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Abstract
Exposure to particulate matter (PM) has been linked to metabolic diseases. However, the effects of PM with an aerodynamic 
diameter ≤ 1.0 µm  (PM1) on metabolic diseases remain unclear. This study is aimed at assessing the associations of  PM1 
with metabolic disease risk and quantifying the concentration–response (C-R) relationship of  PM1 with metabolic disease 
risk. A national cross-sectional study was conducted, including 12,495 middle-aged and older adults in 123 Chinese cities. 
The two-year average concentration of  PM1 was evaluated using satellite-based spatiotemporal models. Metabolic diseases, 
including abdominal obesity, diabetes, hypertension, dyslipidemia, and metabolic syndrome, were identified based on physi-
cal examination, blood standard biochemistry examination, and self-reported disease histories. Generalized linear models 
and C-R curves were used to evaluate the associations of  PM1 with metabolic diseases. A total of 12,495 participants were 
included in this study, with a prevalence of 45.73% for abdominal obesity, 20.22% for diabetes, 42.46% for hypertension, 
41.01% for dyslipidemia, and 33.78% for metabolic syndrome. The mean ± standard deviation age of participants was 
58.79 ± 13.14 years. In addition to dyslipidemia, exposure to  PM1 was associated with increased risks of abdominal obesity, 
diabetes, hypertension, and metabolic syndrome. Each 10 μg/m3 increase in  PM1 concentrations was associated with 39% 
(odds ratio (OR) = 1.39, 95% confidence interval (CI) 1.33, 1.46) increase in abdominal obesity, 18% (OR = 1.18, 95%CI 1.12, 
1.25) increase in diabetes, 11% (OR = 1.11, 95%CI 1.06, 1.16) increase in hypertension, and 25% (OR = 1.25, 95%CI 1.19, 
1.31) in metabolic syndrome, respectively. C-R curves showed that the OR values of abdominal obesity, diabetes, hyperten-
sion, and metabolic syndrome were increased gradually with the increase of  PM1 concentrations. Subgroup analysis indicated 
that exposure to  PM1 was associated with increased metabolic disease risks among participants with different lifestyles and 
found that solid fuel users were more susceptible to  PM1 than clean fuel users. This national cross-sectional study indicated 
that exposure to higher  PM1 might increase abdominal obesity, diabetes, hypertension, and metabolic syndrome risk, and 
solid fuel use might accelerate the adverse effects of  PM1 on metabolic syndrome risk. Further longitudinal cohort studies 
are warranted to establish a causal inference between  PM1 exposure and metabolic disease risk.
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Introduction

Non-communicable diseases have been reported as the lead-
ing causes of global burden, accounting for 15 million pre-
mature deaths each year (Chong et al. 2023; Collaborators 
2020). A large percentage of non-communicable diseases 
could be attributed to the increasing burden of metabolic dis-
eases, such as obesity, diabetes, hypertension, dyslipidemia, 
and metabolic syndrome (Chew et al. 2023; Chong et al. 
2023; Han et al. 2022). Genetic defects, physical inactiv-
ity, unhealthy behaviors, and lifestyles have been identified 
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as significant risk factors for rising metabolic disease risks 
(Chong et al. 2023). However, those factors might not fully 
explain the high prevalence of metabolic diseases, environ-
mental risk factors, such as particulate matter (PM), have 
attracted extensive attention from epidemiologists in recent 
years.

Numerous studies indicated that exposure to PM was 
associated with increased metabolic disease risks, especially 
PM with an aerodynamic diameter ≤ 2.5 μm  (PM2.5) and 
PM with an aerodynamic diameter ≤ 10 μm  (PM10). Many 
studies indicated that exposure to PM was associated with 
an increased risk of metabolic diseases, including obesity 
(Zheng et al. 2021), diabetes (Liu et al. 2019a, 2019b; Yit-
shak Sade et al. 2023), hypertension (Li et al. 2020; Niu 
et al. 2023; Weng et al. 2022), dyslipidemia (Mao et al. 
2020a), and metabolic syndrome (Han et al. 2022; Letellier 
et al. 2022; Zhang et al. 2021a). For example, Zheng et al. 
conducted a cross-sectional study of 36,456 aged 7–19 years 
in Jiangsu province of China and found that each 10 μg/
m3 increase in  PM2.5 concentrations was associated with 
an 18.5% increase in obesity risk (odds ratio (OR) = 1.198, 
95% confidence interval (CI) 1.054, 1.333) (Zheng et al. 
2021). Liu et al. conducted a meta-analysis of 30 studies 
and indicated that long-term exposure to  PM2.5 and  PM10 
was all associated with increased diabetes. They found each 
10 μg/m3 increase in  PM2.5 and  PM10 concentrations was 
associated with 9% (OR = 1.09, 95%CI 1.05, 1.13) and 12% 
(OR = 1.12, 95%CI 1.06, 1.19) increase in diabetes risk, 
respectively (Liu et al. 2019a). Weng et al. conducted a 
prospective study of 91,366 participants in the UK biobank 
and found each 10 μg/m3 increase in  PM2.5 and  PM10 was 
associated with 41% (hazard ratio (HR) = 1.41, 95%CI 
1.29, 1.53) and 5% (HR = 1.05, 95%CI 1.00, 1.09) increase 
in hypertension incidence, respectively (Weng et al. 2022). 
Letellier et al. conducted cross-sectional study of 552 par-
ticipants Hispanics/Latinos and non-Hispanics and indicated 
that higher dynamic exposure to  PM2.5 was associated with 
increased risk of obesity (RR = 1.23, 95% CI 1.10, 1.37), 
dyslipidemia (RR = 1.12, 95% CI 1.03, 1.22) and metabolic 
syndrome (RR = 1.17, 95% CI 1.07–1.28) (Letellier et al. 
2022).

