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Abstract

Depression is a leading cause of disability worldwide, with significant personal and societal consequences. Emerging research highlights the crit-
ical role of environmental exposures as modifiable risk factors influencing depression risk and progression. Over the past decade, a substantial 
body of epidemiological evidence has linked diverse environmental factors—including air pollution, limited green space access, chronic noise 
exposure, adverse features of urbanization, unhealthy lifestyle behaviors, early life adversity, and internal toxicant burdens—to elevated risks of 
depressive symptoms and clinical depression. These exposures exert their effects through interconnected biological pathways, including chron-
ic systemic inflammation, oxidative stress, hypothalamic-pituitary-adrenal axis dysregulation, blood-brain barrier disruption, and gut microbiota 
alterations. Recent methodological advances, such as high-resolution environmental exposure assessment, multi-exposure model approaches, 
longitudinal cohort designs, and enhanced causal inference techniques, have strengthened the evidence base. Nevertheless, challenges remain 
in accurately characterizing multifactorial exposures and establishing causal relationships across diverse populations. Incorporating a life course 
perspective and adopting comprehensive exposome frameworks will be essential for future research. Understanding environmental determinants 
of depression not only advances etiological knowledge but also highlights critical opportunities for prevention. Public health interventions aimed 
at reducing harmful environmental exposures, enhancing urban green infrastructure, promoting healthy lifestyle behaviors, and mitigating psy-
chosocial stressors offer promising strategies for reducing the burden of depression. Ultimately, integrating environmental health perspectives 
into mental health research and policy may provide transformative approaches to preventing and alleviating depression at the population level.
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Linking Environmental Exposures to Depression: 
Insights from Epidemiology, Biology, and Methodology

Introduction

Depression is one of the most prevalent and debilitating 
mental disorders globally, significantly contributing to the 
overall burden of disease and disability [1]. Earlier studies of 
depression have mainly highlighted genetic vulnerability [2], 
neurobiological alterations [3], and psychological factors [4] 
as key contributors to its development. However, a growing 
body of research emphasizes the importance of environmen-
tal exposures as crucial, modifiable contributors to depression 
risk and progression [5, 6]. Environmental exposures encom-
pass a wide array of external and internal factors encountered 
throughout the life course, influencing brain development, neu-
rochemical pathways, and stress response systems [7].
The concept of the exposome, first introduced by Wild in 2005 
and later expanded, provides a comprehensive framework for 

studying environmental determinants of health [8, 9]. The ex-
posome encompasses the totality of environmental exposures 
across the lifespan and is typically divided into three domains 
[8]: general external exposures, such as air pollution, climate, 
and urbanization; specific external exposures, including indi-
vidual-level factors like diet, physical activity, smoking, and 
psychosocial stressors; and internal exposures, which refer 
to biological responses to external influences, such as inflam-
mation, oxidative stress, metabolic alterations, and toxicant 
accumulation. Within this framework, mental health research 
increasingly recognizes that the environment, in its broadest 
sense, plays a pivotal role in shaping the risk for depression [10, 
11]. Epidemiological studies have linked diverse environmental 
exposures, including air pollution [12], green space availability 
[13], noise [14], urban density [15], diet quality [16], physical 
activity [17], heavy metals [18], and early life adversity [19], to 
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depression incidence and severity. Furthermore, biological 
mechanisms such as chronic inflammation [20], oxidative 
stress [21], neuroendocrine dysregulation [22], blood-brain 
barrier disruption [23], and gut microbiota alterations [24] have 
been proposed to mediate the effects of environmental insults 
on mood regulation and neuroplasticity.
Although significant progress has been made, major challeng-
es persist in clarifying the impact of environmental exposures 
on depression. Key obstacles include the accurate character-
ization of complex and dynamic exposures, the identification 
of causal relationships within multifactorial systems, and the 
translation of research findings into effective and scalable 
public health interventions. Addressing these issues requires 
a comprehensive framework that integrates multiple exposure 
types, epidemiological insights, mechanistic understanding, 
and policy relevance. In this review, we systematically synthe-
size current evidence by classifying exposure domains, sum-
marizing epidemiological associations, describing biological 
mechanisms, and evaluating methodological limitations. We 
also propose future directions to improve causal inference, 
refine exposure assessment, enhance population diversity, and 
guide prevention strategies. This integrative perspective high-
lights the essential role of environmental factors in advancing 
mental health research and informing public policy.

