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A B S T R A C T

Background: Long-term exposure to ambient air pollution and physical activity are linked to metabolic syndrome
(MetS). However, the joint effect of physical activity and ambient air pollution on MetS remains largely un-
known in rural Chinese adult population.
Methods: In this study, 39 089 individuals were included from the Henan Rural Cohort study that recruited 39
259 individuals at the baseline. Participants' exposure to air pollutants (including particulate matter with an
aerodynamic diameter ≤ 1.0 µm (PM1), ≤2.5 µm (PM2.5), or ≤ 10 µm (PM10) and nitrogen dioxide (NO2)) were
evaluated by using a spatiotemporal model based on satellites data. Individuals were defined as MetS according
to the recommendation of the Joint Interim Societies. Physical activity-metabolic equivalent (MET) was cal-
culated based on the formula of MET coefficient of activity× duration (hour per time)× frequency (times per
week). Generalized linear models were used to analyze the individual air pollutant or physical activity and their
interaction on MetS. Interaction effects of individual air pollutant and physical activity on MetS were assessed by
using Interaction plots which exhibited the estimated effect of physical activity on MetS as a function of in-
dividual air pollutant.
Results: The prevalence of MetS was 30.8%. The adjusted odd ratio of MetS with a per 5 µg/m3 increase in PM1,
PM2.5, PM10, NO2 or a 10 MET (hour/day) of physical activity increment was 1.251(1.199, 1.306), 1.424(1.360,
1.491), 1.228(1.203, 1.254), 1.408(1.363, 1.455) or 0.814(0.796, 0.833). The protective effect of physical ac-
tivity on MetS was decreased with accompanying air pollutant concentrations increased.
Conclusions: The results indicated that long-term exposure to ambient air pollutants related to increased risk of
MetS and physical activity attenuated the effects of ambient air pollutants on increased risk for MetS.

1. Introduction

Metabolic syndrome (MetS) is a cluster of modifiable risk factors
(abdominal obesity, dyslipidemia, elevated blood pressure, and high
glucose concentrations) (Alberti et al., 2005). Prasad et al. reported that
approximately 25% of the adult population had MetS worldwide
(Prasad et al., 2012). MetS may be linked to cardiovascular disease and
type 2 diabetes, leading to a huge burden of disease (Ninomiya et al.,

2007; Tsai et al., 2018; Walker et al., 2018). Furthermore, evidence
suggests that MetS related to adverse health outcomes may be enhanced
by environmental pollutant exposure (Park et al., 2010; Wagner et al.,
2014).

Ambient air pollutants have become common, top risk factors for
global disease burden (Lim et al., 2012). For instance, the results esti-
mated from the global burden of disease show that increase of over one
million deaths is attributed to ambient air pollution from 2013 to 2015
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(Ostro et al., 2018). Several studies indicate that particulate air pollu-
tion as the major component of ambient air pollution is linked to higher
risk for cardiovascular disease such as coronary heart disease (An et al.,
2018; Loop et al., 2018; Ostro et al., 2018). Although ambient air
pollution has been shown to have a wide range of acute and chronic
health impacts in relation to MetS (Thurston et al., 2017), limited re-
searches suggest that ambient air pollution is related to MetS (Wallwork
et al., 2017). Numerous studies reported positive associations between
air pollutants such as particulates matter and MetS in developed
countries such as Germany, Switzerland and United States (Eze et al.,
2015; Matthiessen et al., 2018; Wallworket al., 2017). A cross-sectional
study shows that positive associations between air pollutants such as
particulates matter and MetS in developing urban settings (Yang et al.,
2018) exist. Moreover, animal experiments also showed that exposure
to highly polluted air resulted in weight gain, as well as cardior-
espiratory and metabolic dysfunction (Wei et al., 2016). Available re-
searches on association of air pollutants with MetS were mainly focused
on developed countries and developing urban cities, thus, more atten-
tion for air pollutants linked to MetS need to be paid in the rural areas
in the developing countries, due to a higher prevalence of MetS in rural
areas compared to certain urban regions (Yu et al., 2014).

