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It remains unclear that trade-off between the benefits of regular physical activity (PA) and 
the potentially harmful effects of exposure to PM2.5 (particulate matter with aerodynamic 
diameter < 2.5 μm) in highly polluted regions. Therefore, we aimed to investigate the modification 
of PM2.5 on the associations of PA volume and intensity with depressive symptoms and glaucoma in 
individuals with or without depressive symptoms. Data of this study was obtained from the China 
Health and Retirement Longitudinal Survey (CHARLS) implemented during 2011 to 2020. PA volume 
and intensity were measured by a standardized questionnaire; a machine learning prediction model 
was applied to ascertain the PM2.5 concentrations. Cox proportional hazards regression models were 
employed to explore associations. A total of 20,930 participants were finally included, with 11,214 
analyzed for PA and depressive symptom risk and 16,965 analyzed for PA and glaucoma risk. PA 
volume or intensity was independent protective factor for incident depressive symptoms, while PM2.5 
was independent risk factor for depressive symptoms and glaucoma in participants with or without 
depressive symptoms. Among participants with low PM2.5 exposure (< 35 micrograms per cubic meter 
[µg/m3]), PA volume or intensity showed an inverse association with the risk of incident depressive 
symptoms, but insignificant associations between PA volume or intensity and glaucoma risk were 
observed in either participants with or without depressive symptoms. Among participants with high 
PM2.5 exposure (≥ 35 µg/m3), higher PA volume or intensity increased the risks of depressive symptoms 
and glaucoma. Higher PA level was associated with a reduced risk of depressive symptoms only among 
participants with low PM2.5 exposure, and higher PA did not decrease the risk of glaucoma regardless 
of PM2.5 level. Our findings recommend regular PA to prevent depressive symptoms in less polluted 
regions and reinforce the importance of air quality improvement.
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Depression is a prevalent mental health disorder characterized by persistent low mood and diminished interest1. 
With the acceleration of urbanization and industrialization process, depression has emerged as the third most 
common non-fatal disease worldwide2; the lifetime prevalence of depression is estimated to be approximately 11% 
and this rate continues to increase within the general population3–5. As the country with the highest prevalence 
of depression globally, China has seen a reduction in the incidence of depression due to the implementation of 
intervention measures. However, it is still difficult to detect the reduction of the disease burden of depression 
nationwide6. Mild depressive symptoms can affect an individual’s work ability, while severe depressive symptoms, 
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including low mood, loss of pleasure, and cognitive impairment, are strongly associated with suicidal behavior. 
Consequently, both mild and severe depressive symptoms may bring substantial burden to society7,8. Several 
factors, such as genetic predisposition, behavioral lifestyle, and environmental influences, may contribute to the 
development of depression9,10. Given the current limitations in sufficiently effective treatments for depression, a 
deeper understanding of its causes and prevention strategies remains a critical priority for both clinical practice 
and public health.

Studies have demonstrated that physical activity (PA) is beneficial for mental health11,12. A meta-analysis of 
prospective studies revealed that individuals with higher levels of PA exhibited a 17% lower risk of developing 
depression compared to those with lower PA levels13. Air pollution (AP), particularly ambient PM2.5 (particulate 
matter with aerodynamic diameter < 2.5  μm), elevates the risk of numerous diseases, including depression 
and glaucoma14,15. PA significantly increases the inhalation of air pollutants, potentially diminishing or even 
offsetting its health benefits16,17. 80% of countries worldwide have adopted national policies to encourage regular 
PA, yet over half of the global population resides in regions that fail to meet the World Health Organization’s 
minimum air quality standards (PM2.5 ≤ 35 µg/m3)18. Consequently, it raises significant public concern whether 
regular PA should be recommended in highly polluted areas16.

The findings of several studies investigating the potential implications of prolonged exposure to PM2.5 on 
the preventive benefits of regular PA remain inconclusive19–22. While some studies suggest that PA may amplify 
the adverse effects of AP on various health outcomes19,20, others propose that PA may either be independent of 
or even protective against the harmful impacts of AP21,22. Moreover, most of studies are frequently conducted 
in areas with low AP levels, thereby limiting their generalization to highly polluted regions, such as mainland 
China. Additionally, earlier studies focused solely on the volume or type of PA, neglecting the role of PA intensity 
— a critical gap highlighted by the 2020 European Society of Cardiology guidelines on cardiology and exercise23.