PM with an aerodynamic diameter ≤ 1.0  μm  (PM1), 
smaller size PM with a bigger surface-to-mass ratio than 
 PM2.5 and comprising over 80% of  PM2.5 (Li et al. 2019; 
Yang et al. 2018b), could carry more extensive toxins and 
easily penetrate deep into lung alveolar region and enter into 
the circulatory system (Guo et al. 2022; Yang et al. 2019). 
The health effects of  PM1 have drawn increasing attention 
from epidemiologists in recent years (Xu et al. 2022). How-
ever, compared with sufficient evidence of  PM2.5 and  PM10, 
the number of  PM1 is limited and results are still controver-
sial. Several studies suggested that exposure to  PM1 was 
associated with increased metabolic disease risks (Hou et al. 

2020; Li et al. 2019; Mao et al. 2020b; Yang et al. 2019; 
Yang et al. 2018a), while other studies reported in-signif-
icant associations (Zang et al. 2021; Zhang et al. 2021a). 
For example, Li et al. conducted a cross-sectional study of 
Chinese rural adults and found each 1 μg/m3 increase in 
 PM1 was associated with a 4.3% (OR = 1.403, 95%CI 1.033, 
1.053) increase in hypertension (Li et al. 2019). Yang et al. 
conducted a cross-sectional study of 15,477 Chinese adults 
and found each inter-quartile range (IQR, 15 μg/m3) increase 
in  PM1 was associated with a 13% (OR = 1.13, 95%CI 1.04, 
1.22) increase in diabetes prevalence (Yang et al. 2018a). 
However, Zhang et al. conducted a cross-sectional study of 
9,897 Chinese children and adolescents and did not observe 
statistically significant associations between  PM1 and meta-
bolic syndrome (OR = 1.20, 95%CI 0.99, 1.46) (Zhang et al. 
2021a). Moreover, those studies focused on the association 
of long-term exposure to  PM1 with each metabolic disease 
(such as obesity, diabetes, hypertension, or metabolic syn-
drome) were published in isolation, comprehensive evidence 
of the potential adverse effects of  PM1 in on different meta-
bolic diseases remains scarce, especially in rapidly increas-
ing population of Chinese middle-aged and older adults (Niu 
et al. 2022a).

Therefore, to fill this gap, we used a two-stage analytic 
approach to investigate the associations of exposure to  PM1 
with the four most common metabolic diseases among Chi-
nese middle-aged and older adults, including obesity, dia-
betes, hypertension, dyslipidemia, and metabolic syndrome. 
Potential modification effects of health behaviors and life-
styles were also examined in this study.

Material and methods

Study population

The study population was drawn from the China Health 
and Retirement Longitudinal Study (CHARLS), a national 
cohort study of middle-aged and older adults in China. 
Briefly, participants were recruited from community-based 
populations in 28 provinces of China through a multi-
stage probability proportionate sampling (PPS) method. 
The national baseline survey was carried out in 2011, and 
3 waves of follow-ups were completed in 2013, 2015, and 
2018, respectively. Details of the CHARLS are shown in 
previous studies (Chen et al. 2019; Zhao et al. 2014). Physi-
cal examination and blood-based biomarkers assessment 
were only conducted in 2011 and 2015, and estimated  PM1 
concentration data was obtained after 2013; therefore, we 
conducted a cross-sectional study to investigate the associa-
tion of  PM1 and metabolic diseases, using the health data of 
CHARLS wave 3 in 2015.
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A total of 21,059 participants were recruited in the 
CHARLS 2015, with 16,406 participants participating in 
the physical examination. Subsequently, we excluded 2,055 
study subjects without blood samples and 3,560 study 
subjects without metabolic biomarkers data. Finally, we 
excluded 351 participants in some regions of Xinjiang and 
Inner Mongolia where  PM1 exposure failed to be assessed. A 
total of 12,495 participants from 27 provinces were included 
in the study. The flowchart of participants’ inclusion is pre-
sented in Figure S1.

Study ethics approval of the CHARLS study was 
obtained from Peking University (Reference Number: 
IRB00001052–11015). All participants and their guardians 
signed consent voluntarily.