The health benefits of regular physical activity have been well
documented (Warburton et al., 2006). An adequate amount of physical
activity could prevent premature mortality and increase quality of life
(Hallal et al., 2012). Even low-volume habitual physical activity
(15min a day or 90min a week of moderate-intensity exercise) is as-
sociated with decreased mortality of cardiovascular disease, diabetes,
and cancer (Wen et al., 2011). The researches on associations of phy-
sical activities with MetS are inconsistent. A growing body of evidence
showed that meeting or exceeding physical activity guidelines sig-
nificantly was inversely associated with metabolic syndrome in dif-
ferent populations such as Mexican-Americans, Chinese rural popula-
tion, and Korean older adults (Wu et al., 2016; Xiao et al., 2016; Xu
et al., 2019). However, one study indicated that moderate-to-vigorous
physical activity was independently associated with increased risk of
MetS in girls (Machado-Rodrigues et al., 2015). Additionally, Ford et al.
showed that individuals who increased time spent in physical activity
by reducing time spent in watching television or using a computer
could lead to a substantially decreased prevalent MetS among United
States adults (Ford et al., 2005).

Physical activity could attenuate the air pollutants related adverse
health effects. For instance, Fisher et al. suggested that exposure to
higher air pollutants does not outweigh the beneficial effects of physical
activity on the risk of asthma and chronic obstructive pulmonary dis-
ease (Fisher et al., 2016). Laeremans et al. reported that lung function
could be improved by physical activity at low black carbon levels
(Laeremans et al., 2018). However, ambient air pollution linked to in-
crease risk for MetS whether affected by physical activity had not been
reported in the rural areas. Therefore, we aimed to assess associations
of long term exposure to ambient air pollution or physical activity with
MetS and their interaction on MetS by using baseline survey data from
the Henan Rural Cohort Study.

2. Material and methods

2.1. Study population

The Henan Rural Cohort study (registration number: ChiCTR-OOC-
15006699) was conducted in 5 rural regions (Suiping, Yuzhou,
Xinxiang county, Tongxu, and Yima counties) during the period from
July 2015 to September 2017 (Liu et al., 2019). A total of 39,259 in-
dividuals were recruited by using a multistage, stratified cluster sam-
pling method. A standardized questionnaire was used to collect in-
formation from individuals including demographic characteristics (age,
gender, education levels, and average monthly income), lifestyle habits
(smoking and drinking status as well as physical activity) and family or

personal histories of chronic diseases (such as diabetes and hyperten-
sion) by trained public health workers and physicians. Anthropometric
indices such as height, weight and waist, and hip circumference were
measured by trained workers based on standard methods. Resting blood
pressure of each individual was measured three times on the right arm
at heart level sitting position by using electronic sphygmomanometers
(Omron HEM-7071A, Japan). Education level was classified into ele-
mentary school or below, middle school and high school or above
groups; average monthly income was classified into less than 500 RMB,
500–999 RMB, no less than 1000 RMB groups. Smoking status was
classified into current, former and never groups. Drinking status was
classified into current, former and never groups. Physical activity-me-
tabolic equivalent (MET) was calculated by using MET coefficient of
activity× duration (hour per time)× frequency (times per week). MET
coefficient used the compendium of physical activities which were
described elsewhere (Ainsworth et al., 2011; Ng et al., 2009). A total of
39,089 individuals aged 18–79 years were included in the final analysis
after excluding individuals with missing data on MetS (n= 82), dia-
betes (n=63) and hypertension (n=35).