Glaucoma is the leading cause of irreversible vision loss globally24. Its chronic and progressive nature often 
leads to significant psychological distress among patients25. Studies have showed that a glaucoma diagnosis can 
contribute to depressive symptoms, and depressive symptoms may, in turn, influence the onset and progression of 
the disease26. Several studies have examined the potential association between higher levels of PA and a reduced 
risk of glaucoma; however, the evidence remains conflicting27–29. In addition, it is unclear whether the effects of 
PA on glaucoma differ between individuals with and without depressive symptoms. Recent studies suggest that 
long-term exposure to ambient AP may influence the associations between PA and various health outcomes, 
including hypertension, diabetes, stroke, etc16,17. Nevertheless, the impact of prolonged PM2.5 exposure on the 
association between PA and glaucoma in individuals with depressive symptoms remains poorly understood.

To address the aforementioned gaps, we conducted a comprehensive analysis using data from a nationwide 
study in China. Our objectives were threefold: (1) to evaluate the association between PA, including its volume 
and intensity, and depressive symptom; (2) to examine whether PA, in terms of volume and intensity, reduces 
the risk of glaucoma among individuals with depressive symptoms; and (3) to assess whether prolonged PM2.5 
exposure modifies the associations between regular PA and the risk of depressive symptoms and glaucoma.

Methods
Study design and participants
The participants in this study were drawn from the China Health and Retirement Longitudinal Survey 
(CHARLS), a nationally representative longitudinal survey of Chinese individuals aged 45 and above, as well 
as their partners. A detailed description of this cohort has been previously published30. Briefly, CHARLS 
utilized probability proportional to size (PPS) sampling to randomly select 150 districts and counties across 
28 provincial administrative units. The study initially included 17,708 participants as the baseline in 2011, 
with follow-ups conducted in 2013, 2015, and 2018 using face-to-face computer-assisted personal interviews 
(CAPIs). Each follow-up wave incorporated new participants. As of the latest survey, a total of 25,586 individuals 
have been enrolled in CHARLS. All participants provided written informed consent, which was approved by the 
Biomedical Ethics Review Committee of Peking University (IRB00001052-11015).

Out of the total participants, 4,656 were excluded due to being under 45 years of age or lacking key 
information, such as age and sex. Finally, 20,930 individuals were included. To explore the association between 
PA and depressive symptoms, we further excluded participants with only one survey of depressive symptoms 
or missing PA information at baseline (n = 3,942), as well as those diagnosed with depressive symptoms at 
baseline (n = 5,774). Consequently, 11,214 eligible individuals were included in this analysis. To examine the 
association between PA and glaucoma incidence, we excluded participants with only one survey of glaucoma or 
missing PA information at baseline (n = 3,620), those diagnosed with glaucoma at baseline (n = 25), and those 
lacking depressive symptom scores at baseline (n = 320). Ultimately, 16,965 participants (5,750 with depressive 
symptoms and 11,215 without depressive symptoms) were included in the study (Figure S1).

PA evaluation
CHARLS employed a self-reported standardized questionnaire, comparable to the International Physical Activity 
Questionnaire (IPAQ)31, to evaluate the PA levels of all participants. Three types of PA levels were evaluated: 
(1) Mild PA, defined as walking for leisure or recreation, walking at work, and traveling between places; (2) 
Moderate PA, encompassing activities such as brisk walking, Tai Chi, mopping, or light loading; (3) Vigorous 
PA, including activities like digging, heavy lifting, or quick cycling. The intensity of each activity was quantified 
in metabolic equivalents (MET), where 1 MET equals 1 kcal/kg of body weight per hour. We assigned MET 
values of 2, 4, and 8 to mild, moderate, and vigorous activities, respectively16. Participants were asked to report 
the frequency (0–7 days) and typical duration per day (no activity, 10–29, 30–119, 120–239, and ≥ 240 min) of 
PA during a typical week. Following previous literature32,33, the median time for each PA duration category was 
used to calculate PA duration, as specific durations were unavailable. The “≥240 minutes” category was treated as 
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240 min. The total time spent on each activity (hours per week) was calculated by multiplying the frequency of 
PA by the duration of each activity. For each participant, the daily PA volume (MET-h/day) was calculated using 
the following steps: (1) determining the PA volume of each activity by multiplying the total time of each activity 
by its MET value; and (2) summing the PA volumes of all activities and dividing by 7 days. Participants were then 
categorized into four groups based on quartiles of daily PA volume: ≤4.10 MET-h/day, >4.10–9.87 MET-h/day, 
>9.87–25.17 MET-h/day, and >25.17 MET-h/day. The average PA intensity for each participant was calculated 
by dividing the daily PA volume by the daily total PA time34. Average PA intensity was classified into three 
categories based on prior literature16: light (<3.0 MET), moderate (3.0-<6.0 MET), and vigorous (≥ 6.0 MET).