PM1 exposure assessment

Individual  PM1 exposure was estimated from space using 
space–time extremely randomized trees (STET) models. 
Briefly, surface  PM1 measurement (collected from the China 
Atmosphere Watch Network of the China Meteorological 
Administration), Multi-Angle Implementation of Atmos-
pheric Correction aerosol optical depth (MAIAC AOD, 
collected from the National Aeronautics and Space Admin-
istration’s (NASA) Terra and Aqua Moderate Resolution 
Imaging Spectroradiometer (MODIS) C6 MAIAC Level 
(L) 2 swath aerosol products (MCD19A2)) product, mete-
orological data (from ERA-Interim atmospheric reanalysis 
products), the multi-resolution emission inventory for China 
(MEIC) data, and other ancillary data (such as land cover, 
topography, traffic, and population) were combined in  PM1 
assessments at 1 km spatial resolution. After data integra-
tion, all selected factors were input to the STET model, 
which took into account the spatial autocorrelation, adjacent 
pixels, and temporal difference. The average cross-valida-
tion R2 and root-mean-square error (RMSE) were 0.83 and 
9.50 μg/m3 at daily levels, respectively. Detailed information 
on modeling methodology was shown in previous studies 
(Wei et al. 2019, 2023) and the CHAP website (https:// weiji 
ng- rs. github. io/ produ ct. html). Annual  PM1 concentrations 
were assigned to each participant according to their residen-
tial cities. The two-year average concentration of  PM1 was 
calculated as long-term  PM1 exposure (Zheng et al. 2022).

Assessment of metabolic diseases

Metabolic disease is defined as a cluster of metabolic system 
disorders. To identify the most common and impactful meta-
bolic diseases in humans, we conducted a careful literature 
review and found that obesity, diabetes, hypertension, dys-
lipidemia, and non-alcoholic fatty liver disease (NAFLD) 
were the most notable metabolic diseases (Azizi et al. 2019; 
Chew et al. 2023; Steenblock et al. 2021). In addition to 

NAFLD which was not available in the CHARLS dataset, 
our study included 4 above metabolic diseases (obesity, dia-
betes, hypertension, and dyslipidemia), which may effec-
tively represent metabolic diseases. Moreover, we noticed 
that metabolic syndrome is defined as a cluster of meta-
bolic disorders, including abdominal obesity, dyslipidemia, 
hypertension, and diabetes, has attracted wide attention 
from recent studies, and metabolic syndrome could reflect 
the metabolic disorders more comprehensively (Eckel et al. 
2005; Han et al. 2022). Therefore, we included metabolic 
syndrome in our study.

Waist circumference (WC) was assessed for diagno-
sis of abdominal obesity and metabolic syndrome. Three 
times blood pressure measurements were completed for the 
diagnosis of hypertension and metabolic syndrome. Fasting 
blood glucose (FBG) and glycosylated hemoglobin, type 
A1C (HbA1C) were tested for diagnosis of diabetes and 
metabolic syndrome. Detailed information on WC, blood 
pressure, and blood-based biomarkers assessments was 
described in previous studies (Chen et al. 2019; Han et al. 
2022; Niu et al. 2022a). In addition, self-reported clinical 
diseases and medication information were also collected to 
assist in the diagnosis of diabetes, hypertension, and meta-
bolic syndrome via a face-to-face interview.

Abdominal obesity was defined as WC ≥ 85  cm for 
females and WC ≥ 90 cm for males (Cao et al. 2021). Dia-
betes cases were defined as FBG ≥ 7.0  mmol/L and/or 
HbA1C ≥ 6.5% and/or having self-reported clinically diag-
nosed diabetes and/or currently taking anti-diabetes medi-
cation (Association 2021; Chen et al. 2022). Hypertension 
was defined as SBP ≥ 140 mmHg and/or DBP ≥ 90 mmHg 
and/or having self-reported clinically diagnosed hyperten-
sion and/or currently taking anti-hypertension medication 
(Chew et al. 2023; Niu et al. 2022a). Dyslipidemia was 
defined as individual with one or more abnormal blood lipid 
concentrations (hypercholesterolemia: TC ≥ 6.22 mmol/L; 
hypertriglyceridemia: TG ≥ 2.26 mmol/L; hypoalphalipo-
proteinemia: HDL-C < 1.04 mmol/L; hyperbetalipopro-
teinemia LDL-C ≥ 4.14 mmol/L) (Mao et al. 2020b; Nie 
et al. 2023). Metabolic syndrome case was diagnosed as 
participant with WC ≥ 80 cm for females and WC ≥ 90 cm 
for males plus any two of the following components was 
defied as metabolic syndrome patient: (1) TG > 1.7 mmol/L, 
(2) HDL < 1.29 mmol/L in female or HDL < 1.03 mmol/L 
in male, (3) SBP ≥ 130 mmHg and/or DBP ≥ 85 mmHg and/
or currently taking anti-hypertension medication, and (4) 
FBG ≥ 5.6 mmol/L and/or currently taking anti-diabetic 
medication (Han et al. 2022; Hou et al. 2020).