Types of Environmental Exposures

Environmental exposures relevant to depression research can 

be broadly categorized into three inter-related domains: gener-
al external exposures, specific external exposures, and internal 
exposures [9]. This classification not only reflects the diversity 
of environmental factors but also facilitates a structured un-
derstanding of their potential roles in influencing depressive 
outcomes. To visually summarize this classification, Figure 1 
illustrates how general external, specific external, and internal 
exposures are associated with depression through distinct yet 
interconnected mechanisms.
General external exposures encompass macro-environmental 
factors that exist largely independently of individual behaviors. 
Among these, air pollution represents one of the most exten-
sively studied exposures. Ambient concentrations of particu-
late matter (PM2.5 and PM10), nitrogen dioxide (NO2), ozone (O3), 
and other pollutants have been consistently linked to adverse 
physical and mental health outcomes, including an elevated 
risk of depression [25, 26]. Another critical general exposure 
is green space availability. Residential proximity to vegetation, 
often quantified using indices such as the normalized differ-
ence vegetation index (NDVI), has been associated with a 
range of mental health benefits, including reduced depressive 
symptomatology [13, 27]. Urbanization, characterized by pop-
ulation density, land use patterns, infrastructure development, 
and transportation systems [28], is a key factor influencing 
mental health through mechanisms involving increased social 
stress, elevated pollutant exposure, and limited access to nat-
ural environments [29-31]. At the same time, urban living may 
offer mental health advantages in some settings by facilitating 
access to healthcare, education, and economic opportunities, 

Figure 1. Overview of environmental exposures contributing to depression.
This figure summarizes the three domains of the exposome and illustrates how general external exposures (e.g., air pollution), specific external 
exposures (e.g., diet, physical activity), and internal processes (e.g., inflammation, oxidative stress) may collectively relate to depression risk. 
General external exposures (blue background) include urbanization, limited green space, air pollution, noise and so on. Specific external expo-
sures (green background) reflect modifiable lifestyle and psychosocial factors, such as poor diet quality, physical inactivity, and related behaviors. 
Internal exposures (pink background) involve biological alterations within the body, including, but not limited to, heavy metal accumulation, endo-
crine disruptors, and other internal physiological changes. Collectively, these domains illustrate the multidimensional and interconnected nature 
of environmental contributions to depression risk.
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especially in underserved rural areas [32]. This dual role under-
scores the importance of contextual and population-specific 
factors in understanding the mental health implications of 
urbanization. Furthermore, broader climate-related factors, 
such as exposure to extreme temperatures [33, 34] and natu-
ral disasters [35], have emerged as additional environmental 
stressors with potential mental health implications.
Specific external exposures refer to individualized environmen-
tal experiences, often shaped by personal lifestyle choices 
and psychosocial conditions [9]. Lifestyle factors, such as diet 
quality, physical activity levels, smoking behavior, alcohol con-
sumption, and quality of sleep, play a critical role in modulating 
mental health risks. For example, a healthier overall lifestyle 
[36], adherence to healthy dietary patterns like the Mediterra-
nean diet [37] and engagement in regular physical activity [38] 
have been associated with lower prevalence of depression, 
while unhealthy behaviors, including tobacco use [39], exces-
sive alcohol intake [40], sedentary lifestyles [41], and poor di-
etary practices, have been linked to increased depression risk. 
In addition to lifestyle factors, psychosocial stressors such 
as chronic occupational stress [42], interpersonal conflicts 
[43], financial hardship [44], social isolation [45], and exposure 
to violence [46] have been associated with increased risk of 
depressive outcomes [47]. Early life adversity, encompassing 
childhood maltreatment, neglect, and familial dysfunction, is 
particularly impactful, exerting long-lasting effects on neuro-
development and stress response systems, thereby increasing 
vulnerability to depression across the life span [48].
Internal exposures involve biological changes within the body 
that either originate from or are influenced by external environ-
mental factors [9]. Heavy metal accumulation, such as lead, 
cadmium, mercury, and arsenic, constitutes a well-established 
internal exposure associated with neurodevelopmental disrup-
tion and mood disorders [49]. Environmental endocrine-dis-
rupting chemicals such as bisphenol A (BPA) and phthalates 
have also been implicated in cognitive and emotional dys-
function [50, 51]. Additionally, chronic low-grade systemic 
inflammation and elevated oxidative stress levels represent in-
ternal biological states that mediate the relationship between 
external exposures and depression risk [21]. These internal 
environment alterations are increasingly recognized as integral 
components of the exposome, serving as critical links be-
tween environmental insults and neuropsychiatric outcomes. 
Understanding these categories of environmental exposures is 
essential for disentangling the interconnected factors contrib-
uting to depression.

Evidence Linking Exposures to Depression

Air Pollution
Air pollution is among the most extensively investigated en-
vironmental exposures in relation to depression. Numerous 
epidemiological studies have demonstrated significant associ-
ations between long-term exposure to particulate matter (PM2.5, 
PM10) and depressive symptoms, as well as clinical depression 
diagnoses [52]. A meta-analysis by Braithwaite et al. reported 
that each 10 μg/m³ increase in PM2.5 concentration was asso-
ciated with a small but significant increase in depression risk 
[53]. Other studies, including large-scale cohort analyses con-
ducted in Europe and North America, have consistently shown 

that exposure to elevated levels of PM2.5, NO2, and traffic-relat-
ed pollutants correlates with higher depression incidence and 
severity [54, 55]. Importantly, longitudinal designs have provid-
ed evidence suggesting that exposure precedes the onset of 
depressive symptoms, lending support to a possible causal re-
lationship [56]. In addition to long-term exposure effects, short-
term fluctuations in air pollution levels have also been linked 
to acute exacerbations of depressive symptoms. Time-series 
analyses indicate that increases in PM10 concentrations over a 
few days are associated with heightened hospital admissions 
for depressive episodes [57]. Furthermore, there is emerging 
evidence that prenatal and early life exposure to air pollution 
may predispose individuals to depression later in life, poten-
tially through mechanisms involving neuroinflammation and 
altered brain development [58, 59].

