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Abstract

In comparison to other phases of life, adolescence represents a crucial developmental window
during which susceptibility to stress and depression is disproportionately increased. According
to estimates, 4.4—5.8% of adolescents worldwide suffer from depressive disorders, which often
start between the ages of 13 and 18. According to twin-based heritability estimates, the
aetiology of adolescent stress and depression is multifactorial, resulting from the intricate
interaction of neurobiological maturation, psychosocial stressors, hormonal transitions, and a
significant genetic substrate that explains 40—65% of phenotypic variance in depression
liability. The paper provides a thorough explanation of how stress and depression are assessed
in teenage populations and how genetic variables influence their development by synthesising
data from clinical epidemiology, psychometric testing, neuroimaging, molecular genetics, and
epigenomics. The principal assessment tools employed in adolescent mental health evaluation;
including the Children's Depression Inventory (CDI), Beck Depression Inventory (BDI),
Patient Health Questionnaire for Adolescents (PHQ-A), Perceived Stress Scale (PSS), and
Childhood Trauma Questionnaire (CTQ); are reviewed with respect to their psychometric
properties and clinical utility. Neurobiological frameworks are examined, including
dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, prefrontal-limbic circuit
imbalance, and inflammatory cytokine signaling. The genetic architecture of adolescent
depression is analyzed through genome-wide association studies (GWAS), candidate gene
research, and polygenic risk score approaches, with principal genetic contributors including
variants in SLC6A4 (serotonin transporter), BDNF (brain-derived neurotrophic factor), FKBPS5
(FK506-binding protein), CRHR1 (corticotropin-releasing hormone receptor 1), and COMT
(catechol-O-methyltransferase). Gene-environment interaction mechanisms; particularly
serotonin transporter-linked polymorphic region (5-HTTLPR) moderation of stress
responsivity; and epigenetic modifications including stress-induced DNA methylation changes
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at NR3C1 and FKBPS loci are discussed. The review concludes by identifying critical gaps in
research and priorities for integrating genetic risk stratification into clinical adolescent mental
health practice.
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FKBPS5, HPA axis, epigenetics, polygenic risk score, S-HTTLPR, gene-environment
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I. Introduction

The majority of adult psychiatric problems first manifest during adolescence, which is typically
described as the developmental span from roughly 10 to 24 years of age that includes puberty
onset through full neurobiological maturation. The adolescent years are the modal period of
onset for depressive disorders, anxiety disorders, substance use disorders, and psychotic
conditions, according to epidemiological surveys carried out on several continents; roughly
50% of all lifetime mental health disorders show symptoms before the age of 14 and 75%
before the age of 24. [1]. Depression, in particular, is among the most prevalent and clinically
consequential adolescent psychiatric conditions, constituting the leading cause of disability-
adjusted life years (DALYs) in young people aged 10-19 globally and associated with
substantially elevated risks of academic underachievement, interpersonal dysfunction,
substance dependence, and suicide — the second leading cause of death in the 15-24 age group
in most high-income nations [2].

The scientific understanding of adolescent depression has advanced dramatically over
the past three decades, driven by convergent progress in multiple domains. Prospective
longitudinal studies have clarified the developmental trajectory of depressive episodes,
identifying childhood adversity, pubertal hormonal dysregulation, and emerging social
stressors as critical precipitating contexts. Neuroimaging research has revealed the anatomical
and functional correlates of adolescent depression in prefrontal-limbic circuitry, demonstrating
that adolescent brains are uniquely vulnerable to stress-induced structural and functional
changes during the protracted period of cortical development that extends into the mid-
twenties. Molecular genetic research has catalogued a growing list of genetic variants that
modulate depression risk, acting either directly on neurobiological systems of emotion
regulation or indirectly by sensitizing individuals to the pathogenic effects of psychosocial
stress — a mechanism formalized as gene-environment interaction (GxE) [3].

Despite this scientific progress, significant challenges remain in translating genetic and
neurobiological knowledge into improved clinical practice for adolescent depression.
Validated assessment instruments capable of capturing the phenomenological specifics of
adolescent depressive presentations — which differ in important ways from adult depression
— must be applied within clinical settings that account for developmental stage, cultural
context, and informant variability. The polygenic architecture of depression liability means that
individual genetic variants exert modest effects, requiring large sample sizes and sophisticated
statistical approaches to detect and characterize. The integration of genetic risk information
with clinical assessment represents a frontier that has not yet been realized at scale in adolescent
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mental health services, despite its substantial theoretical promise for enabling early
identification, precision intervention, and prevention of the most severe depressive trajectories.

This review addresses these challenges by providing a systematic, evidence-based
synthesis of the current state of knowledge on stress and depression evaluation in adolescents
and the genetic underpinnings of their vulnerability. The following questions are addressed in
sequence:

* What is the epidemiology and developmental phenomenology of stress and depression
in adolescent populations?