Covariates

Based on previous studies of particulate matter and 
metabolic diseases and directed acyclic graph analysis 

https://weijing-rs.github.io/product.html
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(Figure S2), a series of confounders were identified in our 
study. These covariates included (1) climate condition: 
temperature and relative humidity (Han et al. 2022; Wang 
et al. 2023); (2) sociodemographic variables: age and sex 
(Liu et al. 2019b; Mao et al. 2020b; Zhang et al. 2021a); 
(3) socioeconomic factors: education status (Zhang et al. 
2021a), marital status (Chen et al. 2022; Liu et al. 2019b), 
and annual household expenditure (Han et al. 2022); (4) 
health behaviors and lifestyles: smoking status (Yang et al. 
2018b), drinking status (Mao et al. 2020b), cooking fuel 
use, and physical activity (PA) (Cao et al. 2021; Zhang 
et al. 2023). For smoking status, individuals were classified 
as smokers if they had ever engaged in tobacco chewing, 
pipe smoking, or self-rolled cigarettes, cigarettes, or cigars. 
Drinking status was determined by assessing participants’ 
alcohol consumption behavior in the past year, including 
liquor, wine, or beer intake (Niu et al. 2022a). Physical activ-
ity was measured using the International Physical Activity 
Questionnaire. The physical activity score (PA score) was 
calculated using metabolic equivalent multipliers (MET) as 
follows: PA score (MET-hour/week) = 3.3 × total walking 
weekly duration score + 4.0 × total moderate activity weekly 
duration score + 8.0 × total vigorous activity weekly (Han 
et al. 2022; Zhang et al. 2023). For cooking fuel use, natural 
gas, marsh gas, and liquefied petroleum gas were classified 
as “clean fuel,” while coal, crop residue, or wood burning 
were classified as “solid fuel” (Han et al. 2022; Wang et al. 
2023). Covariates of temperature, relative humidity, age, 
and physical activity were included in models as continu-
ous variables, while sex, education status, drinking status, 
and cooking fuel use were included in models as categorical 
variables. To avoid excessive loss of samples, missing data 
of covariates were input using the R package “mice” in this 
study (Wang et al. 2023).

Statistical analysis

Descriptive statistics of participants were conducted. Con-
tinuous variables were described as mean ± standard devia-
tion (SD), and categorical variables were described as fre-
quency (percentage, %). Student’s t-test was used to examine 
the difference of continuous variables between patients and 
non-patients, and the Chi-square test was applied to assess 
the distribution discrepancy of categorical variables. Mean, 
SD, and interquartile range (IQR) were applied to summa-
rize the descriptive chrematistics of metabolic biomarkers, 
 PM1 exposure, and climate conditions.

A two-stage analytic approach was performed to explore 
the relationship between  PM1 exposure and metabolic dis-
eases. In the first stage, generalized linear models were 
performed to examine the associations of  PM1 concentra-
tions with metabolic disease risks, including abdominal 
obesity, diabetes, hypertension, and metabolic syndrome. 

Results were shown as the odds ratio (OR) and its 95% 
confidence interval (CI) of metabolic disease risk with 
each 10 μg/m3 increase in  PM1 concentrations. First, a 
crude model was performed without any adjustment. Sec-
ond, temperature and relative humidity were included in 
adjusted model 1 to adjust potential climate condition 
confounders using the spline function. Third, sociode-
mographic and socioeconomic factors were additionally 
adjusted in adjusted model 2. Finally, health behaviors and 
lifestyle variables were additionally included in adjusted 
model 3. In the second stage, concentration–response 
(C-R) relationships of long-term exposure to  PM1 with 
the OR of metabolic diseases were also investigated in this 
study. Specifically, relationships of  PM1 with metabolic 
diseases were fitted as a smoothing term using restricted 
cubic spline (RCS) with 3 knots at the 10th, 50th, and 90th 
percentiles of 2-year average  PM1 concentration (refer-
ence is the 10th percentile) (Wang et al. 2023). Nonlinear-
ity was tested using analysis of variance (ANOVA), and 
inflection points were identified using segmented regres-
sion (Hou et al. 2023).

Previous studies indicated that health lifestyles, such as 
smoking (Mao et al. 2020b), alcohol consumption (Mao 
et al. 2020b), cooking fuel use (Cao et al. 2021; Liu et al. 
2021), and physical exercise (Hou et al. 2020; Zhang et al. 
2023), could modify the adverse of air pollution on meta-
bolic diseases; we conducted a series of subgroup analysis 
by different health lifestyles (smoking status, drinking sta-
tus, cooking fuel use, and PA) to provide more evidence for 
reducing the adverse effect of exposure to  PM1 on metabolic 
diseases by choosing more healthy lifestyles.