Green Space
Residential access to green spaces has been associated with 
improved mental health outcomes, including lower rates of 
depression [13]. Multiple cross-sectional and longitudinal 
studies have demonstrated that greater exposure to green en-
vironments is linked to reduced depressive symptomatology, 
independent of socioeconomic status and urbanicity [60, 61]. 
A meta-analysis suggests that a 10% increase in green space 
coverage near residential areas is associated with an approxi-
mate 3.7% reduction in depression risk [62]. Several plausible 
mechanisms have been proposed to explain these associa-
tions, including stress reduction, enhancement of physical 
activity, social cohesion promotion, and mitigation of air and 
noise pollution [63]. Recent research has refined these find-
ings by considering the quality, accessibility, and type of green 
spaces. For example, individuals with better access to public 
green spaces tend to exhibit a lower incidence of depressive 
symptoms, suggesting that not only the amount but also the 
accessibility of green environments may play a critical role in 
shaping mental health outcomes [64]. Moreover, longitudinal 
studies suggest that increases in green space exposure over 
time correspond to decreases in depression prevalence, sup-
porting a potential protective causal role [65]. Although poten-
tial confounding cannot be entirely ruled out, the consistent 
associations observed across diverse populations provide 
strong support for promoting green environments as a public 
health strategy to reduce depression risk.

Noise Exposure
Exposure to environmental noise, particularly from traffic, 
industrial, and urban sources, has been increasingly inves-
tigated as a risk factor for depression [66]. Noise pollution 
is proposed to exert psychological effects through chronic 
annoyance, sleep disturbances, and heightened physiological 
stress responses, such as sustained activation of the hypotha-
lamic-pituitary-adrenal (HPA) axis [67]. Epidemiological studies 
have found that noise levels in residential environments are 
closely associated with the onset and progression of depres-
sion. For example, one cross-sectional observational study 
demonstrated that higher residential noise levels correlated 
with increased depressive symptoms and a greater use of 
antidepressant medications [68]. Similarly, a large European 
cohort study reported that individuals exposed to high average 
day-evening-night noise levels (Lden > 55 dB) had significantly 
higher risks of experiencing depressive symptoms compared 
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to those living in quieter areas [69]. Furthermore, even after ad-
justing for potential confounders such as socioeconomic sta-
tus, road traffic noise exposure remained significantly associ-
ated with increased depression risk [70]. Although results have 
varied somewhat between studies due to differences in noise 
measurement techniques, exposure assessment windows, 
and confounder adjustment, the cumulative evidence points 
toward a modest but meaningful relationship between chronic 
noise exposure and depression risk, supporting the inclusion 
of noise mitigation strategies in mental health promotion ef-
forts.

Climate Change
Climate change has increasingly been recognized as an im-
portant environmental factor influencing mental health. Rising 
global temperatures, prolonged heatwaves, droughts, floods, 
and extreme weather events such as hurricanes have been as-
sociated with adverse psychological outcomes, including de-
pression, anxiety, post-traumatic stress disorder, and suicidal 
behavior [71-74]. Epidemiological studies have demonstrated 
that individuals exposed to climate change-related disasters—
such as floods, hurricanes, and wildfires—experience sus-
tained increases in depressive symptoms, often due to trau-
ma-related factors including loss of loved ones, displacement, 
property destruction, and community disruption [75-76]. These 
mental health effects can persist for months or even years 
after the event [77]. Experimental research suggests that heat 
exposure can trigger systemic inflammatory responses, includ-
ing elevated levels of pro-inflammatory cytokines, which may 
subsequently contribute to neuroinflammation—a potential 
biological pathway linking environmental heat stress to mood 
[78, 79]. Furthermore, the indirect impacts of climate change—
such as economic instability, forced migration, food insecurity, 
and loss of social cohesion—may exacerbate vulnerability to 
depression, particularly among socioeconomically disadvan-
taged populations [80]. Importantly, there are pronounced re-
gional disparities in both the exposure to climate hazards and 
the capacity to respond. Low- and middle-income countries, 
as well as marginalized communities within high-income na-
tions, often face a disproportionate burden of climate-related 
mental health risks due to higher environmental vulnerability, 
reduced adaptive capacity, and limited access to healthcare 
and psychosocial support services [81, 82]. Although research 
specifically addressing the link between climate-related expo-
sures and depression is still emerging, accumulating evidence 
underscores the need to consider climate change as a critical 
factor in mental health risk assessments. Future investigations 
should aim to clarify causal pathways and identify effective 
resilience-promoting strategies to mitigate the psychological 
impacts of a changing climate.