* How are stress and depression evaluated in adolescents using validated psychometric
instruments?

*  What neurobiological mechanisms — particularly HPA axis dysregulation and
prefrontal-limbic circuit alterations — mediate the relationship between stress and
depression in adolescence?

*  What is the genetic architecture of adolescent depression, and which specific genes
and loci have been identified through candidate gene, GWAS, and polygenic risk
score approaches?

* How do gene-environment interactions and epigenetic mechanisms link genetic risk to
stress exposure in shaping adolescent depression trajectories?

I1. Epidemiology and Phenomenology of Adolescent Stress and Depression

A. Prevalence and Global Burden

The global prevalence of major depressive disorder (MDD) in adolescents aged 10—19 years is
estimated at 4.4-5.8%, with substantially higher rates in females (6.1-8.2%) than males (2.6—
3.4%) following pubertal onset — a sex difference that emerges consistently from mid-
adolescence onward and persists throughout the adult lifespan [4]. Point prevalence estimates
from population-based studies in North America, Europe, Asia, and Latin America, while
varying with assessment instrument, diagnostic threshold, and sample characteristics, converge
on a 12-month prevalence of approximately 5-7% for clinical-level depressive episodes in
adolescents, with a further 10-15% experiencing subsyndromal depressive symptoms of
sufficient severity to impair functioning. The World Health Organization's Global Burden of
Disease study identifies unipolar depressive disorders as the primary cause of disability in
adolescents across both high-income and low-to-middle-income countries, accounting for 8.2
million DALY in the 10-19 age group globally [5].

TABLE I: Epidemiological Estimates of Adolescent Depression and Stress Disorders
Across Major World Regions

North America  5.9-7.8 2.0:1 14.2 PHQ-A, CIDI,
KSADS
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Western Europe  4.8-6.5 1.9:1 14.8 CDI, CBCL, YSR

East Asia 3.1-49 1.7:1 15.1 CDI, DSRS, PHQ-9

South Asia 5.2-8.1 2.1:1 13.9 GHQ-12, CDI, HDRS

Latin America 5.6-7.4 2.3:1 13.6 BDI-II, CDI, MINI

Sub-Saharan 4.0-6.8 1.8:1 14.5 SMFQ, GHQ-28,

Africa PHQ-9

Middle East 6.1-9.3 2.4:1 13.2 BDI-II, CDI, DASS-
21

Global (pooled) 4.4-5.8 2.0:1 14.1 Multiple validated
instruments

B. Phenomenological Features of Adolescent Depression

The phenomenology of depressive episodes in adolescents displays several characteristic
features that distinguish it from adult presentations and must be accounted for in both clinical
assessment and research operationalization. Whereas adult depression frequently presents with
the classic melancholic features of sustained low mood, anhedonia, and psychomotor
retardation, adolescent depression more commonly manifests as irritability, mood reactivity,
somatic complaints, hypersomnia rather than insomnia, social withdrawal from peers
(particularly salient given the developmental centrality of peer relationships in adolescence),
academic decline, and risk-taking behavior [6]. The DSM-5 criteria explicitly permit the
substitution of irritable mood for depressed mood as a primary diagnostic criterion in children
and adolescents, reflecting this phenomenological shift, though clinicians must distinguish
pathological irritability from the normative emotional lability of adolescent development.

Comorbidity rates in adolescent depression are exceptionally high: approximately 40—
70% of adolescents with MDD simultaneously meet criteria for an anxiety disorder, 20-30%
for a conduct or oppositional disorder, and 15-25% for attention-deficit hyperactivity disorder
(ADHD). This comorbidity pattern complicates both diagnosis and treatment and reflects in
part the shared genetic architecture between depressive and anxiety disorders identified in
large-scale GWAS studies. Suicidal ideation and behavior are prominent features of adolescent
depression that require systematic assessment in all clinical evaluations: approximately 60%
of adolescents with MDD report suicidal ideation, 30% make a suicide plan, and 10—15% make
at least one suicide attempt during a depressive episode [7].
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II1. Assessment Instruments for Adolescent Stress and Depression

A. Depression Screening and Diagnostic Instruments

The accurate measurement of depressive symptoms and disorder in adolescents requires
assessment instruments validated specifically for this age group, accounting for the
developmental variation in symptom presentation, the differential reliability of self-report
versus informant-report, and the need for instruments sensitive to the full range of clinical
severity from subclinical symptoms to severe MDD. Multiple well-validated instruments exist
across the dimensions of dimensional rating scales and structured diagnostic interviews, each
with distinct psychometric properties and clinical applicability.