2.2. Estimation of air pollutants exposure

Exposure levels of air pollutants (particulate matter with aero-
dynamic diameter ≤1.0 µm (PM1), ≤ 2.5 µm (PM2.5), or ≤10 µm
(PM10) and nitrogen dioxide (NO2)) for each individual was estimated
based on the monitoring data, satellite remote sensing, meteorological
factors (temperature and humidity) and land use information as well as
other spatial and temporal predictors. The detail of data collection and
process are described in previous studies (Chen et al., 2018a; Chen
et al., 2018b; Chen et al., 2018c). Briefly, daily ground monitoring data
of PM1 were obtained from 77 stations in the China Atmosphere Watch
Network (CAWNET), and other pollutants (PM2.5, PM10 and NO2) col-
lected from 1497 stations of China National Environmental Monitoring
Center (CNEMC). Daily satellite-observed aerosol optical depth (AOD)
and tropospheric NO2 (level 3 NO2 product) were obtained from the
MODIS satellite and the ozone monitoring instrument (OMI), respec-
tively. They were used as independent variables in conjunction with
meteorological conditions and land use data in models to estimate
ground-level concentrations of PM and NO2, respectively by using a
random forest model. The model has a high predictive ability and is
robust to over-fitting and noise (Breiman 2001; Liaw and Wiener 2002).
The 10-fold cross-validation R2 (Root Mean Squared Error) of estima-
tion annual average of PM1, PM2.5, PM10 and NO2 were 75% (8.8 µg/
m3), 86% (6.9 µg/m3), 81% (14.4 µg/m3) and 72% (6.5 µg/m3), re-
spectively. Each individual’s 3-year average concentration of exposure
to individual air pollutant was calculated according to geocoded re-
sidential address.

2.3. Definition of MetS

The Joint Interim Societies’ definition of MetS was applied in this
study, using their categorizations of WC for China (Alberti et al., 2005).
Individuals with a WC ≥90 cm for males or ≥80 cm for females and
presented with two or more of the following risk factors was defined as
MetS: (1) TG no less than 1.7 mmol/L; (2) HDL-C less than 1.04mmol/L
for males and less than 1.3 mmol/L for females; (3) fasting blood glu-
cose level no less than 5.6mmol/L or use of anti-diabetic medicine; (4)
blood pressure no less than 130mmHg/85mmHg or use of anti-hy-
pertensive medicine.

2.4. Statistical analysis

The categorical variables, normal and non-normal distribution of
continuous variables were expressed as the number (percentage), mean
(standard deviation, SD) and median (interquartile range), respectively.
The effects of physical activity, air pollutants and their interaction on
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MetS were evaluated by using generalized linear models. First, we
tested the associations of physical activity or individual air pollutant
(PM1, PM2.5, PM10 or NO2) with MetS. Then, associations of physical
activity and individual air pollutant with MetS were estimated together
in the same model. Finally, models including the interaction term were
tested. The statistical significance was set p < 0.05 at two tails. The
significant interaction effects on physical activity and individual air
pollutant was set p < 0.1 at two tails. An interaction plot was used to
plot the estimated effect of physical activity on MetS and their corre-
sponding 95% CI as a function of individual pollutant concentrations
using Interplot method. All models adjusted for age, gender, education
level, marital status, average monthly income, smoking and drinking
status, high-fat diet, fruit, and vegetable intake as well as family his-
tories of T2DM and hypertension. R software version 3.4.1 was used for
data processing and analysis and the interaction plots were made using
the R-package Interplot.

3. Results

3.1. Descriptive statistics

In the total population, prevalent MetS was 30.8%. Table 1 shows
that the mean (SD) age of participants with MetS was higher than the
ones without MetS (57.2 (10.7) vs. 54.9 (12.7), p < 0.05). Difference
of distributions in the selected variables were found between in-
dividuals with and without MetS (All p < 0.05). Table 2 exhibits that
the range concentrations of PM1, PM2.5, PM10, and NO2 were
48.09–70.93 µg/m3, 68.04–84.85 µg/m3, 122.36–148.78 µg/m3 and
31.00–49.81 µg/m3, respectively. Overall, the air pollutants were
highly correlated with each other (r range 0.98–1.00).

