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A B S T R A C T

Mitochondrial DNA (mtDNA) is vulnerable to environmental exposure and is related to various diseases. How-
ever, the relationship of green space exposure with mtDNA copy number (mtDNAcn) is not yet well clarified. In 
this study, we sought to explore how green space exposure influences mtDNAcn in children and adolescents. This 
cross-sectional study involved 1151 participants aged 6–18 years from Liuzhou, China. Green space exposure was 
quantified using the normalized difference vegetation index (NDVI) within several circular buffers (250–2000 
m). Leukocyte mtDNAcn was measured using the qPCR method. Multiple linear regression was employed to 
estimate the relationship of green space exposure with mtDNAcn. Per interquartile range increment in NDVI250m, 
NDVI500m, NDVI1000m, and NDVI2000m were related to 3.33% (95% confidence interval [CI]: 1.00%, 5.72%), 
3.37% (95% CI: 1.02%, 5.78%), 3.34% (95% CI: 0.93%, 5.81%), and 3.25% (95% CI: 0.49%, 6.08%) increase in 
mtDNAcn, respectively. Subgroup analyses showed that the positive relationship of green space exposure with 
mtDNAcn was more evident in children, females, participants with normal weight, and those not exposed to 
passive smoking. Our findings indicate a positive relationship of green space exposure with mtDNAcn in children 
and adolescents. Given the significance of mtDNAcn during childhood and adolescence, it is essential to 
implement strategies that enhance green environments to support the health and development of children and 
adolescents.

1. Introduction

Mitochondria are the primary sources and targets of reactive oxygen 
species at the intracellular level (Yakes and Van Houten, 1997). Due to 
the absence of protective histones and the limited capacity for DNA 
repair, mitochondrial DNA (mtDNA) is vulnerable to oxidative stress 
(Hagberg et al., 2014). To cope with oxidative damage, mitochondria 
can alter mtDNA copy number (mtDNAcn), making it a useful marker for 
quantifying mtDNA damage (Malik and Czajka, 2013). Research has 

reported that mtDNAcn is associated with various health conditions, 
such as biological aging (Foote et al., 2018), all-cause mortality (Ashar 
et al., 2015), cardiovascular disease (Ashar et al., 2017), and neurode-
generative diseases (Cerantonio et al., 2024).

Beyond genetic factors, mtDNAcn is susceptible to various environ-
mental stressors, such as air pollution (Qiao et al., 2024), metals (Smith 
et al., 2021; Kupsco et al., 2019; Song et al., 2020), and polycyclic ar-
omatic hydrocarbons (Duan et al., 2020; Cao et al., 2020). However, 
studies on mtDNAcn alterations in relation to environmental stressors 
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have primarily focused on newborns or adults and have yielded incon-
clusive results. Childhood and adolescence are critical periods marked 
by dynamic physiological and metabolic changes, making them signif-
icant vulnerable windows for various environmental exposures (Wright, 
2017). Moreover, reduced mtDNAcn in children and adolescents has 
been related to health issues such as obesity (Bordoni et al., 2019) and 
impaired cognitive function (Bijnens et al., 2019), which are important 
indicators of later-life health. Therefore, understanding environmental 
factors related to mtDNAcn during childhood and adolescence is crucial 
for uncovering potential long-term health implications.

Green space is a widely recognized environmental factor in pro-
moting human health (Twohig-Bennett and Jones, 2018). The beneficial 
effects of green space may be partially explained by its ability to reduce 
psychological stress (Bloemsma et al., 2022; Towe-Goodman et al., 
2024), promote physical activity (McCormack et al., 2010), and mitigate 
environmental stressors like air pollution (Nowak et al., 2006), all of 
which have been linked to mtDNAcn alterations (Wang et al., 2020; 
Hong et al., 2023; Brunst et al., 2017; Chang et al., 2016). However, 
research about the association of green space exposure with mtDNAcn is 
still sparse, particularly during childhood and adolescence. To date, only 
one research from Belgium has explored the association of residential 
green space with mtDNAcn in primary school children, reporting a 
positive association (Hautekiet et al., 2022), with no other studies 
available on this impact in adolescents. The findings from this study in a 
developed country may not generalize to developing countries because 
of discrepancies in cultural, sociodemographic, and environmental 
factors.

Therefore, we aimed to examine the relationship of green space 
exposure with mtDNAcn in Chinese children and adolescents through a 
cross-sectional study. We hypothesized that green space exposure would 
be positively related to mtDNAcn in this study.