Assessment of ambient PM2.5 and temperature
Monthly mean PM2.5 concentrations from 2011 to 2020 were obtained from the Tracking Air Pollution in China 
database (http://tapdata.org.cn). A two-stage machine learning prediction model was implemented, integrating 
synthetic minority oversampling and tree-based gap-filling methodologies, to estimate PM2.5 concentrations35. 
This model demonstrated robust predictability for PM2.5

34. Since precise addresses of participants were 
unavailable, county-level PM2.5 concentrations were used as a proxy for individual exposure levels based 
on participants’ residential addresses. Each individual’s PM2.5 exposure level was calculated as the average 
concentration between cohort entry and the onset of illness or until the end of the cohort (2020) if participants 
who did not develop illness during follow-up. For participants without illness who were lost to follow-up or 
changed addresses during the follow-up period, PM2.5 exposure level was averaged over the period between the 
time they entered the cohort and the time of their last follow-up before they were lost to follow-up or changed 
address.

Monthly average temperature data for cities in CHARLS from 2011 to 2020 were extracted from the National 
Earth System Science Data Center (http://www.geodata.cn). The assessment of individual temperature exposure 
followed a similar approach to that of PM2.5. Specifically, each participant’s temperature exposure level was 
calculated as the average from cohort entry (2011) until either the onset of the disease or the end of the cohort 
(2020) for participants who did not develop the disease during the follow-up period. For participants who did 
not develop the disease but were lost to follow-up or changed their addresses after cohort entry, temperature 
exposure was averaged from cohort entry to the last follow-up date.

Outcome measurement
CHRLAS utilized the 10-item Center for Epidemiology Studies Depression (CESD-10) questionnaire36 to assess 
depressive symptoms. The CESD-10 provides a comprehensive evaluation, with responses scored on a four-point 
scale ranging from 0 to 3. The total CESD-10 score ranges from 0 to 30, with higher scores indicating more 
severe depressive symptoms. Previous studies have demonstrated the good reliability of the CESD-1037. In line 
with established literature36, participants with a CESD-10 score exceeding 10 points were classified as having 
depressive symptoms.

Covariates
Several potentially confounding covariates, including demographic characteristics, socioeconomic status, 
and lifestyle behaviors, were included in this study. Specifically, these covariates included age (≤ 55; 55–65; 
>65 years), sex (male; female), education level (primary and below; junior and senior high school; university 
and above), marital status (married; unmarried), body mass index (BMI) (underweight; normal; overweight), 
residence (rural; urban), chronic disease (no; yes), living standard (categorized by the quartile of family assets 
at the baseline: high; middle; low; very low), disability in activities of daily living (ADL disability) (yes; no), 
smoking status (current; former; never), drinking status (current; former; never), cooking fuel (biomass; fossil 
fuel; clean fuel; others), and heating fuel (biomass; fossil fuel; clean fuel; others).

Statistical analysis
The Cox proportional hazards model was employed to estimate hazard ratios (HRs) and 95% confidence intervals 
(95%CIs) for the associations between PA (volume and intensity), PM2.5 levels, and the risk of developing 
depressive symptoms or glaucoma. Weighted Schoenfeld residuals were calculated to test the proportional 
hazards assumption, and no violations were detected (P > 0.05). The following covariates were included in the 
Cox proportional hazards models: age, sex, education level, marital status, BMI, residence, chronic disease, living 
standard, ADL disability, smoking status, drinking status, cooking fuel, heating fuel, PM2.5 (for the association 
with PA volume), PA volume (for the association with PM2.5), or both PM2.5 and PA volume (for the association 
with PA intensity), and ambient temperature (a regression spline with 3 degrees of freedom was applied to 
accommodate the nonlinear relationship between temperature and outcome variables).