TABLE II: Validated Assessment Instruments for Adolescent Depression and Stress —
Psychometric Properties and Clinical Utility

CDI-2 7-17 28 items/ Depressive 0.86-0.91 Widely used in
(Children's yrs Likert 0—  severity schools and
Depression 2 clinics; self and
Inventory) parent report

forms; T-score
norms by age and

sex
PHQ-A 11-17 9items/  DSM-aligned 0.82-0.89 Recommended by
(Patient Health  yrs Likert 0- MDD AAP for primary
Questionnaire— 3 symptoms care depression
Adolescent) screening; score

>11 indicates
moderate-severe
depression

BDI-II (Beck 13+ 21 items/ Cognitive- 0.86-0.92 Gold standard for

Depression yrs Likert 0—  affective and adolescent and
Inventory) 3 somatic adult MDD
depression severity; strong

construct validity;
cognitive subscale
useful for
differentiating
MDD from
adjustment
disorders
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SMFQ (Short  8-17 13 items/ Core 0.85-0.90 Optimal for
Mood and yrs Binary depressive epidemiological
Feelings symptoms screening; brief
Questionnaire) administration;
sensitive to
change; parent and
self-report
versions
RADS-2 11-20 30 items/ Depressive 0.92-0.95 Highest internal
(Reynolds yrs Likert -  symptom consistency among
Adolescent 4 dimensions self-report scales;
Depression subscales for
Scale) dysphoric mood,
anhedonia,
negative self-
evaluation,
somatic
complaints
KSADS-PL 6-18  ~300 DSM K=0.75- Gold standard
(Kiddie yrs items / diagnostic 0.93 diagnostic
Schedule for Structured criteria instrument; parent
Affective interview and child versions;
Disorders) establishes current
and lifetime
diagnoses;
differentiates
MDD from bipolar
depression
PSS 12+ 10 or 14 Perceived 0.84-0.91 Measures degree
(Perceived yrs items / psychological to which life
Stress Scale) Likert O—  stress situations are
4 appraised as
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CTQ 12+ 28 items/  Childhood 0.79-0.94 Assesses physical,
(Childhood yrs Likert 1-  maltreatment emotional, sexual
Trauma 5 history abuse and neglect;
Questionnaire) critical for GXE
interaction

research; predicts
depression through
epigenetic
mechanisms

B. Biomarker Assessment: Cortisol and Inflammatory Markers

Beyond psychometric instruments, the biological assessment of stress physiology in
adolescents has gained increasing research utility, with salivary cortisol measurement and
inflammatory cytokine quantification serving as objective indices of HPA axis activity and
stress-related immune activation respectively. The cortisol awakening response (CAR) — the
50-100% increase in salivary cortisol occurring in the 30—45 minutes following morning
awakening — is a particularly sensitive index of HPA axis regulation that shows consistent
abnormalities in adolescents with MDD and in those exposed to early life adversity [8]. Diurnal
cortisol slope, computed from multiple saliva samples across the waking day, is attenuated in
both depressed adolescents and those with high Perceived Stress Scale scores, reflecting the
chronic hypocortisolism that characterizes depression following prolonged stress exposure —
a counter-intuitive but well-replicated finding that distinguishes chronic stress-related
depression from acute stress responses.

Inflammatory biomarkers including interleukin-6 (IL-6), tumor necrosis factor-alpha
(TNF-a)), C-reactive protein (CRP), and interferon-gamma (IFN-y) are elevated in a substantial
subgroup of depressed adolescents (approximately 30—40%), particularly those with somatic
features, high environmental stress exposure, and adverse childhood experiences. The
inflammatory subtype of depression has attracted significant research attention as a potential
target for anti-inflammatory treatment approaches, and several genetic variants associated with
adolescent depression liability — including polymorphisms in the IL-6 and TNF-a promoter
regions — appear to operate through amplification of stress-induced inflammatory signaling,
linking genetic risk, stress exposure, and neuroinflammatory mechanisms into a coherent
pathophysiological framework [9].

IV. Neurobiological Mechanisms of Adolescent Stress and Depression

A. HPA Axis Dysregulation

The hypothalamic-pituitary-adrenal axis constitutes the principal physiological stress
response system, mediating the neuroendocrine response to psychological and physical
stressors through a cascade of hormonal signals originating in the paraventricular nucleus of
the hypothalamus and terminating in glucocorticoid release from the adrenal cortex. In its
normative operation, HPA axis activity is tightly regulated by negative feedback at multiple
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anatomical levels — hypothalamic, pituitary, and limbic — ensuring that glucocorticoid
responses to stress are appropriately calibrated to the threat and promptly terminated upon its
resolution. In depressed adolescents, and particularly in those with histories of early adversity,
this feedback regulation is compromised, resulting in dysregulated cortisol dynamics that
contribute to the neurobiological sequelae of depression [10].

