-
lating AEA and a neural outcome would not, by itself, demonstrate
regional CB1R engagement. The central component of the proposed
pathway should therefore remain explicitly labeled as inferential
unless supported by a direct or independently validated measure of
central target engagement.

3.2.5 Exercise intensity and modality: what the
evidence does—and does not—show

Exercise intensity is a plausible determinant of endocannabinoid
responses, but the evidence does not establish a universally optimal
intensity. A frequently cited adult study reported greater circulating
endocannabinoid responses during moderate-intensity exercise than
during lower- or higher-intensity conditions (17). This finding
provides an important starting point, but it derives from a limited
experimental literature and should not be generalized into a universal
dose-response rule.

Across human studies, exercise protocols differ in modality,
duration, training status, prescribed versus self-selected intensity,
timing of blood collection, and methods used to quantify
endocannabinoids (14, 16, 63, 71). These protocol differences are
biologically relevant rather than merely procedural: prescribed and
self-selected aerobic exercise can produce different endocannabinoid
and mood-response profiles, whereas acute resistance exercise has
produced a different circulating lipid pattern from that typically
reported after acute aerobic exercise (63, 71). Consequently, “mod-
erate intensity” is not a biologically uniform exposure. It may be
defined relative to heart rate, oxygen uptake, ventilatory thresholds,
perceived exertion, or an externally prescribed workload, and the
same nominal workload need not impose equivalent physiological
demands across individuals.

Developmental translation is particularly uncertain. The studies
used here to motivate an intensity-dependent exercise—~AEA hy-
pothesis are predominantly nonclinical adult studies rather than
studies of adolescents with depression (14, 17, 63, 71). This
distinction matters because exercise physiology changes across
growth and maturation. Semi-longitudinal data from healthy 11-
17-year-olds show age- and maturation-related changes in ventila-
tory responses across submaximal exercise intensities, while exper-
imental work across pubertal stages demonstrates maturation-
related differences in substrate use during exercise (75, 76).
Adolescent studies further indicate that cardiopulmonary responses
can vary with sex, training, and maturity status, and that perceived
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exertion shows age- and sex-related differences during high-inten-
sity exercise (77, 78). These findings do not demonstrate develop-
mental differences in AEA mobilization, but they show that an
adult-defined exercise intensity cannot automatically be assumed to
represent an equivalent physiological stimulus across adolescence.
The evidence reviewed here does not establish an adolescent-
specific intensity threshold for optimizing AEA mobilization.

Moderate-intensity aerobic exercise is therefore retained in the
proposed framework as a pragmatic starting hypothesis rather than
as a proven optimal prescription. Future adolescent studies should
report intensity using developmentally appropriate relative mea-
sures, characterize pubertal stage and baseline fitness, and directly
compare exercise doses before making mechanistic or clini-
cal recommendations.

3.2.6 Distinguishing endogenous anandamide
signaling from exogenous cannabinoid exposure

Exercise-related endogenous AEA mobilization and exogenous
cannabinoid exposure should be treated as biologically distinct
exposures. Endogenous anandamide signaling is transient, activ-
ity-dependent, enzymatically regulated, and embedded within phys-
iological feedback loops. Exogenous cannabinoids differ from
endogenous exercise-related signaling in exposure magnitude, re-
ceptor pharmacology, temporal profile, dose control, and duration
of receptor engagement (26).

Adolescent cannabis use has been linked to cognitive and
psychiatric risks, but determining causality is complicated by
genetic, social, and psychiatric factors (30). Reviews of cannabis
and the developing adolescent brain emphasize that THC exposure
can interact with reward, stress, and executive-control systems
during periods of ongoing maturation (79). Pharmacological re-
views also suggest that exposure to cannabis during adolescence
could affect brain development and increase psychiatric risks later,
particularly with early and frequent use (80). Preclinical reviews
show that long-term neurobehavioral impacts can result from
adolescent cannabinoid exposure, emphasizing the necessity to
distinguish between endogenous exercise-induced anandamide
and external cannabinoid exposure (81).

Thus, the language must be precise: exercise can alter circulat-
ing AEA, but this does not demonstrate a defined central AEA-
CBIR signal, and cannabis exposure should not be treated as a
physiological surrogate for exercise. This distinction is essential for
interpretation and should prevent exercise-related endogenous
signaling from being used as evidence that exogenous cannabinoid
exposure reproduces the same physiological or clinical effects.

3.3 CB1R-related synaptic mechanisms:
biological plausibility and context
dependence

CB1R-related synaptic mechanisms provide biological plausi-
bility for the proposed model, but their effects cannot be summa-
rized as uniform inhibition. Endocannabinoid signaling is activity
dependent, and ligand specificity matters: genetic disruption of
diacylglycerol lipase-o. has demonstrated a major role for
2-arachidonoylglycerol (2-AG) in retrograde suppression across
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several central synaptic preparations, showing that generic evidence
for endocannabinoid-mediated synaptic modulation should not
automatically be attributed to AEA (25). Presynaptic CBIR effects
also depend on the neuronal population and synaptic context.
Conditional genetic evidence shows that CBIR located on terminals
of forebrain principal neurons can suppress glutamatergic trans-
mission, whereas experiments in the lateral amygdala demonstrate
that CB1R activation can reduce both glutamatergic and
GABAergic transmission through predominantly presynaptic
mechanisms (21, 23). Developmental context is also relevant
because CBI1R expression and CB1R-dependent synaptic inhibition
follow region-dependent developmental trajectories in rodent
cortex, including the prefrontal cortex (28). The resulting net-
work-level effect therefore cannot be inferred from CBIR activation
alone: suppressing transmitter release from glutamatergic and
GABAergic terminals is not functionally equivalent, and the net
consequence depends on which presynaptic populations and local
circuits are engaged. Evidence that CB1R can modulate inhibitory
or excitatory transmission therefore does not predict a universally
beneficial shift in excitatory/inhibitory balance, nor does it establish
that exercise-induced peripheral AEA changes engage these mech-
anisms in prefrontal-amygdala circuitry.

3.3.1 Core components of the endocannabinoid
system

The endocannabinoid system is made up of cannabinoid
receptors, natural lipid ligands, and the enzymes responsible for
their synthesis and breakdown. The CB1 receptor was cloned and
characterized as a G-protein-coupled receptor highly expressed in
the brain, establishing a molecular substrate for cannabinoid effects
in the central nervous system (82). CB2, a second receptor, was
subsequently discovered mainly in immune and peripheral tissues,
though its presence and role in the nervous system are still being
actively studied (83).