Stratified analyses were conducted to evaluate the associations between PA (volume or intensity) and the risk 
of depressive symptoms or glaucoma by PM2.5 level, using a cutoff of 35 µg/m³ based on the China Ambient Air 
Quality Standard (GB3095-2012). Tests for trend were performed by treating the median of each PA category 
as a continuous variable in the models. A two-sample z-test was used to assess whether there were significant 
differences in effect estimates between individuals with and without depressive symptoms38.

Additionally, the joint effects of PM2.5 and PA (volume or intensity) were examined by including both main 
effects and interaction terms of PM2.5 groups and PA (volume or intensity) categories in the Cox proportional 
hazards model. The effects of eight joint categories of PM2.5 (low and high) and PA volume (first to fourth 
quartiles) were calculated by comparing each group to the reference group, which consisted of participants in 
the first quartile of PA volume and exposed to low PM2.5. Similarly, participants were classified into six groups 
to estimate the combined effects of PM2.5 (low and high) and PA intensity (light, moderate, and vigorous), with 
the group of light PA intensity and low PM2.5 as the reference.
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To ascertain the strength and reliability of our results, we conducted sensitivity analyses: (1) to address the 
possibility of reverse causality that could bias the study results, participants who had an outcome at the first 
visit were excluded; (2) to better control for socioeconomic status, the average number of years of schooling at 
the county level (based on the population census of China) was incorporated into the Cox models; and (3) to 
assess whether the main findings varied based on different PM2.5 cutoff points, the median PM2.5 concentration 
(47.8 µg/m³) was used as an alternative cutoff for reanalysis.

All statistical analyses were performed using R software (version 4.2.2, R Development Core Team 2019, 
https://www.r-project.org), and statistical significance was declared if P < 0·05.

Results
Baseline characteristics
A total of 20,930 individuals were included in this analysis, with an average age of 58.6 years (standard deviation, 
SD = 9.8). The mean survival time of participants from baseline to the onset of depressive symptoms, participants 
with depressive symptoms from baseline to onset of glaucoma, and participants without depressive symptoms 
from baseline to the onset of glaucoma were 6.0 years (SD = 2.7), 6.2 years (SD = 1.4), and 6.1 years (SD = 1.5), 
respectively. More than half of participants were female (10,571, 50.5%) and resided in rural regions (11,673, 
55.8%). At baseline, the prevalence of depressive symptoms and glaucoma was 38.7% (n = 8,107) and 3.7% 
(n = 765), respectively (Table  1). During the follow-up period, 4,405 individuals (43.5%) newly developed 
depressive symptoms, while 446 participants (2.9%) were diagnosed with new cases of glaucoma. The median 
PM2.5 concentration was 47.8 mg/m3, ranging from 35.6 mg/m3 to 61.7 mg/m3 (Table 2).

Associations of PA or PM2.5 with depressive symptoms and Glaucoma
Table 3 presents the independent associations of PA and PM2.5 exposure with incident depressive symptoms and 
glaucoma. Higher levels of PM2.5 were associated with an increased risk of developing depressive symptoms and 
glaucoma. With the first quartile of PA volume as reference, the adjusted HRs (95%CIs) for the second, third, 
and fourth quartiles of PA volume were 0.96 (0.88–1.04), 0.88 (0.80–0.96), and 0.83 (0.79–0.87), respectively. 
Inverse associations were observed between PA intensity and depressive symptoms. No statistically significant 
associations were found between PA (volume or intensity) and glaucoma, regardless of whether participants had 
depressive symptoms.

Associations of PA with depressive symptoms and Glaucoma stratified by PM2.5 level
Table 4 displays the associations between PA volume and the risk of depressive symptoms and glaucoma, stratified 
by PM2.5 level. A significant interaction was observed between PM2.5 and PA volume in relation to the occurrence 
of depressive symptoms (Pinteraction < 0.001). For individuals exposed to low PM2.5, the HRs were as follows: 1.00 
(reference) for the first quartile of PA volume, 0.97 (0.89–1.07) for the second quartile, 0.87 (0.79–0.97) for the 
third quartile, and 0.82 (0.77–0.87) for the fourth quartile (Ptrend = 0.012). For those exposed to high PM2.5, the 
HRs (95% CI) were 1.00 (reference), 0.91 (0.75–1.11), 0.94 (0.75–1.16), and 0.85 (0.70–1.03) (Ptrend = 0.141). 
We observed a significant interaction between the PA volume and exposure to PM2.5 in relation to glaucoma 
development (Pinteraction < 0.001). However, no significant association between PA volume and glaucoma was 
found at either high or low PM2.5 concentrations, regardless of whether participants had depressive symptoms.