Several sensitivity analyses were conducted to test the 
robustness of the results. First, we applied a generalized 
linear mixed-effect model to re-examine the association 
between  PM1 and metabolic diseases by including City ID 
as a random-effect intercept. This model allows participants 
in the same city to serve as their own control and could 
adjust for the spatial clustering of metabolic diseases (Ren 
et al. 2023; Wu et al. 2020). Second, we re-investigated the 
associations of  PM1 with metabolic diseases by using 1-year 
average concentration of  PM1 exposure before CHARLS 
Wave 3. Third, log-binomial Poisson regressions were per-
formed, accounting for the high prevalence of metabolic dis-
ease (Barros and Hirakata 2003, Han et al. 2022). Fourth, 
participants who had ever changed their address from their 
last investigation in 2013 were excluded. Fifth, associations 
of  PM1 with hypertension and metabolic syndrome were 
re-examined by excluding participants currently taking anti-
hypertension medication, accounting for the potential influ-
ence of anti-hypertension medication on blood pressure (Niu 
et al. 2022a). Finally, the associations of  PM1 with diabetes 
and metabolic syndrome were assessed by excluding partici-
pants currently taking anti-diabetic medication, accounting 
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for the potential influence of anti-diabetic medication on 
blood glucose.

Statistical analyses of this study were completed using R 
(version 4.2.1). “mice” package for the imputation of miss-
ing data, and “plotRCS” for C-R relationships plots. A two-
sided P value < 0.05 was regarded as statistical significance.

Results

Descriptive statistic of study population 
characteristics, metabolic biomarkers, and ambient 
 PM1 exposure

A total of 12,495 participants were included in this study, 
and these participants were recruited from 435 communities 
in 123 cities. The spatial distribution of participants in 27 
provinces of China is presented in Fig. 1. Of the 12,495 par-
ticipants, 5,714 (45.73%) adults were identified as abdomi-
nal obesity cases, 2,526 (20.22%) adults were identified 
as diabetes cases, 5,303 (42.46%) adults were identified 
as hypertension cases, 5,124 (41.01%) adults were identi-
fied as dyslipidemia cases, and 4,221 (33.78%) adults were 
identified as metabolic syndrome cases, respectively. The 
mean age of participants was 58.79 ± 13.14 years. Table 1 
summarizes the descriptive chrematistics of the participants.

Table 2 presents the descriptive chrematistics of met-
abolic biomarkers,  PM1 exposure, and climate condi-
tions. In terms of metabolic biomarkers, the mean WC, 
FBG, HbA1c, SBP, DBP, TG, TC, HDL, and LDL were 
85.24 ± 13.16  cm, 5.75 ± 1.95  mmol/L, 5.87 ± 1.00%, 
128 .33  ± 19 .66   mmHg,  75 .43  ± 11 .19   mmHg, 
1 . 6 1  ±  1 . 0 3   m m o l / L ,  4 . 7 5  ±  0 . 9 4   m m o l / L , 

1.32 ± 0.29 mmol/L, and 2.64 ± 0.74 mmol/L, respec-
tively. The 2-year average  PM1 concentration of partici-
pants was 37.51 ± 10.04 μg/m3.

Associations between exposure to  PM1 
and metabolic diseases

Figure 2 presents the associations between  PM1 and four 
metabolic diseases. Both crude models and three adjusted 
models indicated that exposure to higher  PM1 concentrations 
was associated with increased risks of abdominal obesity, 
diabetes, hypertension, and metabolic syndrome. In fully-
adjusted model (adjusted model 3), each 10 μg/m3 increase 
in  PM1 concentrations was associated with 39% (OR = 1.39, 
95% CI 1.33, 1.46) increase in abdominal obesity, 18% 
(OR = 1.18, 95%CI 1.12, 1.25) increase in diabetes, 11% 
(OR = 1.11, 95%CI 1.06, 1.16) increase in hypertension, and 
25% (OR = 1.25, 95%CI 1.19, 1.31) in metabolic syndrome, 
respectively.

C‑R relationships of exposure to  PM1 with metabolic 
diseases

Figure 3 presents the C-R relationships of exposure to  PM1 
with metabolic diseases. We observed that the OR values of 
abdominal obesity, diabetes, hypertension, and metabolic 
syndrome were increased gradually with the increase of  PM1 
concentrations (P for overall < 0.05), while a similar trend 
was not been observed in the relationship of  PM1 with dys-
lipidemia (P for overall > 0.05). In terms of the shapes of 
C-R curves, the C-R curves of  PM1 exposure with abdomi-
nal obesity, diabetes, and metabolic syndrome were nearly 

Fig. 1  The spatial distribution 
of 12,495 middle-aged and 
older adults in 27 provinces of 
China
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linear (P for nonlinear > 0.05). The C-R curves of  PM1 expo-
sure with hypertension showed slight “J” shapes (P for non-
linear = 0.010), with inflection points of 37.5 μg/m3.