The identification of anandamide as a natural ligand for canna-
binoid receptors revealed that the brain produces its own lipid
signals that can activate these receptors (61). Identifying 2-
arachidonoylglycerol later on added another significant endogenous
cannabinoid ligand, extending the concept of endocannabinoid
signaling past anandamide (84). Initial biochemical findings also
pointed to 2-arachidonoylglycerol as a potential endogenous ligand
for cannabinoid receptors in the brain, indicating its importance as a
key synaptic messenger (85). Contemporary reviews summarize this
system as a lipid-based neuromodulatory network centered on CBIR,
CB2R, anandamide, 2-AG, FAAH, and monoacylglycerol lipase (86).

The present review therefore examines AEA-CBIR signaling as
one candidate pathway within a broader endocannabinoid system.
The existence of this molecular machinery establishes plausibility
but does not demonstrate that exercise recruits it within adolescent
corticolimbic circuits.

3.3.2 Anandamide biosynthesis, release, and
FAAH-mediated degradation

Anandamide is produced as needed from membrane phospho-
lipid precursors instead of being stored in synaptic vesicles. Early

frontiersin.org


https://doi.org/10.3389/fpsyt.2026.1915122
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Luan et al.

studies showed that central neurons can form and inactivate
anandamide, supporting the idea that anandamide signaling is
tightly coupled to neuronal activity and local metabolic state (87).
Enzymatic regulation is crucial since anandamide’s biological
impact relies on both its production and swift breakdown.

The main enzyme that breaks down anandamide is fatty acid
amide hydrolase, known as FAAH. Molecular characterization of
FAAH demonstrated that it degrades neuromodulatory fatty acid
amides, including anandamide, and thereby constrains the duration
and intensity of endocannabinoid signaling (88). Mice lacking
FAAH exhibit increased anandamide signaling and changed pain
sensitivity, indicating that FAAH plays a crucial role in regulating
endogenous cannabinoid levels in living organisms (89). Molecular
work on NAPE-PLD further clarified one enzymatic route for
anandamide biosynthesis from membrane precursors (90).
Analyses of anandamide metabolism highlight that synthesis,
membrane movement, receptor interaction, and enzymatic break-
down are part of a cohesive signaling system rather than separate
biochemical processes (91).

Exercise is directly linked to this module. If it enhances
anandamide availability, the impact on behavior and neural circuits
will depend on production, FAAH activity, receptor availability, and
the condition of local circuits.

3.3.3 CBL1 receptor distribution and function in
corticolimbic circuits

The distribution of CBIR is closely linked to the prefrontal-
amygdala model. Autoradiographic mapping showed that canna-
binoid receptors are abundant in brain regions involved in cogni-
tion, emotion, memory, and motor control (92). The cloning of
CBIR laid the groundwork for comprehending these anatomical
findings (82).

In corticolimbic systems, CBIR is situated to control synaptic
transmission instead of merely causing overall inhibition. Reviews
of endocannabinoid signaling in the brain emphasize that CBIR is
enriched on presynaptic terminals, including GABAergic and
glutamatergic terminals, where it can control transmitter release
(93). Reviews on stress and fear regulation also emphasize the
expression of CBIR in the prefrontal cortex, amygdala, hippocam-
pus, and other structures related to stress (65). According to clinical
and translational reviews, the endocannabinoid system is promi-
nently expressed in limbic and prefrontal regions that oversee fear,
anxiety, and neuroendocrine stress responses (94).

This anatomical distribution makes prefrontal and amygdala
regions plausible sites of endocannabinoid modulation. Receptor
expression, however, is not evidence that an exercise-induced
peripheral AEA response activates CBIR in those regions, and
regional expression alone cannot predict the direction of network
or behavioral effects.

3.3.4 Retrograde synaptic signaling and
neurotransmitter release

Retrograde communication is the key synaptic characteristic of

endocannabinoid signaling. Postsynaptic neurons can generate
endocannabinoids that travel backward across the synapse and
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activate presynaptic CB1 receptors, thereby reducing neurotrans-
mitter release. Initial research on the hippocampus offered direct
proof that naturally occurring cannabinoids facilitate retrograde
signaling at synapses (22). Related work showed that endogenous
cannabinoids released by depolarized postsynaptic neurons can
inhibit the release of neurotransmitters from presynaptic neu-
rons (95).

Endocannabinoid retrograde signaling is not limited to inhibitory
synapses. Cerebellar investigations demonstrated that endogenous
cannabinoids have the ability to inhibit calcium influx at presynaptic
excitatory synapses, suggesting a broader control over synaptic
transmission (96). Ligand specificity is also important. Early canon-
ical studies established endocannabinoid-mediated retrograde sup-
pression of synaptic transmission without necessarily identifying
AEA as the operative ligand in each preparation (97). Subsequent
genetic evidence has shown that 2-arachidonoylglycerol (2-AG) is a
major mediator of rapid retrograde synaptic suppression across
several central preparations. In mice lacking diacylglycerol lipase-o,
endocannabinoid-mediated retrograde suppression was abolished in
the cerebellum, hippocampus, and striatum, directly implicating
DGLo-derived 2-AG in these processes (25). Independent work
using diacylglycerol lipase knockout models likewise demonstrated
loss of retrograde endocannabinoid signaling, further supporting a
major role for 2-AG synthesis in central endocannabinoid transmis-
sion (98). Generic evidence for “endocannabinoid” retrograde trans-
mission should therefore not be cited automatically as AEA-specific
evidence. This distinction is particularly important for an AEA-
centered exercise hypothesis. Endocannabinoid signaling is detailed
in physiological reviews as a key mechanism for modulating synaptic
strength based on activity (99). Later synaptic reviews further
emphasize that endocannabinoids are capable of modulating plastic-
ity over both short and long terms in a range of brain regions,
including those linked to emotional and stress-related circuits (100).

This retrograde signaling architecture is relevant to the model
but does not imply that AEA is a universal mood regulator; any
functional effect would depend on the ligand, synapse, and cir-
cuit engaged.

3.3.5 Regulation of GABAergic and glutamatergic
transmission

Endocannabinoids can modulate GABAergic and glutamatergic
transmission through presynaptic CBIR, but this does not imply
a uniform restoration of excitatory/inhibitory balance (101). In
affective circuits, the direction and behavioral consequence of
such modulation depend on the terminals and local microcir-
cuit engaged.

In affective circuits, CB1R-dependent suppression of transmit-
ter release can have different functional consequences depending on
the presynaptic population involved. In the lateral amygdala, CBIR
activation can reduce both glutamatergic and GABAergic synaptic
transmission through predominantly presynaptic mechanisms (23).
CBIR located on presynaptic terminals of forebrain principal
neurons can also control glutamatergic transmission across sev-
eral forebrain regions, including the basolateral amygdala (21).
Reduced glutamate release and reduced GABA release are therefore
not functionally equivalent. Consistent with this distinction,
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conditional-mutant experiments have shown that CBI1R signaling
in cortical glutamatergic versus GABAergic neuronal populations
can contribute to opposite behavioral effects under the same broad
endocannabinoid system (24). Accordingly, the net consequence of
altered CBIR signaling cannot be inferred from receptor activation
alone, and a change in CBIR signaling should not be assumed to
“restore” excitatory/inhibitory balance without cell-type- and cir-
cuit-specific evidence.