The developing adolescent HPA axis is particularly sensitive to disruption by stress
exposure, because the prefrontal and hippocampal regions that provide negative feedback
regulation to the HPA axis are among the last brain structures to complete their maturational
program. The hippocampus — a structure of critical importance for both HPA feedback
inhibition and declarative memory consolidation — is richly endowed with glucocorticoid
receptors (GR) encoded by NR3C1 and expresses the FK506-binding protein 51 (FKBP51,
encoded by FKBPS5) that modulates GR sensitivity by preventing receptor nuclear
translocation. Prolonged glucocorticoid exposure during sensitive developmental periods
damages hippocampal neurons, reduces hippocampal volume, and impairs GR-mediated
feedback inhibition — creating a self-amplifying cycle in which stress-induced cortisol
elevation causes hippocampal damage that further reduces cortisol feedback, sustaining HPA
axis hyperactivation and its neurobiological consequences.

B. Prefrontal-Limbic Circuit Dysfunction

Structural and functional neuroimaging studies of adolescent depression have converged
on a model of aberrant prefrontal-limbic circuit function in which hyperreactivity of the
amygdala to emotional stimuli is inadequately regulated by reduced prefrontal cortical (PFC)
inhibitory control — a circuit-level imbalance that maps directly onto the clinical features of
emotional dysregulation, negative cognitive bias, and impaired stress coping that characterize
adolescent MDD [11]. The amygdala, which generates rapid emotional responses to
environmental stimuli, is functionally mature at birth and shows increased volume and
reactivity during adolescence, particularly to social threat stimuli. The dorsolateral and
ventromedial PFC regions that provide top-down regulatory inhibition to the amygdala
continue their maturational trajectory through the mid-twenties, creating a developmental
window during which emotional reactivity systematically outpaces regulatory capacity.

Functional MRI studies of depressed versus healthy adolescents consistently demonstrate
exaggerated amygdala activation to negative emotional faces and scenes, reduced ventromedial
PFC activation during emotion regulation tasks, and attenuated functional connectivity
between the PFC and amygdala in the resting state. Longitudinal neuroimaging studies reveal
that these functional abnormalities are associated with a distinct structural profile — reduced
cortical thickness in the anterior cingulate cortex, smaller hippocampal volumes, and altered
white matter microstructure in the uncinate fasciculus connecting orbitofrontal cortex to
amygdala — providing convergent evidence that adolescent depression involves both
functional dysregulation and structural compromise of the prefrontal-limbic regulatory
network [12].
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V. Genetic Basis of Adolescent Stress and Depression

A. Heritability Estimates and Twin Studies

The heritability of major depressive disorder — the proportion of phenotypic variance
attributable to genetic factors — has been estimated across multiple large-scale twin and family
studies at 40—-65% in adults, with some studies specifically examining adolescent-onset
depression reporting heritability estimates at the higher end of this range (50—-70%), suggesting
a particularly prominent genetic contribution to depression that emerges early in life. The most
methodologically rigorous heritability estimates for adolescent depression derive from large
Scandinavian registry-based twin studies, where the Norwegian twin cohort study reported an
overall MDD heritability of 45-52% with sex-specific genetic factors accounting for a portion
of the female excess in depression prevalence — consistent with the hypothesis that some
genetic variants increase depression risk specifically in the context of female sex hormone
environments [13].

Importantly, twin studies have also demonstrated that the genetic liability to depression
is substantially shared with genetic factors influencing neuroticism (the personality trait of
negative emotional reactivity), anxiety disorders, and stress sensitivity, suggesting that what is
inherited is not a specific risk for depression per se but rather a broader vulnerability to
emotional dysregulation and stress-reactive psychopathology that manifests as depression,
anxiety, or related conditions depending on environmental context. This model of a shared
genetic diathesis is supported by the high genetic correlations (rg = 0.60—0.85) between MDD
and generalized anxiety disorder, and between MDD and neuroticism scores, observed in large-
scale bivariate twin analyses.

B. Principal Candidate Genes

Prior to the advent of genome-wide association studies, candidate gene research
identified several biologically plausible genetic variants associated with depression risk based
on their functions in monoamine neurotransmission, stress hormone signaling, and
neuroplasticity. While individual candidate gene findings have shown variable replication
across studies — a problem attributable to small sample sizes, heterogeneous phenotyping, and
publication bias — several genes have accumulated sufficient convergent evidence to warrant
detailed consideration in the context of adolescent depression.