Subgroup analysis by different health behaviors 
and lifestyles for the associations of  PM1 
concentration with metabolic diseases

Figure 4 displays the subgroup analysis by different health 
behaviors and lifestyles for the associations of  PM1 with 
metabolic diseases. Positive and significant associations of 
 PM1 with abdominal obesity, diabetes, hypertension, and 
metabolic syndrome were observed in all subgroups. When 
comparing the estimated effects in different subgroups, we 
observed the OR value of metabolic syndrome with  PM1 was 
higher in solid fuel use participants than that of clean fuel 
use participants, with P-interaction < 0.05.

Sensitivity analysis

Sensitivity analysis showed that the positive associations 
of  PM1 with all four metabolic diseases were stable when 
City ID was included in a generalized linear mixed-effect 
model as a random-effect intercept, 1-year average  PM1 
concentration, and log-binomial Poisson regression model 
were applied in models or participants who had ever changed 
their address from the last investigation were excluded 
(Table  S2-S5). Sensitivity analysis by excluding anti-
hypertension medication or anti-diabetic medication takers 
showed consistent associations, except for hypertension in 
adjusted model 1 and diabetes in the crude model (Table S6, 
Table S7).

Table 2  Descriptive statistics of metabolic biomarkers,  PM1, and 
meteorological factors

Variables Mean ± SD P25 P50 P75 IQR

Metabolic bio-
markers

  WC (cm) 85.24 ± 13.16 78.80 86.00 93.00 14.20
  FBG (mg/dL) 103.53 ± 35.04 88.29 95.50 106.30 18.01
  SBP (mmHg) 128.33 ± 19.66 114.00 126.00 140.33 26.33
  DBP (mmHg) 75.43 ± 11.19 67.33 74.67 82.33 15.00
  TG (mmol/L) 1.61 ± 1.03 0.93 1.29 1.92 0.99
  TC (mmol/L) 4.75 ± 0.94 4.10 4.67 5.30 1.20
  HDL (mmol/L) 1.32 ± 0.30 1.12 1.29 1.49 0.37
  LDL (mmol/L) 2.64 ± 0.74 2.13 2.59 3.09 0.96

Air pollutant
   PM1 (μg/m3) 37.51 ± 10.04 30.48 37.37 44.66 14.18

Climate condition
  Temperature (℃) 15.43 ± 4.03 14.10 16.10 17.85 3.75
  Relative humid-

ity (%)
67.84 ± 10.89 60.50 70.50 76.00 15.50

Fig. 2  OR and 95%CI of 
metabolic diseases associated 
with 10 μg/m3 increase in  PM1. 
Notes: *P < 0.05, **P < 0.01, and 
***P < 0.001
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Discussion

Key findings

In this Chinese national cross-sectional study, we found that 
exposure to higher  PM1 concentration was associated with 
an increased risk of metabolic diseases, including abdominal 
obesity, diabetes, hypertension, and metabolic syndrome. 
Moreover, the C-R curves of  PM1 with metabolic diseases 
showed that the OR values of metabolic diseases were 
increased gradually with the increase of  PM1 concentrations, 
with slight “J” shapes for hypertension and linear shapes for 
abdominal obesity, diabetes, and metabolic syndrome. To 
our knowledge, this is the most comprehensive study that 
has systematically examined the adverse effects of  PM1 on 
four common metabolic diseases.

Comparison with other studies and interpretations

While the associations of exposure to  PM1 with different 
metabolic diseases still have not been examined in one single 

study, several studies of long-term exposure to  PM1 with 
specific metabolic diseases could support our findings.

We found that exposure to higher  PM1 concentration was 
associated with an increased abdominal obesity risk. This 
finding was consistent with three similar designed studies 
(Liu et al. 2023; Zhang et al. 2021a, 2021b). In a national 
Chinese cross-sectional study, Liu et al. reported that each 
10 μg/m3 increase in  PM1 concentrations was associated 
with a 29.4% (OR = 1.294, 95%CI 1.225, 1.367) increase in 
the prevalence of central obesity (Liu et al. 2023). Moreover, 
two cross-sectional studies of children and adolescents also 
reported a positive association between  PM1 and abdomi-
nal obesity. They found that each 10 μg/m3 increase in 
 PM1 concentrations was associated with a 42% (OR = 1.42, 
95%CI 1.23, 1.64) (Zhang et al. 2021a) and 39% (OR = 1.39, 
95%CI 1.23, 1.57) (Zhang et al. 2021b) increase in the prev-
alence of central obesity, which were similar to our findings 
(OR = 1.39, 95%CI 1.33, 1.46). The estimated effects of our 
study were similar to the studies conducted by Zhang et al. 
(2021a) and Zhang et al. (2021b), but higher than that of Liu 
et al.’s study, which might be due to different definition of 
obesity,  PM1 exposure estimation methods, different sample 

Fig. 3  Concentration–response relationships of long-term exposure to  PM1 with the OR of metabolic diseases. A abdominal obesity, B diabetes, 
C hypertension, D dyslipidemia, and E metabolic syndrome
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size, and other study characteristics. In addition, we found 
that those studies were conducted in China; further stud-
ies are necessary to confirm the adverse effects of exposure 
to  PM1 on metabolic systems in other countries, especially 
low-polluted countries. Finally, we also examined the C-R 
of  PM1 with abdominal obesity and observed linear shapes 
of C-R curves for the relationship of  PM1 with abdominal 
obesity. To our knowledge, the C-R of  PM1 with abdomi-
nal obesity has not been reported previously, and our study 
might provide more comprehensive evidence for the adverse 
effects of long-term exposure to  PM1 on abdominal obesity 
risk.