For the proposed adolescent depression model, this complexity
is a central limitation rather than a secondary qualification. The
hypothesis requires evidence about which ligand changes, which
CBIR-expressing presynaptic populations are engaged, in which
prefrontal or amygdala subregion, at what developmental stage, and
with what net circuit effect. Anatomical work in the amygdala
further demonstrates that CB1R expression is distributed across
specific nuclei and presynaptic cellular elements rather than form-
ing a uniform regional signal (102). Developmental stage should
likewise be treated as an unresolved source of variation rather than
assumed equivalence across adolescence and adulthood.

3.3.6 Context-dependent endocannabinoid
modulation during stress

Endocannabinoid signaling participates in the regulation of
stress-related neural and endocrine processes, but its role is dynamic
rather than uniformly suppressive. Depending on timing, region,
ligand, receptor localization, and stress context, endocannabinoid
processes may influence the initiation, magnitude, or termination of
stress responses (66, 103-105). The term “synaptic brake” is therefore
avoided because it implies a uniform inhibitory action that is
inconsistent with cell-type- and circuit-specific CBIR biology.

Experimental work shows that the signaling of endocannabinoids
can be involved in both the start and end of hypothalamic-pituitary-
adrenal responses, implying it controls stress dynamics rather than
simply suppressing stress overall (104). Fear and anxiety assessments
similarly depict endocannabinoid signaling as a mechanism that
regulates fear expression, extinction, and anxiety-related behavior
(65). Anandamide degradation by FAAH is especially important in
the amygdala, where stress can reduce anandamide signaling and
thereby increase anxiety-related excitability (66). Reviews centered on
anxiety highlight that the impact of endocannabinoid signaling varies
based on brain region, ligand, receptor, stress context, and neuro-
transmitter system (105).

These findings provide a basis for testing whether exercise-
related endocannabinoid responses are associated with post-
stressor recovery or other stress-related outcomes. They do not
establish that exercise-generated AEA acts as a central CBIR-
dependent brake within prefrontal-amygdala circuits.

3.4 Potential relevance of
endocannabinoid mechanisms to
prefrontal-amygdala circuitry

Prefrontal-amygdala circuitry is one candidate neural level at

which endocannabinoid-related processes could be examined, but
the current evidence reviewed here does not establish preferential
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targeting of this circuitry by exercise-induced AEA. In adolescent
depression, prefrontal and amygdala abnormalities are situated
within broader distributed systems rather than an isolated two-
node circuit. Large-scale resting-state work has identified altered
connectivity among attention, central executive, salience, and
default-mode networks; other adolescent studies have implicated
networks spanning the amygdala, striatum, and prefrontal cortex,
while effective-connectivity analyses have identified altered inter-
actions between salience and default-mode systems involving
amygdala, medial prefrontal, and anterior cingulate nodes (50,
106, 107). The following sections therefore evaluate whether sepa-
rate findings from these literatures provide biological plausibility
while explicitly identifying where direct evidence is absent.

3.4.1 CB1R-mediated modulation of prefrontal
cortical excitability

Prefrontal CB1R-related mechanisms have been examined in
experimental studies of synaptic transmission and anxiety-related
behavior. Such work supports context-dependent cortical
endocannabinoid modulation but does not establish an exercise-
driven mechanism in adolescent depression (108). This is crucial
because adolescent depression frequently includes diminished reg-
ulatory control during stress, and prefrontal excitability needs to be
adaptable rather than just elevated or decreased.

Studies on stress and endocannabinoids indicate that stress can
modify endocannabinoid signaling in the cortical and limbic areas,
impacting behavioral adaptation and emotional recovery (103).
HPA-axis studies further indicate that endocannabinoid signaling
participates in both initiating and terminating stress responses,
implying that prefrontal CB1R signaling may help regulate the tim-
ing of stress recovery (104). Studies on fear and anxiety highlight the
medial prefrontal cortex as a crucial area where endocannabinoids
affect anxiety-related behavior and the control of fear (105). Broader
fear and stress reviews also place prefrontal endocannabinoid
signaling within a distributed regulatory network involving the
amygdala, hippocampus, and hypothalamus (65).

These findings indicate that prefrontal endocannabinoid sig-
naling can influence affect-related processes under some experi-
mental conditions. They do not demonstrate that exercise-induced
AEA enhances prefrontal regulatory efficiency. Such a claim would
require temporal evidence linking an exercise-related molecular
response to a defined change in a specified prefrontal subregion and
to a subsequent behavioral outcome.

3.4.2 Amygdala AEA—CBI1R mechanisms in stress-
and fear-related paradigms

Most evidence linking amygdala AEA-CBIR processes to
stress-related outcomes derives from preclinical, fear-learning, or
translational paradigms rather than exercise studies in adolescent
depression. Fear-extinction studies implicate CBIR signaling in the
reduction of conditioned threat responses (67), and other work
links amygdala AEA-related processes with fear extinction, threat
processing, and stress reactivity across animal and human para-
digms (68).
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FAAH is particularly important as it restricts the availability of
anandamide in the amygdala. Stress can increase FAAH-mediated
anandamide hydrolysis, reducing anandamide tone and increasing
anxiety-related excitability (66). Genetic data support a related
translational association: the FAAH C385A variant has been linked
to altered AEA-related biology, fronto-amygdala function, and fear-
extinction phenotypes in mice and humans (69). Studies on the
endocannabinoid system in relation to anxiety and fear memory
highlight the amygdala as a crucial area where CBIR signaling
influences anxiety, habituation, and the extinction of fear (70).

These findings make the amygdala one plausible region for
translational investigation of AEA-related stress and threat pro-
cesses. However, most direct evidence derives from fear-learning,
anxiety-related, genetic, or preclinical paradigms rather than exer-
cise interventions in adolescent depression. Fear extinction is a
specific learning process and should not be treated as equivalent to
antidepressant response, stress recovery, or symptom remission.

3.4.3 Potential CB1R-related modulation of
excitatory and inhibitory transmission

Prefrontal-amygdala function emerges from multiple excitatory
and inhibitory interactions within and between cortical and limbic
microcircuits. CBIR signaling can modify selected inhibitory and
excitatory inputs, with effects that vary by cell type and synaptic
location (93). Due to its high context sensitivity, the pathway can
produce different behavioral results from the same molecular
system, depending on which synapses are involved.