Table 5 presents the associations of PA intensity with depressive symptoms and glaucoma, stratified by PM2.5 
levels. A significant interaction was observed between PA intensity and PM2.5 exposure (Pinteraction < 0.001). 
Specifically, participants who engaged in vigorous PA had a 25% lower hazard of depressive symptoms compared 
to those engaged in light PA, but this association was only evident among individuals exposed to low PM2.5 
levels. However, no statistically significant association was found between PA intensity and depressive symptoms 
among those exposed to high PM2.5 levels. A significant interaction was also observed between PA intensity and 
PM2.5 exposure in relation to incident glaucoma (Pinteraction < 0.001). Furthermore, no significant association was 
found between PA intensity and the occurrence of glaucoma, regardless of whether individuals were exposed to 
high or low PM2.5 levels, whether in participants with or without depressive symptoms.

Joint effects of PA and PM2.5 on depressive symptoms and Glaucoma
The joint effects of PA (both volume and intensity) and PM2.5 exposure are shown in Fig. 1. Individuals exposed 
to high PM2.5 levels consistently exhibited a higher risk of developing depressive symptoms and glaucoma 
compared to those exposed to low PM2.5 levels, regardless of their PA volume or intensity. Additionally, 
participants with low PM2.5 exposure and high levels of PA (either in volume or intensity) had the lowest risk of 
depressive symptoms. However, no significant changes in glaucoma risk were observed at low PM2.5 exposure 
combined with varying levels of PA (regardless of volume or intensity), irrespective of whether participants had 
depressive symptoms at baseline.

Sensitivity analyses
Sensitivity analyses yielded consistent findings when: (1) individuals who developed depressive symptoms or 
glaucoma during the initial follow-up were excluded (Table S1); (2) county-level average years of education were 
incorporated into the models (Table S2); and (3) participants were categorized into low and high PM2.5 groups 
based on the median PM2.5 concentration (47.8 µg/m³, Table S3).

Discussion
This study is the first prospective cohort study to examine the joint effects of long-term PM2.5 exposure and 
PA (volume and intensity) on the incidence of depressive symptoms and glaucoma among individuals with 
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depressive symptoms residing in highly polluted regions. Among participants with low PM2.5 exposure, both PA 
volume and intensity showed an inverse association with the risk of incident depressive symptoms. However, 
no significant associations were observed between PA and glaucoma risk, regardless of whether participants 
had depressive symptoms. In contrast, among those exposed to high PM2.5 levels, the associations between PA 
and the risk of depressive symptoms and glaucoma were either insignificant or even positive. Furthermore, the 

Variables Median (P25, P75)

PA volume (MET-h/day) 9.9 (4.1, 23.0)

PA intensity (MET) 3.7 (3.3, 4.8)

PM2.5 (µg/m3) 47.8 (35.6, 61.7)

Table 2.  The baseline characteristics of the study participants (continuous variables). P25, lower quartile; P75, 
upper quartile; PA, physical activity; MET, metabolic equivalents; PM2.5, particulate matter with aerodynamic 
diameter < 2.5 μm; µg/m3, micrograms per cubic meter.

 

Variables N (%) Variables N (%)

Total 20,930 Educational level

Sex Primary and below 13,883 (66.4)

 Male 10,359 (49.5) Junior and senior high school 6,505 (31.1)

 Female 10,571 (50.5) University and above 529 (2.4)

Age (year) Missing 13 (0.1)

 ≤ 55 8,867 (42.4) Marital status

 55 ~ 65 7,248 (34.6) Married 18,333 (87.6)

 > 65 4,815 (23.0) Unmarried 182 (0.9)

Residence Other 2,415 (11.5)

 Rural 11,673 (55.8) Heating fuel

 Urban 9,257 (44.2) Biomass 5,163 (24.7)

Smoking status Fossil fuel 6,469 (30.9)

Current 6,339 (30.3) Clean fuel 4,733 (22.6)

 Former 1,981 (9.5) Others 3,370 (16.1)

 Never 12,381 (59.1) Missing 1,195 (5.7)

 Missing 229 (1.1) BMI (kg/m2)

Drinking status ≤ 18.4 (Underweight) 1,174 (5.6)

 Current 7,125 (34.0) 18.5–23.9 (Normal weight) 7,365 (35.2)

 Former 1,849 (8.8) ≥ 24.0 (overweight or Obesity) 9,639 (46.1)