3.2. Association of ambient air pollution or physical activity with MetS

The generalized linear models were used to assess the associations
of individual air pollutant or physical activity with MetS. For all par-
ticipants, we observed that all four air pollutants were positively as-
sociated with MetS, whereas physical activity was negatively related to
MetS. After adjusted for age, gender, education level, marital status,
average monthly income, smoking and drinking status, high-fat diet,
fruit and vegetable intake as well as family histories of T2DM and hy-
pertension, we observed a 22.8% (odds ratio (OR): 1.228, 95% con-
fidence interval (CI): 1.203, 1.254), 42.4% (OR: 1.424, 95%CI: 1.360,
1.491), 25.1% (OR: 1.251, 95%CI: 1.199, 1.306) or 40.8% (OR: 1.408,
95%CI: 1.363, 1.455) increase in prevalence of MetS with a 5 µg/m3

increase in long-term exposure to PM10, PM2.5, PM1 or NO2. However,
we observed a 18.6% (OR: 0.814, 95%CI: 0.796, 0.833) decreased risk
in prevalence of MetS. When individual air pollutant and physical ac-
tivity were together in the same model, the results were not sub-
stantially changed.

3.3. Joint effect of ambient air pollution and physical activity on MetS

After adjusting for age, gender, education level, marital status,
average monthly income, smoking and drinking status, high-fat diet,
fruit, and vegetable intake as well as family histories of T2DM and
hypertension, we did not observe interaction between particulate
matter pollution and physical activity on MetS (all p > 0.10). We
found borderline significant interaction of NO2 and physical activity on
MetS (p= 0.046) (Table 3). Fig. 1 shows how increasing air pollutants
concentrations modified the association of physical activity with MetS.
The results show that the negative association of physical activity with
MetS was attenuated by increasing concentrations of PM1, PM2.5, PM10

or NO2.

4. Discussions

In this study, the result suggested that long-term exposure to higher
ambient air pollutants (PM1, PM2.5, PM10 or NO2) was related to in-
creased risk of MetS. Several epidemiological studies showed positive
associations between ambient air pollution and MetS (Ezeet al., 2015;
Wallworket al., 2017; Yang et al., 2018). Eze et al. reported that each

Table 1
Distributions of selected variables of the participant by with and without MetS.

Variables Non-MetS(n= 27035) MetS(n= 12054) p-values

Age (year,
mean ± SD)

54.9 ± 12.7 57.2 ± 10.7 < 0.001 a

Gender (n, %)
Males 12,014 (44.4) 3403 (28.2) < 0.001b

Females 15,021 (55.6) 8651 (71.8)
Education level (n, %)
Elementary school
or below

11,526 (42.6) 5968 (49.5) < 0.001b

Middle school 11,145 (41.2) 4436 (36.8)
High school or
above

4364 (16.1) 1650 (13.7)

Marital status (n, %)
Married/living
together

24,226 (89.6) 10,871 (90.2) < 0.001b

Divorced/widowed/
separated

2261 (8.4) 1128 (9.4)

Unmarried 548 (2.0) 55 (0.5)
Average monthly income (n, %)

<500 RMB 9685 (35.8) 4264 (35.4) 0.002b

500-1000 RMB 8748 (32.4) 4106 (34.0)
> 1000 RMB 8602 (31.8) 3684 (30.6)

Smoking status (n, %)
Never 18,727 (69.3) 9731 (80.7) < 0.001b

Former 2366 (8.8) 809 (6.7)
Current 5942 (22.0) 1514 (12.6)

Drinking status (n, %)
Never 20,402 (75.5) 9813 (81.4) < 0.001b

Former 1403 (5.2) 417 (3.5)
Current 5230 (19.3) 1824 (15.1)

High-fat diet (≥75 g/day, n, %)
Yes 5308 (19.6) 2155 (17.9) < 0.001b

No 21,727 (80.4) 9899 (82.1)
Fruit and vegetable intake (≥500 g/day, n, %)*
Yes 11,648 (43.1) 4687 (38.9) < 0.001b

No 15,385 (56.9) 7367 (61.1)
Physical activity-MET

(hour/day,
mean ± SD)

18.64 ± 10.27 16.86 ± 9.63

Low (n, %) 8157 (30.2) 4467 (37.1) < 0.001b

Moderate (n, %) 10,192 (37.7) 4569 (37.9)
High (n, %) 8686 (32.1) 3018 (25.0)

T2DM (n, %)
Yes 1323 (4.9) 2370 (19.7) < 0.001b

No 25,712 (95.1) 9684 (80.3)
Hypertension (n, %)
Yes 5841 (21.6) 6934 (57.5) < 0.001b