Endocannabinoids can inhibit neurotransmitter release at the
synapse by activating presynaptic CBI receptors (22). Reviews of
endocannabinoid-mediated synaptic control show that this mech-
anism supports both short-term suppression of transmission and
longer-term plasticity (99). Endocannabinoid plasticity is present in
various neural circuits, such as those related to emotional learning
and stress adaptation (109). Later reviews emphasize that under-
standing how endocannabinoids modify circuit function requires
examining CB1R’s role in modulating GABA and glutamate trans-
mission, rather than just reducing neural activity (100).

In the proposed model, altered excitatory/inhibitory transmission
is therefore a possible intermediate mechanism, but its direction cannot
be predicted from a rise in circulating AEA alone. Direct evidence
would require ligand-specific, cell-type-specific, and circuit-level mea-
surements demonstrating that the exercise response changes relevant
transmission in a manner associated with improved function.

3.4.4 Potential relations between exercise-
related AEA responses and emotion-regulation
circuits

Top-down emotion regulation is one candidate circuit-level
outcome for mechanistic study, but no evidence shows that exer-
cise-induced AEA mediates this process in adolescent depression.
Acute exercise can alter affective and neurochemical outcomes (11),
while separate studies show that aerobic exercise can increase
circulating AEA under some conditions (14).
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Human exercise studies indicate that acute exercise can alter
affective, cognitive, neurophysiological, and neurochemical out-
comes (11), while separate studies show that acute aerobic exercise
can increase circulating AEA under specific experimental condi-
tions (14). These observations should not be collapsed into evidence
that AEA mediates top-down prefrontal regulation. Systematic
reviews of the exercise—endocannabinoid literature indicate that
acute exercise can alter circulating endocannabinoid concentra-
tions, but they also emphasize heterogeneity across protocols and
the limited causal evidence linking peripheral endocannabinoid
responses to specific affective mechanisms in humans (15, 16).

A preliminary secondary analysis of a randomized controlled
fear-extinction study in women with posttraumatic stress disorder
reported that exercise-related increases in peripheral AEA and
BDNF were associated with reduced threat expectancy following
reinstatement (64). This finding is relevant to threat learning in
PTSD, but it should not be interpreted as direct evidence of
antidepressant action, stress recovery, or normalization of prefron-
tal-amygdala circuitry in adolescent depression. The most defensi-
ble conclusion is therefore that exercise-related AEA responses
warrant investigation alongside independently measured circuit
outcomes; the evidence reviewed here does not establish that
AEA facilitates top-down prefrontal regulation of the amygdala.

3.4.5 Potential links between circuit outcomes
and stress-sensitive symptoms

The prefrontal-amygdala mechanism ought to be linked to
particular symptom dimensions. Stress-reactive rumination is one
relevant domain because this involves stress sensitivity, recurring
negative thoughts, and reduced emotional recovery. In adolescent
females, the link between the amygdala and ventrolateral prefron-
tal cortex during emotion regulation connects stress-related rumi-
nation with symptoms of depression (10). This discovery directly
links circuit function to a behavioral phenotype associated
with depression.

Rumination is also a stress-amplifying process. It forecasts
increased reactions to stressful life events in depression and anxiety,
indicating that rumination sustains internalizing symptoms by
extending emotional activation following stress (56). In early
adolescence, rumination mediates the link between stressful
events and symptoms of depression and anxiety (9). Long-term
research suggests that rumination serves as a risk factor during the
transition from early to middle adolescence, predicting depressive
symptoms and episodes (58). Research on adolescent emotion
regulation indicates that challenges in managing both negative
and positive emotions are key factors in adolescent anxiety and
depression (39).

Accordingly, stress reactivity, rumination, anxiety symptoms,
emotional dysregulation, and overall depression severity should be
modeled as distinct outcomes. The current literature does not
establish that they share one AEA-CBI1R-mediated mechanism.
Future studies should test whether any exercise-related molecular or
circuit effect is specific to one dimension rather than presuming a
common downstream pathway.

frontiersin.org


https://doi.org/10.3389/fpsyt.2026.1915122
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Luan et al.

3.5 Developmental translation, moderators,
and critical evidence gaps

The translational rationale for this model is developmentally
specific: adolescence is a period in which endocannabinoid biology,
prefrontal maturation, amygdala function, stress responsivity, and
depression vulnerability intersect. This makes exercise-related
AEA-CBIR processes a candidate for mechanistic study, not an
established intervention target. Few studies concurrently assess
exercise dose, AEA responses, FAAH-related biology, prefrontal-
amygdala function, and depressive symptom change in adolescents.

3.5.1 Adolescence as a sensitive window for
endocannabinoid and corticolimbic development

Endocannabinoid-system components change across develop-
ment, and adolescent corticolimbic maturation provides a biolog-
ically relevant context for study (26). This developmental context
creates both potential sensitivity and substantial uncertainty. The
same developmental argument also limits extrapolation. If
endocannabinoid signaling and corticolimbic organization change
across adolescence, mechanisms characterized in healthy adults or
mature animals cannot be assumed to operate with the same
receptor expression and function, hormonal context, circuit orga-
nization, or downstream functional consequences in adolescents.
Human postmortem evidence indicates that components of the
endocannabinoid system in the dorsolateral prefrontal cortex follow
developmental trajectories across postnatal life, while rodent studies
show age- and region-dependent changes in cortical CB1R expres-
sion and CB1R-mediated synaptic function (28, 110). Corticolimbic
organization also changes across development: task-based human
imaging has identified a developmental shift in amygdala—prefron-
tal connectivity from childhood into adolescence (29). Pubertal
hormonal context can further modify frontal-cortical maturation,
as experimental manipulation of ovarian hormones alters the mat-
uration of inhibitory neurotransmission in the medial frontal
cortex of female mice (27). Experimental CBIR stimulation
during adolescence can also alter subsequent maturation of pre-
frontal GABA function in rats, illustrating that developmental
timing can modify the consequences of CBIR perturbation (37).
Developmental relevance therefore increases the need for age-
specific evidence rather than strengthening adult-to-adolescent
inference. These developmental observations do not show that
exercise-induced AEA engages an adaptive central mechanism;
they instead reinforce the need for age-specific evidence.

Neurodevelopmental reviews highlight the significance of
endocannabinoid signaling in neural development, synaptic refine-
ment, and the maturation of circuits (111). The endocannabinoid
system is also implicated in critical developmental periods that
shape later emotional and cognitive outcomes (112). The onset of
puberty could further change cortical sensitive periods, especially in
associative neocortical regions linked to emotional control and
behavioral flexibility (36). Studies on cannabis and adolescent
brain development highlight a similar risk: disrupting cannabinoid
signaling during adolescence could impact reward, stress, and
executive control systems (79).
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The developmental implication is narrower: adolescent-specific
studies should test whether exercise-related AEA responses covary
with defined corticolimbic outcomes. Endogenous, transient AEA
mobilization is a rationale for study, not evidence of developmen-
tal benefit.