2. Methods

2.1. Study population

We conducted a cross-sectional study, recruiting participants from 
eight schools that were randomly selected (three primary schools, three 
middle schools, and two high schools) in Liuzhou, China, from February 
to May 2018. The enrollment criteria were as follows: (a) residing in 
Liuzhou city, (b) aged 6–18 years, and (c) free from significant health 
issues like neurological or congenital heart diseases. A total of 1388 
children and adolescents were initially enrolled. After excluding 173 
individuals with missing blood samples or ineligible DNA quality and 64 
individuals with missing information about home and school addresses, 
we ultimately included 1151 participants in this study.

This study received approval from Tongji Medical College, Huazhong 
University of Science and Technology, and all procedures were con-
ducted in accordance with the Declaration of Helsinki. Written informed 
consents were obtained from the parents or legal guardians of all par-
ticipants. Furthermore, all personal data underwent rigorous anonym-
ization and de-identification to protect participant confidentiality and 
privacy.

2.2. Green space exposure assessment

Green space was characterized by the normalized difference vege-
tation index (NDVI). The NDVI data was extracted at 250 m and 16-day 
spatiotemporal resolutions from the Terra Moderate Resolution Imaging 
Spectroradiometer (MODIS) Vegetation Indices (MOD13Q1) (Didan, 
2015) based on the geocode of residential and school addresses in this 
study. The NDVI captures vegetation density, varying from − 1 to 1, with 
higher values signifying denser green vegetation. The average annual 
NDVI values for the year preceding participant enrollment were evalu-
ated at four radial buffers of 250 m (NDVI250m), 500 m (NDVI500m), 
1000 m (NDVI1000m), and 2000 m (NDVI2000m). Total green space 

exposure was weighted by time participants spent at home (18 h) and at 
school (6 h) during the day.

2.3. Mitochondrial DNA copy number measurement

The genomic DNA extraction of blood leukocytes was performed 
using the Wizard® Genomic DNA Purification Kit (Promega Corpora-
tion, USA). The purity and concentration of DNA templates were 
measured using the NanoDrop™ One Spectrophotometer (Thermo 
Fisher Scientific, USA). DNA samples with A260/280 in the range of 
1.8–2.0 were considered eligible. Relative mtDNAcn was determined 
using the ratio of mitochondrial gene copy numbers (ND1) to a single- 
copy nuclear control gene [human β-globulin (hbg)] using quantita-
tive polymerase chain reaction on the QuantStudio™ 7 Flex Real-Time 
PCR System (Applied Biosystems, USA). Details on mtDNAcn measure-
ment were described in the Supplementary methods. Briefly, each 
sample was run in triplicate. The coefficients of variation for inter-run 
mitochondrial and single-copy gene were 1.24% and 1.06%, 
respectively.

2.4. Covariate assessment

We collected demographic and lifestyle data, including age, sex, 
maternal education, and passive smoking, through a questionnaire. 
Children were defined as 6–11 years old, and adolescents as 12–18 years 
old. Maternal education was classified into three groups: junior school or 
below, high school, and college or above. Height and weight measure-
ments followed standardized protocols, and body mass index (BMI) was 
calculated as weight (kg) divided by height squared (m2). Age- and sex- 
standardized BMI z-scores were determined based on the World Health 
Organization (WHO) Child Growth Standards (WHO). Participants with 
BMI z-score >1 were considered overweight/obese (WHO).

2.5. Statistical analysis

A correlation heatmap was utilized to present Spearman correlations 
among indicators of green space exposure. Missing values for passive 
smoking were addressed using the multiple imputation method based on 
the “mice” package in R. All available data were used to generate 5 
imputed data sets, and the pooled results were used. Multiple linear 
regression model was employed to assess the relationship of green space 
exposure with mtDNAcn, with mtDNAcn log-transformed due to its 
skewed distribution. To enhance the interpretation of regression models, 
we expressed all coefficients and 95% confidence intervals (CIs) as 
percent change (95% CIs) in mtDNAcn for per interquartile range (IQR) 
increase or quartile of green space exposure. We calculated the percent 
change in mtDNAcn as 

(
eβ − 1

)
× 100% with 95% CI calculated as 

(
e(β±1.96×SE) − 1

)
× 100%, where SE and β are the estimated standard 

error and regression coefficient, respectively. The analyses utilized two 
models: Model 1 was adjusted for age (continuous) and sex (male, fe-
male); Model 2 was further accounted for BMI z-score (continuous), 
passive smoking (yes, no), and maternal education (junior school or 
below, high school, college or above). Moreover, the restricted cubic 
spline regression model was used to examine the dose-response rela-
tionship of green space exposure with mtDNAcn. The models incorpo-
rated three knots placed at the 10th, 50th, and 90th percentiles of green 
space exposure, with the 10th percentile serving as the reference.