Urbanization and Built Environment
Urban living has been associated with both increased and de-
creased risks of depression, depending on contextual factors. 
Some studies report higher depression prevalence among 
urban residents compared to rural counterparts, attributed to 
factors such as higher social stress, environmental pollution, 
reduced green space, and greater social isolation [83]. Con-
versely, other research, particularly from developing countries, 
suggests that urbanization can confer mental health benefits 
through better healthcare access, education, and employment 

opportunities [32]. Thus, the relationship between urbanicity 
and depression is complex and likely moderated by socioeco-
nomic, cultural, and infrastructural variables [84]. Within urban 
environments, specific neighborhood characteristics—such as 
overcrowding, poor housing quality, and perceived insecurity—
have been consistently linked to higher depressive symptoms 
[85-87]. These findings suggest that while urbanization in-
troduces structural and social challenges that may heighten 
depression risk, it is the quality of the built and social environ-
ments that ultimately shapes mental health outcomes in urban 
settings.

Indoor Environmental Quality
In addition to major environmental exposures such as air pol-
lution, noise, green space availability, climate-related events, 
and urbanization, emerging research has identified other fac-
tors that may influence depression risk. Among these, indoor 
environmental quality has attracted increasing attention, espe-
cially given that individuals typically spend approximately 80% 
to 90% of their time indoors in modern urban lifestyles. Indoor 
environmental quality, in particular, has attracted increasing 
attention, especially given that individuals typically spend ap-
proximately 80% to 90% of their time indoors in modern urban 
lifestyles [88]. Studies suggest that indoor environments, par-
ticularly poorly ventilated spaces, older buildings, or densely 
populated urban areas, can accumulate higher concentrations 
of pollutants compared to outdoor settings. Key pollutants in-
clude volatile organic compounds (VOCs) emitted from house-
hold products, building materials, and furnishings, as well as 
combustion by-products from cooking and heating. Prolonged 
exposure to these indoor pollutants—especially under inade-
quate ventilation—has been associated with neurological and 
psychological disturbances, including increased risk of mood 
disorders and depressive symptoms [89-91]. Moreover, factors 
such as indoor humidity and exposure to mold and dampness 
have been consistently associated with increased psycholog-
ical distress, anxiety, and depression [92, 93]. Mold exposure 
may contribute to neuropsychiatric symptoms through in-
flammatory, allergic, and immune-mediated mechanisms [94]. 
Although the evidence base for indoor exposures remains less 
extensive compared to outdoor factors, accumulating findings 
highlight the necessity of adopting a comprehensive perspec-
tive that integrates both indoor and outdoor environmental 
influences when assessing the ecological determinants of de-
pression risk.

Lifestyle Factors
Lifestyle behaviors and psychosocial stressors represent crit-
ical modifiable domains influencing depression risk. Growing 
evidence suggests that unhealthy lifestyle patterns significant-
ly are linked to the development and persistence of depressive 
symptoms. Diet quality, for example, has emerged as an im-
portant factor, with studies showing that adherence to healthy 
eating patterns such as the Mediterranean diet—rich in fruits, 
vegetables, whole grains, fish, and healthy fats—is associated 
with reduced depression risk [16, 95], whereas high consump-
tion of processed foods, sugary snacks, and fast food, typical 
of Western dietary patterns, has been linked to increased 
depressive symptoms [96]. A prospective cohort study in 
Australia demonstrated that individuals with higher intake of 
processed foods had a greater risk of developing depression 
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compared to those adhering to healthier diets [97]. Physical 
inactivity also predicts greater depression risk, with meta-ana-
lytic evidence suggesting that even moderate levels of regular 
exercise, such as brisk walking for 30 minutes several times a 
week, can provide significant protective effects [17].

Psychosocial Stress and Early Life Adversity
Psychosocial stress and early life adversity represent critical 
specific external exposures that significantly influence depres-
sion vulnerability across the lifespan. Chronic occupational 
stress, economic hardship, social isolation, experiences of dis-
crimination, and exposure to violence have all been consistent-
ly associated with heightened depression risk [42, 45, 46]. Ear-
ly life adversity, including childhood abuse, neglect, and family 
dysfunction, exerts particularly profound and lasting effects 
[48], as meta-analytic studies indicate that individuals exposed 
to adverse childhood experiences have a two- to three-fold in-
creased risk of developing depression in adulthood [98]. These 
cumulative and enduring impacts of psychosocial stress high-
light the necessity of considering both lifestyle factors and 
environmental contexts when assessing depression risk and 
developing targeted prevention strategies.

Heavy Metals and Endocrine Disrupting Chemicals
Heavy metals and endocrine-disrupting chemicals represent 
one major class of internal exposures that have been implicat-
ed in depression risk. Heavy metal accumulation, particularly 
of lead, cadmium, mercury, and arsenic, has been associated 
with depressive symptoms and clinical depression diagnoses 
in epidemiological studies [49]. Similarly, exposure to endo-
crine-disrupting chemicals such as BPA and phthalates may 
interfere with hormonal signaling pathways relevant to mood 
regulation [50]. These toxicants may disrupt neurodevelop-
ment and endocrine homeostasis, contributing to mood dys-
regulation [99].