3.5.2 Potential developmental relevance of
exercise-related AEA—-CBIR processes

Exercise can increase circulating AEA under some conditions,
but this observation does not establish central CBIR engagement.
Unlike exogenous THC exposure, exercise produces transient and
context-dependent mobilization of endogenous ligands. Adult
human studies indicate that circulating AEA responses can vary
with exercise intensity, but they do not identify an adolescent
optimum (17).

Separate translational findings provide indirect evidence that
variation in AEA-related biology can be associated with
corticolimbic outcomes. FAAH-related genetic variation has been
associated with differences in frontoamygdalar function and fear-
extinction phenotypes (69). This translational evidence indicates
that AEA-related biology can covary with corticolimbic outcomes,
but it does not show that exercise-induced circulating AEA pro-
duces the same effect or that fear-extinction phenotypes are
equivalent to improvement in adolescent depression. Increases in
anandamide due to exercise have been associated with outcomes in
threat-learning within a randomized trial setting, offering a clini-
cally relevant yet preliminary connection between exercise biology
and fear regulation (64). Developmental reviews provide context for
studying this pathway but do not establish exercise-induced AEA-
CBIR effects during adolescent corticolimbic maturation (26).

Accordingly, developmental modulation is a hypothesis to be
tested rather than a demonstrated property of the pathway. One
testable possibility is that repeated exercise bouts produce recurrent
peripheral AEA responses that are associated with longer-term
adaptation. At present, however, the transition from repeated
transient AEA responses to durable CB1R-dependent circuit plas-
ticity and sustained symptom change has not been demonstrated.

3.5.3 Current evidence gaps in adolescent
populations

The central limitation of the proposed framework is that no
study has tested the complete sequence of exercise exposure, AEA
response, CB1R-dependent signaling, prefrontal-amygdala circuit
change, and depressive symptom improvement in adolescents.
Separate exercise, endocannabinoid, and adolescent-imaging liter-
atures rarely converge within the same study. Reviews of exercise
and circulating endocannabinoids emphasize that most studies
involve healthy adults and differ substantially in design, sampling
timing, and exercise protocol (16). Runner’s-high reviews also
mention that human studies indicate endocannabinoid activation
following acute exercise, but they have not yet proven a direct link
to mood changes (15).

In terms of depression, adolescent neuroimaging research
indicates prefrontal-amygdala dysfunction, but often does not
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assess endocannabinoid biology. Resting-state work in depressed
adolescents shows there is altered connectivity between the amyg-
dala and prefrontal regions (4). Research on adolescents with their
first episode of depression, who have not yet received medication,
also points to abnormal structural and functional coupling between
these areas (6). Evidence from task-based studies further suggests
that there is inadequate connectivity between the prefrontal cortex
and the amygdala during the processing of emotional faces in
adolescents with MDD (5).

The key unresolved question is therefore whether an exercise-
related AEA response temporally predicts circuit change and whether
that circuit change, in turn, predicts improvement in prespecified
symptom dimensions. Even such a mediation pattern would require
cautious interpretation because circulating AEA would remain an
indirect marker of central endocannabinoid signaling.

3.5.4 Limits of cross-level and cross-population
extrapolation

The proposed model combines evidence across several inferen-
tial transitions: healthy to depressed populations, adult to adoles-
cent populations, animal to human systems, peripheral to central
biology, acute to chronic timescales, fear learning to depressive
psychopathology, and regional molecular mechanisms to distrib-
uted circuit function. These transitions are not equivalent in
evidential strength. For example, representative human exercise-
endocannabinoid studies have quantified circulating responses in
nonclinical adult samples, whereas preliminary multimodal human
evidence has not established a uniform correspondence between
plasma endocannabinoid concentrations and independently mea-
sured central neurochemical outcomes (18, 63). Each transition
therefore introduces uncertainty, and convergence across separate
literatures should not be mistaken for demonstration of one
continuous causal pathway.

Developmental translation is also limited. Components of the
human endocannabinoid system in the dorsolateral prefrontal
cortex show postnatal developmental trajectories, human amyg-
dala-prefrontal connectivity changes across development, and
experimental manipulation of pubertal ovarian hormones can
alter the maturation of inhibitory neurotransmission in frontal
cortical circuits in mice (27, 29, 110). These findings do not
demonstrate developmental differences in exercise-induced AEA
responses, but they show why mechanisms characterized in adults
cannot be assumed to operate identically across adolescence.
Preclinical studies remain essential for causal manipulation of
CB1R-related mechanisms, yet findings from specific rodent prep-
arations should not be treated as developmental equivalents of
heterogeneous adolescent depression. For example, experimental
CBIR stimulation during adolescence alters subsequent maturation
of prefrontal GABAergic function in rats, illustrating the impor-
tance of developmental timing while remaining distinct from
endogenous exercise-induced AEA signaling (37).

The same caution applies to translation across behavioral
paradigms. Fear extinction is a model of learned threat reduction
and should not be treated as a surrogate for depressive symptom
remission. In the exercise—AEA study most directly relevant to this
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review, the sample consisted of women with posttraumatic stress
disorder, and the principal outcome concerned threat expectancy
following reinstatement rather than depressive symptom change
(64). This study is therefore informative for threat learning but does
not directly establish antidepressant action, stress recovery, or
prefrontal-amygdala normalization in adolescents with depression.

For these reasons, the evidential value of each study in this
review depends not only on whether its findings are consistent with
the hypothesis, but also on how directly it tests the specific link
under discussion. The proposed model should be revised, narrowed,
or rejected if future studies fail to establish temporally ordered
associations between exercise-related molecular responses, inde-
pendently measured circuit changes, and prespecified clini-
cal outcomes.