This study indicated that long-term exposure to  PM1 was 
related to increased diabetes risk. Several previous studies 
have examined the association of exposure to  PM1 with dia-
betes, with some studies finding positive associations (Liu 
et al. 2019b; Liu et al. 2019c; Mei et al. 2023; Yang et al. 
2018a) and other studies reporting nonsignificant associa-
tion (Wang et al. 2022). For example, Mei et al. conducted a 
cross-sectional study and found that each 10 μg/m3 increase 
in  PM1 was associated with a 14% (OR = 1.14, 95%CI 1.0, 
1.29) increase in diabetes risk (Mei et al. 2023). Another 
cross-sectional study of the 33 Chinese communities indi-
cated that each 15 μg/m3 increase in  PM1 was associated 
with a 13% (OR = 1.13, 95%CI 1.04, 1.29) increase in 

diabetes risk (Yang et al. 2018a). The estimated effects of 
our study (OR = 1.18, 95%CI 1.12, 1.25), but higher than 
that of Mei et al.’s study and Yang et al.’s study, which may 
be explained by different study sample size, study period, 
and regression models. Conversely, a cross-sectional study 
from the China Multi-Ethnic Cohort reported an insignifi-
cant association between  PM1 and diabetes (Wang et al. 
2022). The insignificant result of Wang et al.’s study may 
be explained by sample size, study population, and region. 
In addition, we examined the C-R of  PM1 with diabetes. It 
is worth noting that the C-R curve was nearly linear, sug-
gesting that even exposure to low-level  PM1 might lead to 
increased diabetes risk (Meng et al. 2021).

Positive relationships between  PM1 and hypertension risk 
identified in this study were reported in previous studies (Li 
et al. 2019; Niu et al. 2023; Yang et al. 2019). For example, 
a cross-sectional study of Chinese rural adults found that 
each 1 μg/m3 increase in  PM1 concentration was associated 
with a 4.3% (OR = 1.043, 95%CI 1.033, 1.053) increase 
in hypertension (Li et al. 2019). Two meta-analyses also 
examined the association of long-term exposure to  PM1 with 
the prevalence of hypertension (Niu et al. 2022b; Qin et al. 
2021). Qin et al. conducted a meta-analysis of 2 studies and 
found no significant association of  PM1 with hypertension 
(Qin et al. 2021). The insignificant result of Qin et al.’s study 

Fig. 4  Subgroup analysis by lifestyles for the associations of long-term exposure to  PM1 with metabolic diseases. A abdominal obesity, B diabe-
tes, C hypertension, D dyslipidemia, and E metabolic syndrome. Notes: *P < 0.05, **P < 0.01, and ***P < 0.001
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may be due to the limited original studies. After Qin’s study, 
we also conducted a meta-analysis of 4 studies and found a 
positive association between  PM1 with hypertension (Niu 
et al. 2023). This meta-analysis showed that each 10 μg/
m3 increase in  PM1 was associated with a 27% (OR = 1.27, 
95%CI 1.06, 1.52) increase in hypertension risk, which 
was significantly higher than that of this study (OR = 1.11, 
95%CI 1.06, 1.16). The inconsistency of the estimated effect 
might be due to the limited number of included studies (only 
4 studies) and significant heterogeneity among the included 
studies (Niu et al. 2023). Moreover, our study also observed 
a slight “J” shape C-R curve for the relationships of  PM1 
with hypertension. While no study examined the C-R for the 
relationships between  PM1 with hypertension, our findings 
could be supported by Song et al.’s study (Song et al. 2021). 
They found the C-R functions between  PM2.5 concentration 
and hypertension risk were presented as a slight “J” shape, 
which was consistent with our findings.