Systemic Inflammation and Oxidative Stress
Systemic inflammation and oxidative stress are two core en-
dogenous processes representing internal exposures linked 
to depression. Chronic low-grade systemic inflammation, 
reflected by elevated circulating levels of pro-inflammatory cy-
tokines, has been consistently linked to depression in both ob-
servational and experimental research [100]. Oxidative stress, 
characterized by an imbalance between reactive oxygen spe-
cies production and antioxidant defenses, is another biological 
state that may mediate environmental effects on brain func-
tion and emotional regulation [101]. Relevant biomarkers such 
as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), 
and malondialdehyde (MDA) have been frequently reported in 
depression-related studies [102, 103].

Gut Microbiota Dysbiosis
Gut microbiota dysbiosis represents another key internal expo-
sure pathway in depression research. Alterations in the gut mi-
crobiota—the complex community of microorganisms residing 
in the gastrointestinal tract—have emerged as potential con-
tributors to depression through immune, metabolic, and neural 
pathways [24]. Microbial imbalance may influence central ner-
vous system function by modulating systemic inflammation, 
gut barrier integrity, and neurotransmitter metabolism [104]. 
While the specific biological pathways connecting these inter-

nal exposures to depressive outcomes remain under active 
investigation, proposed mechanisms include immune system 
dysregulation, oxidative damage, endocrine disruption, blood-
brain barrier compromise, and gut-brain axis alterations.

Potential Mechanisms Linking Environmental 
Exposures to Depression

While substantial epidemiological evidence supports associ-
ations between various environmental exposures and depres-
sion, understanding the underlying biological mechanisms is 
essential to establish causal pathways and to inform preven-
tion and intervention strategies. In the following section, we re-
view major biological pathways through which environmental 
exposures may influence depression risk, focusing on inflam-
mation, oxidative stress, neuroendocrine dysregulation, blood-
brain barrier dysfunction, and gut-brain axis alterations. These 
mechanisms and their associated environmental triggers, as 
well as neurobiological impacts are summarized in Table 1.

Chronic Inflammation
One of the most consistently supported mechanisms involves 
chronic low-grade inflammation. Numerous studies have 
demonstrated that individuals with depression exhibit ele-
vated levels of pro-inflammatory cytokines, such as IL-6 and 
TNF-α [105]. Environmental exposures, particularly air pollu-
tion, psychosocial stress, and unhealthy lifestyle factors, can 
trigger systemic inflammatory responses that extend to the 
brain, leading to neuroinflammation [106]. Pro-inflammatory 
cytokines can cross the blood-brain barrier or communicate 
via neural pathways, subsequently altering neurotransmitter 
metabolism, impairing neurogenesis, and disrupting synaptic 
plasticity [107]. Moreover, inflammation-induced activation of 
the kynurenine pathway reduces serotonin bioavailability and 
increases production of neurotoxic metabolites, thereby con-
tributing to depressive symptomatology [108]. Inflammation 
often acts synergistically with other pathological processes, 
including oxidative stress, creating a self-perpetuating cycle of 
neuronal dysfunction.

Oxidative Stress
Oxidative stress, characterized by an imbalance between the 
production of reactive oxygen species (ROS) and the body’s 
antioxidant defense systems, represents another critical bio-
logical mechanism linking environmental exposures to depres-
sion [109]. Pollutants such as particulate matter and heavy 
metals can induce oxidative damage to lipids, proteins, and 
nucleic acids, thereby compromising cellular integrity [110]. 
In the brain, oxidative stress disrupts mitochondrial function, 
impairs neurotransmission, and promotes neuronal apoptosis 
[111]. Individuals with depression often exhibit elevated oxida-
tive stress markers, and antioxidant-based interventions have 
shown promise in reducing depressive symptoms [21, 112]. 
Importantly, oxidative stress and inflammation are closely in-
tertwined, often amplifying each other’s detrimental effects on 
brain function [101].

Neuroendocrine Dysregulation
The HPA axis, the body’s central stress response system, plays 
a pivotal role in mood regulation [113]. Chronic exposure to 
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Biological mech-
anism Key pathways Major environmental 

triggers Impact on brain and mood Supporting evidence

Chronic inflam-
mation

Elevated pro-inflammatory 
cytokines; 
Altered neurotransmitter 
metabolism and synaptic 
plasticity; 
Kynurenine pathway activa-
tion

Air pollution; 
Psychosocial stress; 
Unhealthy lifestyle

Neuroinflammation; 
Impaired neurogenesis; 
Disrupted synaptic func-
tion; 
Reduced serotonin avail-
ability

Elevated inflammatory 
markers in depression

Oxidative stress

Increased reactive oxygen 
species; 
Impaired antioxidant de-
fenses; 
Mitochondrial dysfunction