3.5.5 Proposed experimental framework:
exercise, anandamide, fMRI, and symptom
mediation

A stringent mechanistic test would require a longitudinal
randomized design with an active comparator and temporally
ordered measurements. Exercise dose should be quantified using
relative intensity metrics and interpreted in relation to develop-
mental and fitness characteristics, because physiological responses
to nominally similar exercise intensities vary across growth, matu-
ration, sex, and training status (75, 77). Circulating AEA should
be measured explicitly as a peripheral biomarker, with 2-
arachidonoylglycerol (2-AG) included as a comparator because
human exercise studies demonstrate ligand-specific response pat-
terns and because 2-AG has direct mechanistic support as a major
mediator of rapid retrograde endocannabinoid signaling in several
central synaptic preparations (25, 63). Where feasible, prespecified
FAAH-related measures may provide an additional translational
dimension, although FAAH findings from non-exercise paradigms
should not be interpreted as evidence that exercise-induced AEA
engages the same mechanism (69). The protocol should explicitly
avoid treating plasma AEA as proof of central CBIR engagement.
Preliminary multimodal human evidence has not established a
uniform correspondence between plasma endocannabinoid con-
centrations and independently measured central neurochemical
outcomes, and it does not validate circulating AEA as a region-
specific proxy for brain CB1R signaling (18). Cortisol and selected
additional physiological markers may be included when they
correspond to prespecified hypotheses rather than as an undirected
biomarker panel. The neuroimaging aspect should concentrate on
the functional connectivity between the prefrontal cortex and
amygdala both at rest and during tasks related to emotions or
stress. Existing adolescent depression studies already support al-
tered amygdala-prefrontal connectivity (4), and longitudinal work
suggests that reduced fronto-amygdalar connectivity can predict
later depressive symptoms (46). Effective-connectivity models
might be especially beneficial as they can assess if the prefrontal
regulation of the amygdala alters following an intervention (48).

The primary analysis should test temporally ordered and
preregistered mediation hypotheses rather than relying only on
pre-post group differences. One candidate sequence is exercise
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exposure — circulating AEA response — circuit outcome —
prespecified symptom dimension. This sequence should be
treated as a falsifiable model, not as an assumed pathway.
Alternative models should also be examined, including parallel
exercise effects on AEA and symptoms, reverse associations, and
mediation by non-endocannabinoid pathways. A significant indi-
rect effect involving circulating AEA would still not prove central
CBIR engagement.

3.5.6 Sex and pubertal hormonal context as
biological variables

Sex should be treated as a biological variable across the
proposed pathway rather than as a covariate added only at the
analysis stage. Adolescent depression shows sex-related differences
in risk and incidence, and some studies report sex-related variation
in particular symptom patterns, although substantial clinical over-
lap remains (113, 114). Stress physiology and corticolimbic orga-
nization also show sex- and puberty-related variation. Experimental
work in children and adolescents has identified sex- and pubertal-
stage differences in biological responses to social and performance
stressors, while neuroimaging studies have reported developmental
sex differences in amygdala subregion connectivity and associations
between pubertal testosterone and threat-related amygdala-
orbitofrontal coupling (115-117).

Endocannabinoid biology may likewise vary with sex and
hormonal context, but the available evidence should be interpreted
cautiously. Adult human PET evidence has identified sex differences
in CBIR availability, whereas studies in adult women show that
circulating AEA varies across the menstrual cycle in relation to sex-
steroid and gonadotrophin measures (118, 119). These findings are
not adolescent exercise studies and do not establish a specific
direction of sex moderation for exercise-induced AEA responses.
Rather, they identify plausible but unestablished points of effect
modification across the proposed pathway, including circulating
endocannabinoid responses, FAAH-related regulation, stress phys-
iology, circuit development, and symptom phenotype.

The current evidence is insufficient to specify a single direction
of sex moderation and, for several links in the proposed pathway, is
insufficient to establish whether such moderation exists at all.
Pubertal stage, chronological age, sex category, and circulating
gonadal hormone concentrations should therefore be treated as
related but non-interchangeable variables. Future studies should
prespecify sex-stratified or sex-interaction analyses when ade-
quately powered, assess pubertal stage, document menstrual and
hormonal context when scientifically appropriate, and distinguish
exploratory from confirmatory analyses. Sex-specific analyses
should also avoid implying that a binary sex variable directly
measures gonadal hormone exposure.

This issue affects interpretation of existing studies. Findings
derived from male-only, female-only, or mixed samples without
sex-specific analysis should not be assumed to generalize uniformly
across adolescents. Where the present review cites sex-specific
evidence, the population restriction should be stated explicitly.
For example, the reported association among stress-reactive rumi-
nation, amygdala-ventrolateral prefrontal connectivity, and
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depressive symptoms was observed in a sample of 41 adolescent
girls and should not be generalized automatically to boys or to all
adolescents (10).

3.5.7 Other candidate moderators: fitness,
habitual activity, FAAH-related biology,
medication, and exercise dose

Beyond sex and pubertal hormonal context, several candidate
moderators could alter observed exercise or AEA responses. FAAH
variation is one plausible source of interindividual heterogeneity
because reduced FAAH expression can influence AEA-related
biology and fronto-amygdala phenotypes (69). Medication expo-
sure, cannabis use, sleep, anxiety comorbidity, and metabolic char-
acteristics may also affect baseline physiology or treatment response,
but their roles in the proposed chain remain unestablished.

Exercise dose, baseline fitness, and habitual activity also require
explicit measurement. Adult studies suggest that circulating
endocannabinoid responses vary with intensity, but they do not
establish that moderate intensity is optimal for adolescents (17).
Prescribed and self-selected exercise can yield different mood and
endocannabinoid response profiles (63), while adolescent activity and
sedentary patterns are associated with depressive symptoms (60). These
observations justify testing effect modification; they do not show that
individualized intensity is superior to standardized prescriptions.

Future trials should prespecify a limited moderator set matched
to hypotheses, including baseline fitness, habitual activity, FAAH-
related biology, medication status, sleep, BMI or body composition,
anxiety comorbidity, and cannabis exposure. Moderator analyses
should be adequately powered and distinguished from exploratory
subgroup findings.

3.5.8 Clinical and preventive implications

The present mechanistic hypothesis should not be used to claim
that AEA-CBIR signaling is an established basis for exercise
prescription in adolescent depression. Exercise may be considered
as a supportive or adjunctive component within broader evidence-
based clinical care. Clinical guidance for depression in children and
young people recommends discussing the benefits of regular exer-
cise and considering structured, supervised exercise, while retaining
psychological and, where indicated, pharmacological treatments
within the broader stepped-care framework (120).

The intervention evidence should nevertheless be interpreted
cautiously because effects are not uniform across studies or timescales.
In a pragmatic randomized trial of adolescents receiving treatment for
depression, preferred-intensity exercise added to treatment as usual did
not produce a significant additional reduction in depressive symptoms
immediately after the intervention, although a between-group differ-
ence favoring exercise was observed at six-month follow-up (121).
By contrast, a randomized trial in adolescent psychiatric inpatients
reported greater reduction in depressive symptoms when structured
physical exercise was added to inpatient care than under the compar-
ison condition (122). These findings support continued investigation of
exercise as a clinical adjunct but do not establish a uniform antide-
pressant effect across settings, protocols, or follow-up periods.
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Crucially, the evidence reviewed here does not demonstrate that
any clinical benefit of exercise in adolescent major depressive
disorder is mediated by AEA-CBIR signaling. A pilot randomized
study of nonmedicated adolescents with major depressive disorder
supports the feasibility of structured aerobic exercise research in
this population but did not test an AEA-CBIR mechanism (123).
Any clinical recommendation should therefore be based on the
broader evidence for exercise, the young person’s clinical status and
preferences, feasibility, safety, and likely adherence, rather than on
assumed activation of an AEA-CBIR pathway.