TABLE III: Principal Candidate Genes and Variants Associated with Adolescent Stress
Susceptibility and Depression
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stress response

23

SLC6A4 17qll.2 5-HTTLPR Serotonin s-allele carriers show
(s/), 1s25531  reuptake heightened amygdala
transporter reactivity and increased
depression risk under
stress; robust GXE
interaction with
childhood adversity
replicated across
multiple cohorts
Val66Met Neurotrophin;  Met allele associated
(rs6265) synaptic with impaired activity-
plasticity and dependent BDNF
neurogenesis secretion, reduced
hippocampal volume,
increased depression
susceptibility and
anxiety under stress
rs1360780, GR co- Risk alleles increase
1s9296158, chaperone; FKBP51 expression,
rs3800373 regulates HPA  reducing GR sensitivity
axis sensitivity  and prolonging stress-
induced cortisol
elevation; interacts with
childhood trauma to
predict depression;
associated with
epigenetic changes in
stressed individuals
TAT CRH receptor  TAT haplotype
haplotype, type 1; associated with increased
rs110402 mediates HPA  depression risk

specifically in
individuals with child
abuse history; moderates
cortisol reactivity to
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COMT  22ql1.21
NR3Cl  5q31.3
TPH2  12q21.1

MAOA  Xpll.4

Vall58Met
(rs4680)

Bell
(rs41423247),
N363S

154570625,
rs11178997

MAOA-
uVNTR (L/H
activity)

Catecholamine
degradation in
PFC

Glucocorticoid
receptor gene

Tryptophan
hydroxylase-2;
rate-limiting
serotonin
synthesis in
brain

Monoamine
oxidase A;
serotonin and
norepinephrine
degradation

24

social stressors in
adolescents

Val allele (high-activity)
associated with reduced
prefrontal dopamine,
impaired executive
function under stress,
and increased
vulnerability to
depression in high-
adversity environments

Polymorphisms alter GR
sensitivity to cortisol;
associated with HPA
hyperreactivity,
depressive symptom
severity, and differential
response to
antidepressant treatment

Associated with
amygdala
hyperreactivity, impaired
PFC-amygdala
connectivity, and
elevated trait anxiety
predisposing to
adolescent depression

Low-activity MAOA-
uVNTR interacts with
early maltreatment to
increase antisocial
behavior and depression
risk; sex-linked (X
chromosome) producing
male-specific effects
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C. Genome-Wide Association Studies (GWAS)

The advent of genome-wide association studies has transformed the genetics of
depression by enabling hypothesis-free, comprehensive searches for genetic variants associated
with depression liability across the entire genome. The first genome-wide significant GWAS
findings for MDD emerged from the Psychiatric Genomics Consortium (PGC) analysis of
135,458 cases and 344,901 controls published by Wray et al. (2018), identifying 44
independent genomic loci associated with MDD at genome-wide significance (p < 5x107%).
The genes implicated at these loci include those involved in neuronal gene expression
regulation (NEGR1, TMEM161B, MEF2C), synaptic signaling (SORCS3, RBFOX1), and
HPA axis regulation (RERE, LHPP), providing important biological clues about the
neurobiological systems underlying depression liability [14].

For adolescent-specific depression genetics, several important limitations must be
acknowledged in interpreting GWAS findings. The majority of large-scale GWAS of MDD
have been conducted in adult samples, and whether the genetic architecture of adult MDD fully
captures the genetic factors specifically relevant to adolescent-onset depression remains an
open question. Adolescent-specific GWAS are constrained by smaller sample sizes, the need
for pediatric research infrastructure, and the distinct phenomenological characteristics of
adolescent depression that may result in genetic heterogeneity relative to adult onset. Despite
these limitations, several large pediatric GWAS efforts — including the IMAGEN consortium
study of brain structure and function in 14-year-olds and the Avon Longitudinal Study of
Parents and Children (ALSPAC) analyses of adolescent depressive symptoms — have
identified partially overlapping but also distinct genetic signals compared to adult MDD
GWAS, consistent with the hypothesis of shared but not identical genetic architecture between
adolescent and adult depression.

D. Polygenic Risk Scores

Polygenic risk scores (PRS) aggregate the combined effects of thousands of genetic
variants, each individually below genome-wide significance thresholds, into a single
individual-level score that quantifies inherited liability to depression. PRS derived from adult
MDD GWAS significantly predict depressive symptom severity in adolescent samples
(explaining approximately 1-3% of phenotypic variance in studies reported to date),
demonstrating cross-developmental validity of the adult genetic architecture for adolescent
depression outcomes. Importantly, PRS for MDD show significant associations with
adolescent depressive trajectories that predate clinical disorder onset, with high-PRS
individuals showing elevated depressive symptom scores from early adolescence through late
adolescence even before threshold diagnostic criteria are met [15].

The predictive validity of depression PRS in adolescent cohorts is substantially
moderated by environmental context, with high-PRS individuals showing markedly greater
depression risk in the presence of adverse childhood experiences, peer victimization, and
family conflict than high-PRS individuals in low-adversity environments — a pattern of gene-
environment interaction that is not captured by PRS alone and underscores the necessity of
integrating genetic and environmental risk factors in comprehensive depression risk models.
Current depression PRS explain only a small fraction of the total heritable variance in
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depression liability, reflecting both the true polygenicity of the trait and ongoing limitations in
GWAS sample size and phenotypic precision that are expected to be addressed as global
consortium efforts continue to expand.