Subgroup analyses were conducted to evaluate potential modifica-
tions by demographic and lifestyle factors, including age (children, ad-
olescents), sex (males, females), maternal education (junior school or 
below, high school, college or above), overweight/obesity (yes, no), and 
passive smoking (yes, no). The interaction effects of green space expo-
sure with these factors were assessed by introducing multiplicative 
terms into the models, considering a P value < 0.1 as statistically sig-
nificant. To explore the potential impact of rapid developmental phases, 
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we analyzed age- and sex-related differences in the association between 
green space exposure and mtDNAcn. Based on developmental stages 
(Ren et al., 2003), participants were divided into three groups for each 
sex: females (6–9 years, 10–14 years, 15–18 years) and males (6–11 
years, 12–16 years, 17–18 years).

Furthermore, some sensitivity analyses were performed. First, we 
excluded first-year students, including those in grades 1, 7, and 10, due 
to their relatively short admission period in schools. Besides, we con-
ducted the analyses after further adjustment for PM2.5, PM10, and NO2, 
respectively. Daily concentrations of PM2.5, PM10, and NO2 were esti-
mated as described previously (Wei et al., 2021a, 2021b, 2023). We then 
calculated the average annual concentrations of PM2.5, PM10, and NO2 at 
participants’ residential and school addresses. Total exposure to PM2.5, 
PM10, and NO2 was weighted by the time spent at home (18 h) and 
school (6 h) during the day.

All statistical analyses were conducted using R software (version 
4.3.2). A two-tailed P value < 0.05 was considered statistically 
significant.

3. Results

Table 1 presents participants’ characteristics. The average age of the 
1151 participants was 11.7 ± 3.3 years. Among them, 47.2% were 
children, and 46.0% were males. A total of 226 participants (19.6%) 
were overweight/obese, and 255 participants (22.6%) reported passive 
smoking exposure. Maternal education level at college or above 
accounted for 23.7% of participants. The median (IQR) of mtDNAcn was 
1.1 (0.8, 1.3). Table S1 displays the distribution of green space exposure. 
The median (25th–75th percentile) values for NDVI250m, NDVI500m, 
NDVI1000m, and NDVI2000m were 0.27 (0.25, 0.32), 0.28 (0.25, 0.32), 
0.28 (0.25, 0.31), and 0.30 (0.27, 0.34), respectively. Spearman corre-
lation analysis showed strong positive correlations among indicators of 
green space, with coefficients ranging from 0.79 to 0.96 (Fig. S1).

Table 2 illustrates the relationship of green space exposure with 
mtDNAcn in children and adolescents. Per IQR increment in NDVI250m, 
NDVI500m, NDVI1000m, and NDVI2000m were related to 3.33% (95% CI: 
1.00%, 5.72%), 3.37% (95% CI: 1.02%, 5.78%), 3.34% (95% CI: 0.93%, 
5.81%), and 3.25% (95% CI: 0.49%, 6.08%) increase in mtDNAcn, 

respectively. Compared to the lowest quartiles, the highest quartiles of 
NDVI250m, NDVI500m, NDVI1000m, and NDVI2000m were related to an 
8.46% (95% CI: 2.53%, 14.74%), 9.34% (95% CI: 3.44%, 15.58%), 
7.67% (95% CI: 1.83%, 13.84%), and 6.56% (95% CI: 0.73%, 12.73%) 
increase in mtDNAcn, respectively (all P trend < 0.05) (Table S2). The 
restricted cubic spline regression models indicated linear relationships 
of NDVI250m, NDVI500m, NDVI1000m, and NDVI2000m with mtDNAcn 
(Fig. 1, all P nonlinear > 0.05).

Subgroup analyses revealed a positive association between green 
space exposure and mtDNAcn in children and participants with normal 
weight, with a significant interaction effect observed for age and BMI z- 
score (Fig. 2 and Table S3, P interaction < 0.1). Besides, the positive re-
lationships of green space exposure with mtDNAcn were more pro-
nounced among females, and those not exposed to passive smoking, 
despite the lack of a significant interaction effect (Fig. 2 and Table S3, P 
interaction > 0.1). The sex- and age-specific analyses revealed a significant 
association in females aged 6–9 years and 10–14 years, while no such 
association was observed in males (Table S4). In the sensitivity analyses, 
the positive relationship of green space with mtDNAcn was still robust 
after excluding first-year students (Table S5) or after additional adjust-
ment for PM2.5, PM10, and NO2, respectively (Table S6).