Youth physical-activity research supports potential cognitive and
mental-health benefits, but this does not establish exercise as a
standalone treatment for adolescent MDD (13). Prospective adoles-
cent data linking movement patterns and depressive symptoms
support preventive relevance, particularly when sedentary behavior
accumulates across development (60). Since depression in youth
tends to recur, cause impairment, and disrupt development, addi-
tional interventions that enhance stress management and daily
functioning are crucial, even if they are not standalone treatments (1).

The potential value of the AEA model is not that it currently
justifies a specific exercise prescription, but that it generates
measurable hypotheses about why individuals may differ in re-
sponse to exercise. Until those hypotheses are tested, exercise dose
should not be prescribed on the assumption that a particular
regimen optimally engages AEA-CBIR signaling in adolescents.
Rather than simply advising adolescents to ‘exercise more,” future
studies should test prespecified doses and determine whether
exercise-related molecular responses temporally predict defined
neural and symptom outcomes.

3.5.9 Key testable predictions

The proposed framework yields several falsifiable predictions.
First, an exercise intervention should produce a reproducible AEA
response in adolescents before an AEA-mediated mechanism can be
considered. This requirement is particularly important because
human exercise studies show that circulating endocannabinoid
responses vary across intensity and protocol conditions rather

10.3389/fpsyt.2026.1915122

than following a single invariant pattern (17, 63, 71). Second,
interindividual variation in that response should temporally pre-
cede and predict a prespecified neural outcome rather than merely
correlate with concurrent mood change. Third, the neural outcome
should involve anatomically defined circuit measures and should
predict a prespecified symptom dimension. Fourth, any proposed
mediation effect should remain robust after accounting for exercise
dose and prespecified plausible alternative physiological pathways.
Fifth, results should be examined for developmental and sex-related
effect modification rather than assuming equivalence across ado-
lescence or across sexes. Failure at any of these steps would require
narrowing or revising the proposed model.

A particularly informative trial would compare a prespecified
aerobic exercise condition with an active control, obtain repeated
peripheral endocannabinoid samples around acute exercise
bouts and across training, and measure AEA together with 2-
arachidonoylglycerol (2-AG). Including 2-AG is important because
human exercise studies demonstrate ligand-specific response patterns
and because direct genetic evidence identifies 2-AG as a major
mediator of rapid retrograde endocannabinoid signaling in several
central synaptic preparations (25, 63, 71). Where feasible and
prospectively justified, the protocol could also characterize FAAH-
related biology, while recognizing that existing FAAH findings from
non-exercise paradigms do not demonstrate that exercise-induced
AEA engages the same mechanism (69). Relevant developmental and
sex-related moderators should be prespecified because amygdala—
prefrontal organization changes across development and human
CBIR availability has shown sex-related variation, although neither
observation establishes the direction of moderation in adolescent
exercise responses (29, 118). The trial should assess anatomically
specific circuit outcomes and prespecified symptoms at temporally
separated time points. Such a design would still not demonstrate
central CBIR engagement solely from peripheral AEA changes,
because preliminary multimodal human evidence has not validated
plasma endocannabinoid concentrations as region-specific proxies
for central neurochemical signaling (18). It would, however, substan-
tially reduce the inferential gaps that currently characterize the
literature. Table 1 summarizes evidence directness and major

TABLE 1 Evidence directness and major uncertainties across the proposed exercise—AEA-CB1R-prefrontal-amygdala pathway in adolescent depression.

Directness to the
proposed chain

Main evidence
source

Proposed link

What the evidence
supports

Main uncertainty or conflicting
evidence

Exercise exposure — | Acute human exercise
circulating AEA/2-

AG response

Direct for peripheral
studies and systematic concentrations in mostly
healthy adults; indirect
for adolescents with

MDD.

synthesis: Sparling et al.
(14); Raichlen et al. (17);
Brellenthin et al. (63); Desai
et al. (16); Sirotiak et al.
(71).

Acute exercise can alter circulating Magnitude and direction vary with modality,

endocannabinoids under some intensity, timing, and protocol. Resistance
experimental conditions. AEA exercise can show a different pattern.
increases are reported in several Reproducibility in adolescent MDD is
aerobic protocols, and ligand- unknown, and a peripheral response does not

speciﬁc responses can occur. demonstrate central target engagement.

Direct in limited adult
experiments; very

Exercise intensity — | Adult laboratory intensity
studies: Raichlen et al. (17);

Brellenthin et al. (63).

magnitude of
circulating AEA
response

indirect for adolescent
prescription.

Exercise intensity can influence No universal optimal intensity is established.

circulating endocannabinoid “Moderate intensity” is operationalized
responses. A frequently cited adult
study observed greater responses

during moderate than lower- or

differently across studies, and adolescent-
specific thresholds for AEA mobilization have
not been established.

higher-intensity conditions.
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TABLE 1 Continued

Proposed link

Main evidence
source

Directness to the

proposed chain

What the evidence
supports

10.3389/fpsyt.2026.1915122

Main uncertainty or conflicting
evidence

Circulating AEA —
central AEA
availability or CBIR
engagement

Endocannabinoid
ligand — rapid
retrograde synaptic
suppression

Peripheral biomarker studies
plus preliminary multimodal
human work: van
Hooijdonk et al. (18).

Preclinical genetic and
synaptic studies: Tanimura
et al. (25).

Not directly established.

Direct preclinical
evidence for 2-AG/
endocannabinoid
signaling; indirect for
AEA, exercise, and
humans.

Plasma or serum AEA can be
quantified as a peripheral response
marker, and peripheral-central
relationships can be examined
empirically.

Rapid retrograde endocannabinoid
suppression is a well-established
synaptic mechanism in several
preparations; DGLa-derived 2-AG
is a major mediator in multiple
central synapses.

No validated region-specific proxy links
plasma AEA to PFC or amygdala AEA, CBIR
occupancy/activation, or local synaptic
transmission. Correlations may reflect parallel
responses, and no exercise study closes this
gap.

Generic “endocannabinoid” evidence cannot
be attributed automatically to AEA. Ligand
contribution depends on preparation and
timescale, and AEA-specific relevance to the
exercise hypothesis remains untested.

CBIR activation —
transmitter release
— net circuit effect

PFC-amygdala
circuitry —
adolescent depressive
and stress-related
phenotypes

Preclinical terminal-, cell-,
and circuit-level studies:
Azad et al. (23); Domenici
et al. (21); Lafenétre et al.
(24).