VI. Gene-Environment Interactions and Epigenetic Mechanisms

A. The 5S-HTTLPR x Stress Interaction

The interaction between the serotonin transporter promoter polymorphism (5-HTTLPR)
and stressful life events in predicting depression constitutes the most studied and historically
influential gene-environment interaction in psychiatric genetics. Caspi et al. (2003) reported in
a landmark study that individuals carrying the short (s) allele of 5S-HTTLPR showed a
significantly steeper increase in depression risk with increasing number of stressful life events
compared to long (1) allele homozygotes, suggesting that the s-allele confers heightened
sensitivity to stress-induced depression rather than a main effect of increased depression risk
independent of environmental context [16].

Subsequent research has substantially refined this foundational finding. Neuroimaging
studies demonstrate that s-allele carriers show heightened amygdala reactivity to threatening
facial stimuli and reduced corticolimbic connectivity compared to I-allele carriers, providing a
neural mechanism for stress sensitization. The S-HTTLPR effect appears most pronounced in
the context of early life adversity, with childhood maltreatment showing particularly robust
moderation of the genotype-stress relationship — consistent with the developmental
sensitization hypothesis that early stress exposure during sensitive periods programs lasting
alterations in HPA axis reactivity and emotional brain circuitry that interact with serotonin
system genetic variation to determine depression risk in later adolescent and adult
environments.

B. FKBPS and Epigenetic Stress Embedding

The FKBPS5 gene, which encodes FK506-binding protein 51 (FKBP51) — a co-
chaperone that modulates glucocorticoid receptor sensitivity by preventing GR nuclear
translocation — exemplifies a genetic mechanism through which early life adversity becomes
biologically embedded via epigenetic modification. The FKBP5 risk haplotype (defined by
alleles at rs1360780 and related SNPs) is associated with increased FKBP51 expression in
response to stress, prolonged cortisol elevation following stress exposure, and increased
lifetime depression risk. Crucially, childhood trauma in carriers of the FKBPS risk alleles is
associated with demethylation of a glucocorticoid response element in intron 7 of the FKBPS5
gene — a stress-induced epigenetic modification that persistently increases FKBP5 expression,
maintaining HPA axis dysregulation well beyond the period of acute trauma exposure [17].
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TABLE 1V: Established Gene-Environment Interactions in Adolescent Depression —
Mechanisms and Evidence Strength

SLC6A4
(5-
HTTLPR)

FKBP5

CRHRI1

BDNF
(Val66Me

t)

NR3Cl1

Stressful life
events,
childhood
maltreatment

Child abuse,
neglect

Physical and
sexual abuse

Peer
victimization,
social stress

Early life
adversity,

s-allele amplifies
amygdala stress
reactivity;
reduces
corticolimbic
connectivity

Risk alleles +
trauma induce
demethylation at
intron 7 GRE;
persistent
FKBP51
upregulation; GR
sensitization
failure

TAT haplotype
increases CRH-
R1 expression
under sustained
stress; amplified
HPA reactivity

Met allele
impairs activity-
dependent BDNF
secretion;
reduces
hippocampal
neurogenesis
under stress;
impairs stress
recovery

Adversity-
induced
methylation of

27

s/s genotype
shows 2.5x
greater depression
risk under high
stress exposure

Increased PTSD,
depression, and
cortisol
dysregulation in
trauma-exposed
risk allele carriers

TAT haplotype x
child abuse
interaction
predicts adult
depression onset
with OR 2.1

Met carriers with
peer victimization
show 3.2x greater
depression
incidence vs
Val/Val with no
victimization

Methylation
differences predict
cortisol reactivity

Meta-analyses;
large prospective
cohorts; strong
replication

Prospective
epigenetic
studies; robust
across European
and African
ancestry samples

Multiple
replication
studies;
mechanistically
supported by
animal models

Prospective
studies in
adolescent
cohorts;
neuroimaging
validation

Replicated in
human cohort
studies;
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maternal

depression
COMT Academic
(Vall58M  stress, family
et) conflict

NR3CI1 exon 1F
promoter reduces
GR expression;
sustained HPA
hyperreactivity

Val allele
reduces
prefrontal
dopamine;
impairs executive
control under
stress; Val/Val
shows 'warrior'

and depression
symptoms in
adolescence

Val/Val
adolescents show
greater cognitive
disruption and
depressive
symptoms under
examination stress

mechanistically
established in
rodent models

Moderate;
consistent
direction but
smaller effect
sizes than
SLC6A4 and
FKBP5
interactions

stress response
pattern

C. Epigenetic Mechanisms: DNA Methylation and Histone Modification

Epigenetic modifications represent the molecular interface through which early
environmental experiences become durably embedded in gene expression programs without
altering the underlying DNA sequence. In the context of adolescent depression and stress
susceptibility, two classes of epigenetic modification have received particular research
attention: DNA methylation at CpG dinucleotides in gene promoter and regulatory regions, and
histone modification through acetylation and methylation of histone tails that alter chromatin
accessibility and transcriptional efficiency [18].