 Never 11,841 (56.6) Missing 2,752 (13.1)

 Missing 115 (0.6) Chronic disease

Cooking fuel No 6,241 (29.8)

 Biomass 8,187 (39.1) Yes 14,256 (68.1)

 Fossil fuel 5,540 (26.5) Missing 433 (2.1)

 Clean fuel 6,801 (32.5) Depressive symptoms

 Others 165 (0.8) No 11,830 (56.5)

 Missing 237 (1.1) Yes 8,107 (38.7)

Living standard Missing 993 (4.8)

 High 4,768 (22.8) Glaucoma

 Middle 4,913 (23.5) No 20,023 (95.6)

 Low 4,858 (23.2) Yes 765 (3.7)

 Very low 4,891 (23.4) Missing 142 (0.7)

 Missing 1,500 (7.1)

ADL disability

 No 17,341 (82.9)

 Yes 3,457 (16.5)

 Missing 132 (0.6)

Table 1.  The baseline characteristics of the study participants (categorical variables). ADL disability, disability 
in activities of daily living; BMI, body mass index; kg/m2, kilogram per square meter.

 

Scientific Reports |        2025 15:14048 5| https://doi.org/10.1038/s41598-025-98711-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


associations of PA with the risk of depressive symptoms or glaucoma were significantly modified by ambient 
PM2.5 levels.

Our study, alongside several others13,14 (despite inconsistent evidence from other studies39,40), has identified 
independent effects of AP and PA on depressive symptoms. Specifically, significant associations were observed 
between PM2.5/PA and incident depressive symptoms. Furthermore, some observational epidemiological studies 
suggest that the health benefits of PA may be diminished by long-term exposure to AP41,42. Our findings indicate 
that PA is effective in improving depressive symptoms only at low PM2.5 levels (< 35 µg/m³), while the joint effect 
of PM2.5 and PA demonstrated a harmful impact on the development of depressive symptoms at high PM2.5 
exposure levels. A nationwide cohort study16 in China involving 54,797 participants, focusing on AP and blood 
pressure, also found that individuals can benefit from higher PA levels when PM2.5 concentrations are below 
60 µg/m³. This recommended threshold aligns with studies conducted in Taiwan21 and Henan Province43. In 
these studies, when PM2.5 levels exceed this threshold, individuals consistently face a higher risk of hypertension 
and metabolic diseases compared to those exposed to subthreshold PM2.5 levels16,43. Under such conditions, 
high PM2.5 exposure may counteract or even reverse the positive health effects of PA, regardless of PA volume 
or intensity. A key contribution of our study is its emphasis on the need to control AP levels to lower thresholds 
(e.g., below the WHO’s Interim Target 1 of 35 mg/m3)18 to maximize the mental health benefits of adequate PA.

Outcome

PA volume (MET-h/day)

P for trend
Quartile 1
(≤ 4.10)

Quartile 2
(>4.10–9.87)

Quartile 3
(>9.87–25.17)

Quartile 4
(>25.17)

Low PM2.5 (<35 µg/m3 )

Depressive symptoms 1.00 0.97 (0.89–1.07) 0.87 (0.79–0.97) 0.82 (0.77–0.87) 0.012

Glaucoma in participants with depressive symptoms 1.00 0.94 (0.28–3.19) 1.18 (0.31–4.52) 1.21 (0.38–3.84) 0.688

Glaucoma in participants without depressive symptoms 1.00 1.23 (0.85–1.76) 0.64 (0.40–1.03) 0.84 (0.58–1.23) 0.330

High PM2.5 (>35 µg/m3)

Depressive symptoms 1.00 0.91 (0.75–1.11) 0.94 (0.75–1.16) 0.85 (0.70–1.03) 0.141

Glaucoma in participants with depressive symptoms 1.00 1.23 (0.81–1.85) 1.31 (0.83–2.08) 0.93 (0.61–1.41) 0.606

Glaucoma in participants without depressive symptoms 1.00 2.25 (0.95–5.33) 2.37 (0.99–5.67) 1.36 (0.73–2.53) 0.101

Table 4.  HRsa and 95%cis of depressive symptoms and glaucoma associated with the volume of PA stratified 
by long-term exposure to PM2.5. aCox proportional hazard model, and adjusted for age, sex, education level, 
marital status, residence, body mass index, disability in activities of daily living, chronic disease, smoking 
status, drinking status, living standard, heating fuel, cooking fuel, temperature, and PM2.5 (for the association 
with PA volume). Abbreviations: HRs, hazard ratios; CIs, confidence intervals; PA, physical activity; PM2.5, 
particulate matter with aerodynamic diameter < 2.5 μm; MET, metabolic equivalent; µg/m3, micrograms per 
cubic meter.