Particulate matter; 
Heavy metals

Neurotransmission dis-
ruption; 
Neuronal apoptosis; 
Amplification of inflam-
mation

Consistently elevated oxi-
dative damage markers in 
depression; 
Antioxidant therapies 
show potential efficacy

Neuroendocrine 
dysregulation

Hyperactivation of the 
hypothalamic-pituitary-ad-
renal axis; 
Prolonged cortisol eleva-
tion; 
Impaired glucocorticoid 
feedback

Psychosocial adversity; 
Endocrine-disrupting 
chemicals

Hippocampal damage; 
Emotional dysregulation; 
Abnormal cortisol 
rhythms

Altered diurnal cortisol 
patterns in depression

Blood-brain barri-
er dysfunction

Increased blood-brain barri-
er permeability; 
Infiltration of peripheral 
immune factors and toxins

Air pollution; 
Systemic inflammation

Microglial activation; 
Neuroinflammation; 
Neuronal injury

Animal studies show 
blood-brain barrier disrup-
tion following pollution 
exposure leads to depres-
sion-like behaviors

Gut-brain axis 
alterations

Gut microbiota dysbiosis; 
Altered neurotransmitter 
production; 
Inflammatory and neural 
signaling changes

Poor diet; 
Pollutants; 
Chronic stress

Mood regulation distur-
bance; 
Increased inflammation; 
Impaired brain signaling

Fecal microbiota trans-
plantation from depressed 
individuals induces de-
pressive-like behaviors in 
animal models

Table 1. Biological mechanisms linking environmental exposures to depression.

environmental stressors, such as psychosocial adversity and 
endocrine-disrupting chemicals like BPA, can dysregulate the 
HPA axis. Prolonged activation leads to sustained cortisol se-
cretion, which, when excessive or dysregulated, damages hip-
pocampal neurons, impairs negative feedback mechanisms, 
and promotes emotional disturbances [114]. Alterations in 
cortisol patterns, such as a flattened diurnal slope or elevated 
evening cortisol levels, are commonly observed in individuals 
with depression [115]. Additionally, endocrine disruptors may 
interfere with glucocorticoid receptor sensitivity and broad-
er hormonal signaling, exacerbating stress vulnerability and 
mood dysregulation [116].

Blood-Brain Barrier Dysfunction
The blood-brain barrier is essential for maintaining brain ho-
meostasis by regulating the passage of molecules between 
the circulatory system and neural tissue [117]. Environmen-

tal insults, notably air pollution and systemic inflammation, 
have been shown to compromise blood-brain barrier integrity, 
leading to increased permeability. A disrupted blood-brain 
barrier permits the infiltration of peripheral immune mediators, 
toxins, and pathogens into the brain parenchyma, amplifying 
neuroinflammation and neuronal injury [118]. Animal studies 
demonstrate that exposure to particulate matter increases 
blood-brain barrier permeability, activates microglia, and in-
duces depressive-like behaviors, supporting a mechanistic link 
between environmental exposures, barrier dysfunction, and 
mood disorders [119, 120].

Gut-Brain Axis Alterations
The gut-brain axis, a complex bidirectional communication 
system between the gastrointestinal tract and the central 
nervous system, has emerged as a key player in depression 
pathophysiology [121]. Environmental exposures, including 
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poor diet quality, pollutants, and chronic stress, can disrupt 
the gut microbiota, leading to dysbiosis. Microbial imbalance 
can promote systemic inflammation, alter the production of 
neurotransmitters such as serotonin, and influence neural sig-
naling pathways critical for mood regulation [122]. Evidence 
has shown that fecal microbiota transplantation can alleviate 
depressive symptoms; conversely, transferring gut microbiota 
from individuals with depression to healthy recipients may 
induce depression-related symptoms, suggesting bidirectional 
regulatory potential of the gut microbiota in the development 
of depression [123]. Consequently, the gut-brain axis offers a 
promising target for understanding how environmental expo-
sures are biologically embedded and translated into mental 
health outcomes.
Collectively, these interconnected biological mechanisms high-
light the complex ways in which environmental exposures can 
influence brain structure and function, ultimately increasing 
vulnerability to depression. Moreover, the interplay between in-
flammation, oxidative stress, neuroendocrine alterations, bar-
rier dysfunction, and gut dysbiosis suggests that interventions 
targeting multiple pathways simultaneously may be particular-
ly effective for mitigating the mental health consequences of 
environmental adversity [124].