Stress-induced methylation changes at the NR3C1 promoter — first described in the
seminal work of Weaver et al. (2004) demonstrating that maternal licking-and-grooming
behavior in rats determines offspring glucocorticoid receptor expression through differential
methylation of the NR3C1 exon 17 promoter — have been subsequently documented in human
studies comparing the NR3C1 methylation profiles of individuals with and without histories of
childhood abuse. Human post-mortem and peripheral blood studies consistently show
increased NR3C1 promoter methylation in individuals with childhood maltreatment histories,
associated with reduced GR expression and HPA axis dysregulation that predisposes to
depressive disorders. The translational significance for adolescent depression is substantial:
individuals exposed to early adversity carry an epigenetic signature in NR3C1 methylation that
reflects their stress history and predicts future depression risk, potentially independently of the
specific genetic variants they carry at the NR3Cl1 locus.
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VII. Integrative Model and Clinical Implications

A. A Biopsychosocial-Genetic Framework for Adolescent Depression

The evidence reviewed in the preceding sections supports an integrative biopsychosocial-
genetic model of adolescent depression in which multiple levels of causal influence — genetic
polymorphisms, epigenetic modifications, neurobiological circuit development, environmental
stressors, and psychosocial context — interact across developmental time to determine
individual depression trajectories. This model has several key architectural features that
distinguish it from simpler diathesis-stress frameworks: genetic effects on depression risk are
predominantly indirect, operating through modulation of stress reactivity and neuroplasticity
rather than through main effects on depression independent of environment; early life adversity
exerts biologically durable effects through epigenetic mechanisms that interact with genetic
variation to produce heterogeneous patterns of stress sensitization; adolescent brain
development creates a particular window of vulnerability during which genetic and
environmental factors converge on a neurobiological circuit that is simultaneously undergoing
rapid maturation and subject to its greatest lifetime stress exposure.

TABLE V: Summary of Risk Factors for Adolescent Depression Across Biological,
Psychological, and Social Domains

Biological HPA axis Elevated cortisol NR3C1 and FKBP5
hyperreactivity; female impairs hippocampal variants amplify cortisol
sex; pubertal hormonal neurogenesis and GR dysregulation; SLC6A4
changes feedback; estradiol variants interact with

modulates 5-HT and estrogen-related
BDNF systems serotonergic changes

Neurobiological Amygdala Prefrontal immaturity BDNF Val66Met reduces
hyperreactivity; limits top-down stress-dependent
prefrontal emotion regulation; neurogenesis; SLC6A4 s-
hypoactivation; stress reduces BDNF allele increases amygdala
reduced hippocampal and hippocampal reactivity
volume volume

Psychological Negative cognitive Cognitive schemas High polygenic risk for
style; high amplify negative neuroticism overlaps
neuroticism; poor appraisal of stressors; substantially with MDD
stress coping rumination maintains PRS; COMT Val allele

depressive mood
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Early Childhood Early adversity FKBPS5 and NR3Cl1
Environmental  maltreatment; parental  programs lasting methylation changes
depression; prenatal epigenetic changes in depend on genotype X
stress HPA and immune maltreatment interaction;
systems; parental CRHR1 GXE most
depression transmits pronounced for early
both genetic risk and abuse
adverse rearing
environment
Social Peer victimization; Social exclusion BDNF Met allele
academic stress; activates overlapping amplifies social stress
socioeconomic neural circuits with sensitivity; high PRS
adversity physical pain; chronic adolescents show steeper
socioeconomic stress depression increase with
elevates cortisol and social adversity
inflammatory markers
Protective Long 5-HTTLPR Reduced amygdala Protective alleles attenuate
(Genetic) allele; BDNF Val/Val;  reactivity; preserved stress-depression
low MDD PRS neuroplasticity under relationships even in

stress; lower polygenic
burden

B. Clinical Implications for Screening and Intervention
The genetic and epigenetic evidence reviewed in this paper has several important

adverse environments
(differential susceptibility
model)

implications for clinical practice in adolescent mental health. First, the recognition of
depression as a heritable condition with identifiable genetic risk factors supports family history
assessment as a minimum requirement in all adolescent mental health evaluations, with first-
degree family history of MDD representing one of the strongest individual risk factors for
adolescent-onset depression (approximately 3—4-fold increased risk in offspring of depressed
parents). Second, the gene-environment interaction evidence supporting amplified depression
risk in genetically vulnerable individuals exposed to adverse environments provides a scientific
rationale for prioritizing psychosocial stress reduction and trauma-informed interventions in
high-risk adolescents identified through screening.