 

Exposure

HR (95%CI)a

Depressive symptoms Glaucoma in participants with depressive symptoms Glaucoma in participants without depressive symptoms

PA volume (MET-h/day)

Quartile 1 (≤ 4.10) 1.00 1.00 1.00

Quartile 2 (>4.10–9.87) 0.96 (0.88–1.04) 1.19 (0.81–1.75) 1.42 (0.98–2.05)

Quartile 3 (>9.87–25.17) 0.88 (0.80–0.96) 1.31 (0.85–2.02) 0.84 (0.54–1.28)

Quartile 4 (>25.17) 0.83 (0.79–0.87) 0.95 (0.65–1.41) 0.98 (0.69–1.41)

Average PA intensity (MET)

Light (<3.0) 1.00 1.00 1.00

Moderate (3.0-<6.0) 0.87 (0.80–0.96) 1.38 (0.81–2.35) 1.05 (0.68–1.63)

Vigorous (>6.0) 0.85 (0.73–0.94) 0.99 (0.51–1.94) 1.07 (0.62–1.88)

PM2.5 level (µg/m3)

Low (<35) 1.00 1.00 1.00

High (≥ 35) 1.80 (1.66–1.95) 1.89 (1.24–2.88) 1.67 (1.18–2.37)

Table 3.  HRs and 95%cis of depressive symptoms and glaucoma associated with the volume and intensity of 
PA and long-term exposure to PM2.5. aCox proportional hazard model, and adjusted for age, sex, education 
level, marital status, residence, body mass index, disability in activities of daily living, chronic disease, 
smoking status, drinking status, living standard, heating fuel, cooking fuel, temperature, and PM2.5 (for the 
association with PA volume) or PA volume (for the association with PM2.5) or both PM2.5 and PA volume (for 
the association with PA intensity). Abbreviations: HRs, hazard ratios; CIs, confidence intervals; PA, physical 
activity; PM2.5, particulate matter with aerodynamic diameter < 2.5 μm; MET, metabolic equivalent; µg/m3, 
micrograms per cubic meter.
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Fig. 1.  Joint effects of PM2.5 and PA volume or PA intensity on incident depressive symptoms or glaucoma. 
(A) Joint effects of PM2.5 and PA volume on incident depressive symptoms; (B) Joint effects of PM2.5 and PA 
intensity on incident depressive symptoms; (C) Joint effects of PM2.5 and PA volume on incident glaucoma 
in participants with depressive symptoms; (D) Joint effects of PM2.5 and PA intensity on incident glaucoma 
in participants with depressive symptoms; (E) Joint effects of PM2.5 and PA volume on incident glaucoma in 
participants without depressive symptoms; (F) Joint effects of PM2.5 and PA intensity on incident glaucoma 
in participants without depressive symptoms. Cox proportional hazard model, and adjusted for age, sex, 
education level, marital status, residence, body mass index, disability in activities of daily living, chronic 
disease, smoking status, drinking status, living standard, heating fuel, cooking fuel, temperature, (further 
adjusted for PA volume when analyzing the joint effects of PM2.5 and PA intensity). PA, physical activity; PM2.5, 
fine particulate matter.

 

Outcome

Average PA intensity (MET)

P for trend
Light
(<3.0)

Moderate
(3.0-<6.0)

Vigorous
(>6.0)

Low PM2.5 (<35 µg/m3)

Depressive symptoms 1.00 0.81 (0.70–0.94) 0.75 (0.61–0.91) 0.047

Glaucoma in participants with depressive symptoms 1.00 1.38 (0.78–2.44) 0.86 (0.41–1.78) 0.186

Glaucoma in participants without depressive symptoms 1.00 0.96 (0.60–1.52) 0.88 (0.47–1.62) 0.076

High PM2.5 (>35 µg/m3)

Depressive symptoms 1.00 0.92 (0.83–1.02) 0.99 (0.86–1.17) 0.931

Glaucoma in participants with depressive symptoms 1.00 1.25 (0.67–2.33) 1.81 (0.86–3.81) 0.070