4. Discussion

In this Chinese cross-sectional study, we observed that green space 
exposure was positively related to mtDNAcn in children and adoles-
cents. Moreover, we found stronger relationships of green space expo-
sure with mtDNAcn in children, females, individuals with normal 
weight, and those not exposed to passive smoking.

Research regarding the relationship of green space exposure with 
mtDNAcn is still limited, with only two studies assessing this associa-
tion. A cross-sectional study in China reported that green space exposure 
was related to a higher mtDNAcn in adults (Li et al., 2022). Childhood 
and adolescence are critical stages of growth, representing susceptible 
windows to various exposures (Wright, 2017). To date, only one study 
involving 246 Belgian primary school children reported a similar posi-
tive relationship of green space exposure with buccal mtDNAcn 
(Hautekiet et al., 2022). We confirmed these findings in Chinese chil-
dren and expanded upon them in adolescents. It is noteworthy that this 
previous study of children (Hautekiet et al., 2022) assessed mtDNAcn 
using buccal swabs, whereas our study measured mtDNAcn from leu-
kocytes, ensuring higher-quality DNA and greater concentrations of 
DNA (Wolf et al., 2024). Belgium, being a developed country, typically 
has more abundant green spaces compared to our study context 
(Rodriguez-Loureiro et al., 2022a, 2022b). Therefore, exploring the 
relationship of green space exposure with mtDNAcn among Chinese 
children and adolescents is particularly significant.

Green space exposure may influence mtDNAcn through several 
mechanisms, although the precise pathways remain unclear. One plau-
sible factor is oxidative stress, as mtDNAcn serves as a marker reflecting 

Table 1 
Characteristics of participants (n = 1151).

Variables mean ± SD, median (25th-75th percentile)/n 
(%)

Age (years) 11.7 ± 3.3
Children (6–11 years) 543 (47.2)
Adolescents (12–18 years) 608 (52.8)

Sex
Males 529 (46.0)
Females 622 (54.0)

BMI z-score 0.03 ± 1.2
Overweight/obesity

Yes 226 (19.6)
No 925 (80.4)

Passive smoking
Yes 255 (22.6)
No 502 (77.4)

Maternal education
Junior school or below 592 (51.4)
High school 286 (24.9)
College or above 273 (23.7)

NDVI250m 0.27 (0.25, 0.32)
NDVI500m 0.28 (0.25, 0.32)
NDVI1000m 0.28 (0.25, 0.31)
NDVI2000m 0.30 (0.27, 0.34)
PM2.5 (μg/m3) 42.2 (41.3, 43.0)
PM10 (μg/m3) 67.8 (66.3, 69.8)
NO2 (μg/m3) 27.4 (23.2, 28.8)
Mitochondrial DNA copy 

number
1.1 (0.8, 1.3)

Table 2 
Association between per IQR increase in green space and mitochondrial DNA 
copy number in children and adolescents (n = 1151).

Green 
space

Model 1 Model 2

Percent change (95% 
CI)

P 
value

Percent change (95% 
CI)

P 
value

NDVI250m 2.84 (0.55, 5.19) 0.02 3.33 (1.00, 5.72) 0.01
NDVI500m 2.94 (0.62, 5.32) 0.01 3.37 (1.02, 5.78) 0.01
NDVI1000m 2.90 (0.52, 5.34) 0.02 3.34 (0.93, 5.81) 0.01
NDVI2000m 2.58 (− 0.13, 5.37) 0.06 3.25 (0.49, 6.08) 0.02