Methodological Challenges

Studying the relationship between environmental exposures 
and depression presents several methodological challenges 
that must be carefully addressed to ensure valid and reli-
able findings. A major concern lies in exposure assessment. 
General external exposures, such as air pollution and green 
space availability, are commonly estimated using geographic 
information system (GIS)-based models, satellite imagery, or 
land-use regression approaches [125, 126]. While practical 
for large populations, these methods may introduce exposure 
misclassification by relying on residential address proxies 
without accounting for individual mobility patterns, occupa-
tional exposures, or indoor environments. Personal exposure 
monitoring using wearable sensors and real-time environmen-
tal trackers represents a promising advancement by offering 
individualized exposure profiles; however, their application re-
mains constrained by high costs, participant burden, and logis-
tical complexity in large epidemiological studies. For specific 
external exposures like lifestyle behaviors and psychosocial 
stressors, self-reported questionnaires are widely used due to 
feasibility and cost-effectiveness, but these instruments are 
susceptible to recall bias, reporting bias, and social desirability 
effects [127]. Internal exposures, such as heavy metal concen-
trations and biomarkers of inflammation or oxidative stress, 
are typically assessed through biological specimens like blood, 
urine, hair, or nails, providing objective measurements of inter-
nal dose. Nevertheless, many biomarkers reflect only recent 
or acute exposures unless cumulative markers are employed 
[128]. A summary of key methods, advantages, and limitations 
in exposure assessment is presented in Table 2.
Depression outcome measurement also varies considerably 
across studies, introducing additional heterogeneity. Many in-
vestigations rely on validated self-report screening tools, such 
as the Patient Health Questionnaire (PHQ-9) or the Center for 
Epidemiologic Studies Depression Scale (CES-D), to identify 

depressive symptoms at the population level. While practical 
for large-scale epidemiological research, these scales are not 
equivalent to clinical diagnoses based on standardized criteria 
such as the Diagnostic and Statistical Manual of Mental Disor-
ders (DSM) or the International Classification of Diseases (ICD) 
[129, 130]. Moreover, self-reported symptom scales may be 
affected by factors such as recall bias and social desirability 
bias [131, 132]. Administrative health data, including antide-
pressant prescriptions, mental health service utilization, and 
hospitalization records, provide clinically meaningful endpoints 
[133] but may under-capture subthreshold depressive symp-
toms and untreated individuals. Such disparities in outcome 
definitions complicate cross-study comparisons, meta-analy-
ses, and generalization to broader populations.
Beyond outcome measurement, analytic strategies further 
shape study findings. Traditional multivariable regression 
models adjusting for demographic and socioeconomic co-
variates remain foundational, yet residual confounding from 
unmeasured variables—such as genetic susceptibility, early 
life adversity, or personality traits—poses a persistent threat 
to internal validity [134]. Alternative strategies, such as sibling 
comparison designs and negative control exposures, may 
help further mitigate residual confounding in observational 
settings. Moreover, because environmental exposures and 
depressive symptoms often evolve dynamically over time, it is 
increasingly recognized that analyses must adequately cap-
ture temporal variability and exposure trajectories. Advanced 
time-series approaches such as distributed lag non-linear 
models (DLNM) are therefore utilized to characterize both de-
layed and cumulative exposure effects [135]. Sensitive period 
analyses, particularly during critical developmental windows 
such as prenatal stages or adolescence, also provide valuable 
insights into periods of heightened vulnerability. These stages 
are marked by rapid maturation of neuroendocrine systems, 
stress response pathways, and brain circuits—rendering them 
especially susceptible to external exposures. Accordingly, 
longitudinal study designs, time-varying covariate modeling, 
and repeated measures analysis have become essential meth-
odological components for accurately capturing temporal pat-
terns and elucidating causal relationships.
Finally, recent methodological developments increasingly 
recognize that individuals are simultaneously exposed to 
complex mixtures of environmental factors, necessitating ana-
lytical approaches that move beyond single-exposure models. 
Methods such as weighted quantile sum (WQS) regression 
[136], Bayesian kernel machine regression (BKMR) [137], and 
exposome-wide association studies (ExWAS) [138] allow re-
searchers to assess the joint effects and potential interactions 
of multiple exposures in a more ecologically valid manner, 
although challenges remain in handling highly correlated vari-
ables, selecting relevant contributors, and interpreting complex 
models. Machine learning algorithms, including random for-
ests [139], elastic net regression [140], and gradient boosting 
machines [141], offer powerful tools for handling high-dimen-
sional data, modeling non-linear relationships, and uncovering 
previously unrecognized exposure-outcome patterns. However, 
machine learning models often emphasize prediction perfor-
mance rather than causal inference and require careful valida-
tion to avoid overfitting. Establishing causality in observational 
research remains inherently challenging. Techniques such as 
instrumental variable analysis [142], natural experiments ex-
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Methodological 
aspect Common methods Advantages Limitations

Exposure assess-
ment

GIS-based models;
Satellite imagery;
Land-use regression;
Personal monitoring;
Self-reports;
Biological specimens

Feasible for large populations;
Individualized data via wear-
ables;
Objective internal exposure via 
biomarkers

Exposure misclassification;
High costs;
Participant burden;
Logistical complexity for wearables;
Recall/reporting bias and social desir-
ability effects in self-reports;
Short-term biomarkers

Depression out-
come measurement

Self-report scales;
Clinical diagnosis;
Administrative data

Efficient for population screen-
ing;
Clinical data offers diagnostic 
validity

Not equivalent to clinical diagnosis 
and cultural/stigma influences for 
self-report;
Misses subthreshold/untreated cases 
for administrative health data