Glaucoma in participants without depressive symptoms 1.00 1.63 (0.75–3.54) 2.08 (0.92–4.70) 0.667

Table 5.  HRsa and 95%cis of depressive symptoms and glaucoma associated with the intensity of PA stratified 
by long-term exposure to PM2.5. aCox proportional hazard model, and adjusted for age, sex, education level, 
marital status, residence, body mass index, disability in activities of daily living, chronic disease, smoking 
status, drinking status, living standard, heating fuel, cooking fuel, temperature, and both PM2.5 and PA volume 
(for the association with PA intensity). Abbreviations: HRs, hazard ratios; CIs, confidence intervals; PA, 
physical activity; PM2.5, particulate matter with aerodynamic diameter < 2.5 μm; MET, metabolic equivalent; 
µg/m3, micrograms per cubic meter.
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This study did not observe an independent impact of PA on glaucoma in individuals with or without 
depressive symptoms, which aligns with a previous investigation in the UK Biobank44. Although the relationship 
between AP and glaucoma has gained attention in recent years45, the biological mechanisms linking long-term 
PM2.5 exposure to glaucoma remain poorly understood. Our findings suggest that the impact of AP on glaucoma 
may be independent of human behaviors, such as PA. However, it is important to note that the joint effects of PA 
and AP may significantly influence the development of glaucoma in participants exposed to high PM2.5 levels, 
regardless of their depressive status. Thus, even individuals with high PA levels may not be protected from the 
risk of glaucoma associated with AP, particularly those living in areas with high PM2.5 exposure. Limited evidence 
suggests that the association between PM2.5 and glaucoma may not be related to changes in intraocular pressure 
but rather to potential neurotoxic and/or vascular effects46. While PA may not be an effective intervention for 
improving glaucoma in individuals with depressive symptoms, other lifestyle factors, such as dietary behavior 
and its interaction with AP, warrant further investigation in future studies47.

The health effects of PM2.5 and PA on depressive symptoms may share common mechanisms, including acute 
neuroendocrine and inflammatory responses13,48. PA can increase the inhalation of air pollutants by elevating the 
ventilation rate, leading to a higher proportion of pollutants being deposited in the airways and a shift from nasal 
to oral breathing49. Furthermore, as PA intensity increases, so does the volume of AP inhaled. Previous studies 
have shown that high-intensity PA results in approximately twice the inhalation of air pollutants compared to 
moderate PA50,51. This highlights the importance of guiding PA practices in areas with high AP. For example, 
individuals should check local air quality before engaging in physical activities. When AP levels are high, 
outdoor activities should be avoided and replaced with indoor alternatives. If outdoor activities are unavoidable, 
protective measures such as wearing specialized masks (air filters) should be implemented. Additionally, 
creating cleaner spaces (e.g., green belts) and encouraging exercise in cleaner areas could be effective measures. 
Considering indoor PA with air filtration systems could be a beneficial choice for mitigating AP exposure.

Our study has several notable strengths. Unlike previous research that primarily focused on the modifying 
effects of AP17,43, this study explores the combined effects of PA and AP. Our findings suggest that individuals 
living in areas with high levels of PM2.5 pollution do not benefit from engaging in intense outdoor PA. In contrast 
to earlier studies that emphasized the impact of AP on physical functioning, our research underscores the 
sensitivity of mental health to PM2.5 exposure, highlighting the need to maintain lower levels of air pollutants. 
Second, this study is based on a nationally representative sample with a long follow-up period, utilizing well-
validated spatiotemporal models for PM2.5 exposure and incorporating extensive covariate data. However, 
our findings should be interpreted in the context of several limitations. First, the AP data were derived from 
residential addresses, overlooking other locations where individuals spend significant time, such as workplaces. 
Second, depressive symptoms were assessed using questionnaires, which may introduce some misclassification. 
Third, the effects of ecological factors, green environments, and other evaluation indicators were not examined 
due to a lack of available data.

Conclusions
This study is among the few to provide evidence from highly polluted areas, suggesting that high levels PM2.5 
exposure may counteract or even reverse the benefits of PA in preventing depressive symptoms. Our findings 
also revealed that PA in areas with high AP levels may increase the risk of glaucoma. Therefore, interventions 
aimed at reducing AP or improving air quality should be prioritized to maximize the protective effects of PA on 
mental health.

Data availability
The CHARLS datasets for this study are publicly available and can be found here: http://charls.pku.edu.cn/.
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