No 21,194 (78.4) 5120 (42.5)
Family history of

T2DM (n, %)
< 0.001b

Yes 4633 (17.1) 2946 (24.4)
No 22,476 (82.9) 9122 (75.6)

Family history of
hypertension (n,
%)

<0.001b

Yes 1021 (3.8) 621 (5.1)
No 26,088 (96.2) 11,447 (94.9)

SD: standard deviation; MetS: metabolic syndrome; T2DM: type 2 diabetes
mellitus; MET: metabolic equivalent.

a Student's t test was used to compare normally distributed continuous
variables between MetS and non-MetS groups.

b A Chi-square test was used to test the distributions of categorical variables
between MetS and non-MetS groups.
* Missing partial data.
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10 µg/m3 increase in 10-year mean concentration of PM10 or NO2 was
related to a 31% or 17% increased risk for MetS in 3769 Swiss adults
(Eze et al., 2015). The results from the Normative Aging Study shows
that each 1 µg/m3 increase in annual mean PM2.5 concentration was
associated with a 27% increase in the risk of developing MetS in 587
elderly males (Wallwork et al., 2017). A cross-sectional study indicates
that each 10 µg/m3 increase in PM1, PM2.5, PM10, and NO2 were related
to a 12%, 9%, 13% or 33% increase in risk for MetS in 15,477 Chinese
adults (Yang et al., 2018). The positive associations of long-term air
pollutants exposure with MetS between this study and previous studies
were consistent and the magnitudes of the associations could be com-
parable. Animal experiments showed exposure to higher PM2.5 induced
lipid metabolic disorders, provided further direct experimental evi-
dence for the association between air pollution and MetS (Wei et al.,
2016; Wu et al., 2019).

Although the underlining mechanisms of MetS in relation to air
pollutants remain largely unknown, several possible biological path-
ways have been suggested. First, inhalation of air pollutants may induce
the generation of endogenous pro-inflammatory mediators and vasculo-
active molecules, which can disrupt insulin signaling, impair vaso-re-
laxation and result in insulin resistance and detrimental vascular effects
(Houstis et al., 2006; Miller, 2014). Second, soluble constituents and
nano-sized particles could pass through alveolar membrane, reaching
the bloodstream and directly causing systemic inflammation and oxi-
dative stress (Shanley et al., 2016), which contributed to development
of MetS. Third, air pollutants may induce unbalanced autonomic ner-
vous system by activating afferent pulmonary autonomic reflexes,
which could increase blood pressure (Rajagopalan and Brook, 2012).
Fourth, two studies have demonstrated that air pollution exposure was
associated with abnormal methylation levels of global DNA and specific
genes involved in blood pressure regulation, glucose-homeostasis, and
lipid metabolism pathways (Peng et al., 2016; Wang et al., 2016).

Long-term exposure to higher ambient air pollutants attenuated the

association of physical activities with prevalence of MetS. One study
indicated that exposure to air pollutants related to a higher prevalence
of MetS in individuals with no regular exercise in Chinese adults (Yang
et al., 2018). High black carbon was observed to offset the attenuated
protective relationship between physical activity and airway in-
flammation among children in New York City (Lovinsky- Désir et al.,
2016). Kubesch et al. reported that physical activity has potentially a
preventive effect against the negative effects of air pollution on systolic
blood pressure in 28 healthy participants (Kubesch et al., 2015). We
speculate that physical activity may lead to increase in inhaled amount
of air pollutants due to the increased ventilation during exercise, but
this additional amount maybe just a small fraction of the total inhaled
dose of air pollutants (Rojas-Rueda et al., 2011). Another hypothesis is
that adverse effects induced by short-term exposure air pollutants
during exercise are “transient and reversible and do not abate long-term
benefits of habitual physical activity (Andersen et al., 2015). Further
studies are warranted to clarify the underlying mechanism. Ad-
ditionally, we observed benefit of physical activity on MetS was con-
sistent with previous studies (Wu et al., 2016; Xiao et al., 2016; Xu
et al., 2019).