Adolescent imaging studies:
Connolly et al. (4); Willinger
et al. (50); Fowler et al. (10).

Direct preclinical
evidence at defined
synapses/populations;
indirect for adolescent
MDD.

Direct association in
adolescent samples for
specific paradigms;
causal and uniform
circuit claims are not
established.

CBIR can reduce transmitter
release from defined presynaptic
populations. Glutamatergic and
GABAergic effects are not
functionally equivalent, and
neuronal population matters for net
outcome.

Specific studies associate altered
frontoamygdalar connectivity with
depression severity, inefficient
emotional-face processing, or
stress-reactive rumination and
depressive symptoms.

CBIR activation does not predict a universally
beneficial restoration of excitation/inhibition
balance. Net effects depend on cell type,
subregion, developmental stage, and circuit
state; exercise-induced peripheral AEA has
not been shown to engage these specific
terminals.

Direction and location of abnormalities vary
by resting/task paradigm, prefrontal target,
clinical state, and sample. Some evidence is
sex-specific. PEC-amygdala circuitry is
embedded in broader distributed networks
and is not specific to depression.

Exercise-related AEA
response — affective
or threat-related
outcome

Adult/animal ECS
mechanisms —
adolescent
depression

Human concurrent-change/
association studies and a
translational fear-extinction
study: Brellenthin et al. (63);
Stone et al. (19); Crombie
et al. (64).

Human developmental,
rodent developmental,
circuit-maturation, and
pubertal-hormone studies:
Long et al. (110); Heng et al.
(28); Gee et al. (29);
Piekarski et al. (27); Cass

et al. (37).

Associational or

concurrent; translational

for threat learning; no
direct adolescent MDD
evidence.

Translational and
inferential.

Some human studies report
concurrent changes in circulating
endocannabinoids and mood-
related outcomes. In women with
PTSD, exercise-related AEA/BDNF
changes were associated with threat
expectancy after reinstatement.

ECS components, CBIR expression/
function, corticolimbic
organization, and pubertal
hormonal influences change across
development. Developmental
timing can alter consequences of
CBIR perturbation.

Concurrent change does not establish
mediation. Associations vary across protocols.
Fear extinction is not depression remission or
stress recovery, and the cited study did not
demonstrate PFC-amygdala normalization in
adolescent MDD.

Adult or mature-animal mechanisms cannot
be assumed to operate identically in
adolescents. Exogenous CBIR stimulation is
not equivalent to endogenous exercise-
induced AEA, and species/age differences
remain substantial.

Sex and pubertal
context —
modification of the
proposed pathway

Component-level
developmental and human
ECS studies: Alarcon et al.
(116); Spielberg et al. (117);
Laurikainen et al. (118); El-
Talatini et al. (119).

Direct for selected

component differences;
untested as a modifier
of the complete chain.

Sex- and puberty-related variation
has been reported in amygdala
connectivity, pubertal hormone-
circuit coupling, adult CBIR
availability, and circulating AEA
across menstrual context.

The direction of moderation for exercise-
induced AEA or adolescent MDD is
unknown. Adult data do not establish
adolescent effects; sex category is not a proxy
for hormone levels, and pubertal stage is not
interchangeable with chronological age.

Exercise intervention
— depressive
symptoms in
adolescents

Adolescent clinical/pilot
randomized trials: Carter
et al. (121); Philippot et al.
(122); Hughes et al. (123).

Direct for feasibility or
symptom outcomes;
indirect for the AEA-
CBI1R mechanism.

Structured exercise is feasible in
adolescent depression research and
may improve depressive symptoms
in some settings or follow-up
periods.

Effects vary across setting, comparator,
sample, and timescale; trials are generally
small. No adolescent trial demonstrates that
clinical benefit is mediated by AEA, central
CBIR engagement, or PFC-amygdala change.

Complete chain:
exercise — AEA —
central CB1IR —
PFC-amygdala
change — symptom
improvement

No study directly tests the
complete chain; the model
integrates separate human,
translational, animal, and
cellular literatures.

Untested.

At present, only cross-literature
biological plausibility and a set of
testable predictions.

Every transition remains inferential. A
convincing test requires temporal ordering,
ligand specificity, independently measured
circuit outcomes, prespecified symptoms, an
active comparator, and assessment of
alternative physiological pathways. Failure at a
link should narrow or revise the model.

AEA, anandamide; CB1R, cannabinoid receptor type 1; 2-AG, 2-arachidonoylglycerol; FAAH, fatty acid amide hydrolase; MDD, major depressive disorder; PFC, prefrontal cortex. “Directness”

refers to how directly a study tests the specific proposed link, not to overall methodological quality. Representative citations are shown in author—year form to preserve table readability;

corresponding numbered records are provided in the reference list.
Suggested interpretation: the complete pathway remains untested; rows with stronger evidence concern isolated components rather than the full exercise — AEA — central CBIR — circuit —

symptom sequence.
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uncertainties across the proposed exercise-AEA-CB1R-prefrontal-
amygdala pathway in adolescent depression.

4 Conclusion

The proposed relationship among exercise, AEA, CB1R-related
processes, prefrontal-amygdala circuitry, and adolescent depressive
symptoms remains an unvalidated cross-level hypothesis. The com-
ponent literatures provide different forms of evidence: human exer-
cise studies show that circulating AEA can increase acutely under
some conditions; preclinical and translational studies demonstrate
context-dependent endocannabinoid regulation of synaptic, stress-
related, and fear-learning processes; and adolescent neuroimaging
studies implicate heterogeneous prefrontal-amygdala abnormalities
in some forms or dimensions of depression. These findings do not
constitute a continuous causal chain. The major unresolved transi-
tions are whether peripheral exercise-related AEA responses reflect
relevant central endocannabinoid changes, whether CB1R-dependent
processes are engaged within defined adolescent corticolimbic cir-
cuits, whether such engagement produces durable circuit adaptation,
and whether circuit changes mediate improvement in prespecified
depressive symptom dimensions. Evidence from fear extinction
should not be treated as evidence of antidepressant efficacy, and
adult or animal findings should not be assumed to generalize across
pubertal development. The value of the framework is therefore
primarily experimental. It identifies a set of measurable and falsifi-
able links that can be tested in temporally ordered studies integrat-
ing exercise dose, circulating AEA and 2-AG, FAAH-related biology,
anatomically specific neural outcomes, developmental and sex-re-
lated moderators, and distinct symptom dimensions. Until such
studies are conducted, exercise-induced AEA-CBIR signaling
should be described as a candidate mechanism rather than an
established pathway for the treatment of adolescent depression.
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