Third, the emerging evidence for polygenic risk scoring as a predictor of depression
trajectories in adolescent cohorts raises the prospect of genetically informed stratification of
prevention and early intervention resources toward those at highest inherited risk — an
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approach that remains premature for routine clinical implementation but is actively being
investigated in several large prospective cohort studies. Fourth, the neurobiological
understanding of adolescent depression as reflecting prefrontal-limbic circuit imbalance
provides mechanistic support for psychological therapies such as cognitive-behavioral therapy
(CBT) and mindfulness-based interventions that target emotion regulation and stress appraisal
processes, and for the application of transcranial magnetic stimulation and other
neuromodulatory approaches targeting prefrontal function in treatment-resistant adolescent
depression.

VIII. Knowledge Gaps and Future Research Priorities

Despite the substantial progress documented in this review, significant gaps in current
knowledge constrain both theoretical understanding and clinical application. The most critical
priority for future research is the expansion of large-scale GWAS of adolescent-specific
depression samples, which would enable identification of genetic variants whose effects are
developmentally specific to adolescence rather than generalizable from adult-onset MDD
genetics. Longitudinal cohort studies with repeated genetic, epigenetic, neuroimaging, and
psychosocial data collected across the full adolescent developmental period — from pre-
pubertal childhood through early adulthood — are required to characterize the developmental
trajectories of genetic risk expression and the timing of gene-environment interaction windows.

The integration of multi-omic approaches — combining genomic, epigenomic,
transcriptomic, and proteomic data within the same individuals — represents a methodological
frontier with the potential to identify the complete biological pathway from genetic variant to
molecular mechanism to neural circuit to behavioral phenotype that is required for mechanistic
understanding and drug target identification. Advances in single-cell genomics applied to post-
mortem adolescent brain tissue may illuminate the cell-type-specific gene expression changes
associated with depression, resolving the tissue heterogeneity that has limited previous bulk-
tissue transcriptomic analyses. Finally, the development and validation of pharmacogenomic
approaches to antidepressant selection in adolescents — building on candidate
pharmacogenomic variants in drug metabolism genes (CYP2D6, CYP2C19) and drug target
genes (HTR2A, ABCB1) — represents an actionable near-term research priority with direct
implications for improving the currently suboptimal treatment response rates in adolescent
MDD.

IX. Conclusion

Stress and depression in adolescence represent a convergence of developmental
vulnerability, environmental adversity, and inherited neurobiological susceptibility that
collectively constitute one of the most pressing public health challenges of the early twenty-
first century. This review has synthesized evidence across clinical epidemiology, psychometric
assessment science, neuroimaging, molecular genetics, and epigenomics to provide a
comprehensive account of how adolescent depression is identified and measured, what
neurobiological mechanisms translate stress exposure into depressive pathology, and how the
genetic architecture of depression liability — encompassing both specific candidate gene
effects and polygenic influences distributed across the genome — shapes individual
vulnerability to depression in the context of environmental challenge.
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The central scientific conclusion that emerges from this synthesis is that adolescent
depression is neither a purely environmental condition produced by adversity nor a purely
genetic condition expressing inherited risk independently of context, but an emergent product
of their interaction across developmental time. The serotonin transporter promoter
polymorphism that sensitizes an adolescent's amygdala to social rejection, the FKBPS risk
haplotype that becomes epigenetically demethylated by childhood maltreatment to produce
lasting HPA axis dysregulation, the prefrontal-limbic circuit that is simultaneously under
genetic control and profoundly shaped by experiential input during its extended maturational
period — these mechanisms collectively illustrate how profoundly genetic and environmental
factors are intertwined in the causation of adolescent depression.

The validated assessment instruments reviewed here — from the PHQ-A and CDI-2 for
symptom screening to the KSADS-PL for diagnostic confirmation and the PSS and CTQ for
stress and adversity quantification — provide the clinical foundation upon which research and
practice must build. Their systematic application in adolescent healthcare settings, combined
with appropriate biomarker assessment of HPA axis function and inflammatory status, creates
the possibility of comprehensive phenotyping that integrates subjective symptom data with
objective biological indices to produce a multidimensional picture of depression risk and
severity. As genetic science matures toward clinically applicable risk stratification through
polygenic risk scores and pharmacogenomic profiling, and as epigenetic biomarkers of stress
embedding move toward clinical translation, the prospect of a genuinely precision medicine
approach to adolescent depression — one that tailors prevention, early intervention, and
treatment to the individual's specific genetic and environmental risk profile — becomes
increasingly realistic. Achieving this vision requires the continued expansion of collaborative
international research infrastructure, the sustained investment in longitudinal adolescent cohort
studies, and the commitment to translating genetic insight into clinical tools that improve the
lives of the hundreds of millions of young people globally whose mental health trajectories will
be shaped by the quality of science and care available to them.
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