There remained several limitations to be noted: First, owing to
characteristics of cross-sectional design, this study could not confirm
the causal associations of air pollutants exposure or physical activity
with MetS, thus, further prospective studies are needed to confirm this
study results. Second, due to the fact that socio-demographic data and
lifestyles were collected by using a questionnaire, recall bias may not be
avoided. Third, there may exist higher spatial error of misclassification
when geocoding rural addresses rather than urban environments.
Fourth, some individuals' exposure to air pollutants may be mis-
classified by randomly underestimating or overestimating. However,
the results biased by exposure misclassification may be towards the null
(Hutcheon et al., 2010). Finally, although several important con-
founding factors were controlled, some other unmeasured or unselected

Table 2
3-years average concentrations and pairwise correlations of ambient air pollutants.

Variables 3-years average concentrations Pearson correlation coefficientsa

Mean Median Minimum Maximum IQR PM1 PM2.5 PM10 NO2

PM1 (µg/m3) 57.45 56.99 48.09 70.93 3.48 1.00 1.00 0.99 0.98
PM2.5 (µg/m3) 73.42 73.29 68.04 84.95 4.55 1.00 0.99 0.98
PM10 (µg/m3) 132.46 133.10 122.36 148.78 10.88 1.00 0.99
NO2 (µg/m3) 39.87 40.29 31.00 49.81 6.39 1.00

IQR: interquartile range; PM1: particulate matter with aerodynamic diameters≤ 1.0 µm; PM2.5: particulate matter with an aerodynamic diameters≤ 2.5 µm; PM10:
particulate matter with aerodynamic diameter≤ 10 µm; NO2, nitrogen dioxide.

Table 3
Estimated effect of physical activity (METhour/day), air pollutants(µg/m3) and their interaction on MetS.a

Variables air pollutants (OR, 95%CI) Physical activity (OR, 95%CI) Pphysical activity×air pollutants

PM1 1.251 (1.199, 1.306) – –
PM2.5 1.424 (1.360, 1.491) – –
PM10 1.228 (1.203, 1.254) – –
NO2 1.408 (1.363, 1.455) – –
Physical activity – 0.814 (0.796, 0.833) –
PM1+physical activity 1.239 (1.186, 1.293) 0.817 (0.798, 0.836) –
PM2.5+ physical activity 1.420 (1.356, 1.487) 0.816 (0.797, 0.835) –
PM10+physical activity 1.219 (1.194, 1.245) 0.822 (0.803, 0.841) –
NO2+physical activity 1.381 (1.336, 1.426) 0.828 (0.809, 0.848) –
PM1+physical activity+ PM1×physical activity 1.180 (1.077, 1.293) 0.592 (0.347, 1.012) 0.240
PM2.5+ physical activity+ PM2.5× physical activity 1.337 (1.215, 1.472) 0.495 (0.246, 0.996) 0.161
PM10+physical activity+ PM10× physical activity 1.182 (1.133, 1.234) 0.518 (0.515, 0.522) 0.110
NO2+ physical activity+NO2×physical activity 1.298 (1.212, 1.391) 0.630 (0.480, 0.826) 0.046

MetS: metabolic syndrome; PM1: particulate matter with an aerodynamic diameter≤ 1.0 µm; PM2.5: particulate matter with an aerodynamic diameter≤ 2.5 µm;
PM10: particulate matter with an aerodynamic diameter≤ 10 µm; NO2: nitrogen dioxide.

a Adjusted for age, gender, education level, marital status, average monthly income, smoking and drinking status, high-fat diet, fruit and vegetable intake, family
histories of T2DM and hypertension.
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covariates (such as polycyclic aromatic hydrocarbons and genetic fac-
tors) were not considered.

5. Conclusions

The results indicated that positive associations between ambient air
pollution and MetS. The beneficial effect of physical activity on MetS
was observed and the beneficial effect was decreased by increasing
ambient air pollution in a Chinese rural adult population. This study
suggested that there is needed to take some measures to tackle physical
inactivity and ambient air pollution, which could contribute to reduce
the burden of MetS related disease such diabetes and cardiovascular
disease.
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