Model 1: adjusted for age and sex.
Model 2: adjusted for age, sex, maternal education, BMI z-score, and passive 
smoking.
IQR: NDVI250m, 0.072; NDVI500m, 0.071; NDVI1000m, 0.070; NDVI2000m, 0.077.
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Fig. 1. Dose-response relationship between green space exposure and mitochondrial DNA copy number in children and adolescents using the restricted cubic spline 
regression models (n = 1151). The solid line represents the point estimates, and the shaded area represents 95% confidence intervals. Models were adjusted for age, 
sex, maternal education, BMI z-score, and passive smoking. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 2. Subgroup analyses of the association between per IQR increase in green space exposure and mitochondrial DNA copy number in children and adolescents (n 
= 1151). IQR: NDVI250m, 0.072; NDVI500m, 0.071; NDVI1000m, 0.070; NDVI2000m, 0.077.
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mitochondrial damage and dysfunction in response to oxidative stress 
(Malik and Czajka, 2013). Research indicates that green space exposure 
can directly reduce oxidative stress (Squillacioti et al., 2022), potentially 
mitigating its impact on mtDNAcn levels. Additionally, green spaces 
contribute to a reduction in oxidative stress through various indirect 
mechanisms (de Oliveira et al., 2020; El et al., 2022; Schiavone et al., 
2013), including stress reduction (Bloemsma et al., 2022; Towe-Good-
man et al., 2024), air pollution mitigation (Nowak et al., 2006), and 
promotion of physical activity (McCormack et al., 2010). Specifically, 
exposure to green space helps alleviate psychological stress, thereby 
protecting mitochondrial DNA and maintaining mtDNAcn levels (van 
den Berg et al., 2010). Moreover, green spaces act as natural filters, 
improving air quality by reducing pollutants that contribute to oxidative 
stress and mitochondrial DNA damage (Steffens et al., 2012). Further-
more, green spaces encourage physical activity, which decreases 
oxidative stress and enhances mtDNAcn levels (Almanza et al., 2012). 
These factors provide insights into how green space exposure may in-
fluence mtDNAcn levels, though further studies are needed to clarify the 
exact mechanisms.

Subgroup analyses revealed that the relationship of green space 
exposure with mtDNAcn was more pronounced in children compared to 
adolescents. One possible interpretation for the age-specific associations 
may be that children are more sensitive to green space exposure than 
adolescents (Jimenez et al., 2021). During periods of rapid growth, this 
heightened sensitivity could further contribute to the observed effects 
(Ren et al., 2003). In addition, adolescents may spend more time indoors 
doing homework, thereby reducing their exposure to outdoor green 
spaces and potentially diminishing the benefits. Moreover, we found 
that the relationship between green space exposure and mtDNAcn was 
more evident in participants with normal weight. Previous research 
suggests that overweight and obesity are linked to lower mtDNAcn 
(Hang et al., 2018), potentially offsetting the benefits of green space 
exposure on mtDNAcn. Our analyses also indicated potentially stronger 
associations in females and participants who were not exposed to pas-
sive smoking, although the interaction effects were not statistically 
significant. The observed sex disparity may be attributed to the factors 
related to the duration of green space exposure, such as sex-specific 
physical activity patterns (Klinker et al., 2014). Additionally, females 
may be more responsive to the beneficial effects of green space (Sillman 
et al., 2022), warranting further investigation. Besides, previous 
research has shown that passive smoking is associated with lower 
mtDNAcn (Westbrook et al., 2010), which could counteract the positive 
effects of green space exposure on mtDNAcn. To further assess the 
robustness of our findings, we conducted sensitivity analyses to account 
for potential confounders. Excluding first-year students due to their 
relatively short admission period did not notably affect the results, 
suggesting that this factor has minimal influence on the observed asso-
ciations. Additionally, we considered the potential impact of air pol-
lutants, such as PM2.5, PM10, and NO2, on the relationship between 
green space exposure and mtDNAcn. After adjusting for these pollutants, 
the results remained consistent, indicating that air pollution is unlikely 
to substantially affect the relationship observed. These findings 
strengthen the robustness of the associations we identified.

This study provides the first insights into how green space exposure 
correlates with mtDNAcn in a substantial sample of Chinese children 
and adolescents. Additionally, our study comprehensively considered 
the green space exposure in both residential and school environments 
for children and adolescents. Nevertheless, it is essential to note several 
limitations. First, the cross-sectional design inherently restricts the 
establishment of causal relationships between green space exposure and 
mtDNAcn. Second, although NDVI serves as a widely adopted measure 
of green space exposure, it does not offer detailed information on green 
space, like quality and type, limiting exploration into the varying effects 
of different green types in the association. Third, since the study par-
ticipants were exclusively from one city in China, attention should be 
paid when applying the findings to broader populations. Fourth, despite 

efforts to control for various confounding variables, residual con-
founders may still exist.

In conclusion, our study demonstrated a positive relationship of 
green space exposure with mtDNAcn in children and adolescents, 
especially in children, females, participants with normal weight, and 
those who were not exposed to passive smoking. This finding un-
derscores the potential health benefits of green spaces in supporting 
mitochondrial function during critical developmental stages. Efforts to 
enhance green environments may contribute to promoting the health 
effects related to mtDNAcn in children and adolescents.
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