Analytic strategies

Multivariable regression;
Time-series (DLNM);
Sensitive period analysis;
Longitudinal modeling

Adjusts for confounders;
Model dynamic exposure effects;
Captures critical periods

Residual confounding;
Complexity of time-varying modeling

Multi-exposure 
modeling

WQS regression;
BKMR;
ExWAS;
Machine learning

Captures joint exposure effects;
Handles high-dimensional, non-
linear data

Limited causal inference;
Risk of overfitting

Causal inference 
approaches

Instrumental variable analysis;
Natural experiments;
Propensity scores;
Longitudinal mediation analy-
ses mediation analysis;
Mendelian randomization

Enhances causal interpretation;
Reduces confounding;
Triangulates evidence

No single method definitive;
Requires consistency across methods/
populations

Table 2. Methodological considerations in research on environmental determinants of depression

Abbreviations: BKMR, Bayesian kernel machine regression; DLNM, distributed lag non-linear models; ExWAS, exposome-wide association stud-
ies; GIS, geographic information system; WQS, weighted quantile sum.

ploiting exogenous variation [143], propensity score methods 
[144], and longitudinal mediation analyses [145] are increas-
ingly employed to strengthen causal interpretations. Integrat-
ing genetic data through Mendelian randomization further 
enables triangulation of evidence by reducing confounding 
and reverse causality concerns [146]. Nevertheless, no single 
methodological approach is definitive, and consistent findings 
across diverse study designs, analytic strategies, and popu-
lations—through triangulation—remain essential for building 
robust, credible evidence on environmental determinants of 
depression.

Future Directions

Advancing research on the environmental determinants of de-
pression requires a shift toward more integrative, temporally 
sensitive, and inclusive approaches. Central to this transition 

is the adoption of the exposome framework, which enables 
comprehensive characterization of the dynamic, cumulative, 
and multifactorial nature of environmental exposures across 
the life course. To improve exposure precision, future studies 
should incorporate high-resolution environmental monitoring 
technologies, including wearable sensors, remote sensing plat-
forms, and biospecimen-based biomarkers. Longitudinal co-
hort designs with repeated measures of exposures, biological 
mediators, and depressive outcomes are critical for identifying 
sensitive developmental windows and elucidating temporal dy-
namics. In particular, the prenatal period and adolescence rep-
resent key developmental windows when brain and stress-reg-
ulation systems are especially plastic and susceptible to 
environmental influences. Focusing on these stages may help 
clarify long-term pathways linking exposures to depression.
Beyond single-exposure paradigms, it is essential to address 
complex environmental mixtures and cumulative burden using 
advanced analytical strategies such as mixture modeling. At 
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the same time, increasing the inclusion of racially, ethnically, 
and socioeconomically diverse populations will enhance the 
generalizability and equity of findings, particularly given that 
most current evidence comes from high-income and rela-
tively homogenous cohorts, underscoring the need for more 
inclusive research in low-income and underserved settings. 
Integrating genetic, epigenetic, and other multi-omics data 
with environmental exposure assessments will deepen our un-
derstanding of gene–environment interactions and biological 
embedding processes, potentially uncovering biomarkers for 
early detection and intervention.
Importantly, translating epidemiological insights into action-
able public health strategies and policy recommendations 
remains a major priority. Research should inform interventions 
and guidelines aimed at reducing harmful environmental expo-
sures, enhancing urban green infrastructure, improving indoor 
air quality, promoting healthy lifestyle behaviors, and fostering 
psychosocial resilience. These findings can support the devel-
opment of evidence-based policies related to environmental 
regulation, urban design, and preventive mental health care. 
Policy-relevant studies, including natural experiments and 
intervention trials, will be essential to evaluate the real-world 
effectiveness of environmental modifications. Moving forward, 
interdisciplinary collaboration among environmental scientists, 
mental health researchers, urban planners, and policymakers 
will be crucial for designing and implementing scalable, equi-
table solutions that embed environmental health into mental 
health promotion and depression prevention efforts.

Conclusion

Depression arises from a complex interplay between genetic 
vulnerability and environmental exposures across the life span. 
Robust evidence shows that air pollution, limited access to 
green space, chronic noise, internal toxicant burdens, and cer-
tain aspects of urbanization are associated with increased de-
pression risk. These exposures influence neurobiological and 
psychological processes through pathways such as inflam-
mation, oxidative stress, hypothalamic-pituitary-adrenal axis 
dysregulation, blood-brain barrier disruption, and gut-brain axis 
alterations. Continued efforts to capture exposure complexity, 
integrate biological data, and address population diversity are 
essential. Embedding environmental perspectives into mental 
health research and policy offers valuable opportunities to re-
duce the burden of depression and promote long-term popula-
tion resilience. Future efforts should aim to translate scientific 
findings into evidence-informed public health initiatives and 
environmental policies that support mental health across di-
verse populations.
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