Several previous studies have examined the association 
of exposure to  PM1 with dyslipidemia (Gui et al. 2020; Hu 
et al. 2023; Mao et al. 2020b; Sun et al. 2023; Wang et al. 
2021). For example, a cross-sectional study of 67,305 adults 
in the China Multi-Ethnic Cohort (CMEC) study found that 
exposure to  PM1 was associated with increased dyslipi-
demia risk. They found that each 10 μg/m3 increase in  PM1 
was associated with a 13% (OR = 1.13, 95%CI 1.06, 1.21) 
increase in dyslipidemia risk (Wang et al. 2021). A longitu-
dinal study of 6976 middle-aged and older adults found that 
exposure to  PM1 was associated with increased dyslipidemia 
incidence. They found that each 10 μg/m3 increase in  PM1 
was associated with a 3% (OR = 1.03, 95%CI 1.01, 1.23) 
increase in dyslipidemia incidence (Hu et al. 2023). How-
ever, a cross-sectional study of Chinese rural adults reported 
that exposure to  PM1 was associated with decreased dyslipi-
demia (Mao et al. 2020b). In this study, we did not observe 
a statistically significant association between exposure to 
 PM1 and dyslipidemia risk. The inconsistency of results 
may be explained by various causes, such as diversity in 
the samples, study geographies, and methodology. Moreo-
ver, as a comprehensive indicator of blood lipid disorder, 
dyslipidemia is defined as an individual with one or more 
abnormal blood lipid concentrations, including hypercholes-
terolemia, hypertriglyceridemia, hypoalphalipoproteinemia, 
and hyperbetalipoproteinemia. The inconsistency of asso-
ciation between  PM1 and dyslipidemia may be attributed to 
the different results of these four indicators. For example, 
a cross-sectional study of 12,814 children and adolescents 
found exposure to  PM1 was associated with increased hyper-
cholesterolemia risk (OR = 2.15, 95%CI 1.27, 3.65), but the 
associations of  PM1 with hypertriglyceridemia, hypoalphali-
poproteinemia, and hyperbetalipoproteinemia were non-
significant (Gui et al. 2020). Similar inconsistent results of 
 PM1 with these four indicators were also reported by Mao 

et al. (Mao et al. 2020b). Finally, as a recent meta-analysis 
mentioned, although  PM1 was associated with increased 
dyslipidemia risk,  PM1 was weakly correlated with four indi-
cators of dyslipidemia (Sun et al. 2023). Further studies with 
large-scale and more regions should be conducted to provide 
more convincing evidence on the associations between  PM1 
and dyslipidemia risk.

Five previous studies have investigated the associa-
tions of  PM1 with metabolic syndrome (Hou et al. 2020; 
Liu et al. 2023; Yang et al. 2018b; Zang et al. 2021; Zhang 
et al. 2021a). However, the results are still controversial. 
Three studies of Chinese adults reported positive associa-
tions between  PM1 and metabolic syndrome risk (Hou et al. 
2020; Liu et al. 2023; Yang et al. 2018b). For example, 
Hou et al. conducted a cross-sectional study of 39,089 rural 
adults and indicated that each 5 μg/m3 increase in  PM1 con-
centration was associated with a 25.1% (OR = 1.251, 95%CI 
1.199, 1.306) increase in metabolic syndrome (Hou et al. 
2020). In our study, we found that each 10 μg/m3 increase 
in  PM1 was associated with a 25% (OR = 1.25, 95%CI 1.19, 
1.31) increase in metabolic syndrome. We found that the 
estimated effect of our study was lower than that of Hou 
et al.’s study, which may be explained by more serious  PM1 
pollution (the average  PM1 concentration 57.45 μg/m3 for 
Hou et al.’s study, and 37.51 μg/m3 for our study). However, 
significant associations between  PM1 and the prevalence of 
metabolic syndrome have not been found in a meta-analysis 
(Zang et al. 2021), children, and adolescents (Zhang et al. 
2021a). The in-significant result of Zang et al.’s study may 
be explained by only 2 original research included, and the 
in-significant result of Zhang et al.’s study may be due to 
the different age composition of participants, different diag-
nostic criteria of metabolic syndrome in participants of dif-
ferent age groups. In our study, we found that each 10 μg/
m3 increase in  PM1 was associated with a 25% (OR = 1.25, 
95%CI 1.19, 1.31) increase in metabolic syndrome, and the 
C-R curve of  PM1 with metabolic syndrome risk was nearly 
linear, which might provide new epidemiological evidence 
of adverse effects of long-term exposure to  PM1 on meta-
bolic syndrome risk.

In addition to the robust positive associations of  PM1 
exposure with abdominal obesity, diabetes, hypertension, 
and metabolic syndrome in all subgroups, we also indicated 
that cooking fuel use can modify the adverse effects of  PM1 
on metabolic syndrome. Specifically, for each 10 μg/m3 
increase in  PM1, the OR values of metabolic syndrome were 
1.26 (95%CI 1.21, 1.33) in solid fuel use participants and 
1.23 (95%CI 1.17, 1.29) in clean fuel use participants, with 
P-interaction < 0.05. Several potential explanations should 
be noted. First, incomplete combustion of solid fuels also 
could produce  PM1 (Clark et al. 2013; Li et al. 2021), result-
ing in higher actual  PM1 exposure concentrations than the 
estimated exposure concentrations. Second, in addition to 
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 PM1, solid fuel burning can release carbon monoxide, sul-
fur dioxide, and other air pollutants (Gordon et al. 2014); 
those air pollutants would also lead to increased metabolic 
syndrome risks. Third, solid fuel users tend to have lower 
socioeconomic levels and worse living conditions than 
clean fuel users (Gordon et al. 2014; Li et al. 2021), which 
would accelerate the adverse effects of  PM1 on metabolic 
syndrome.

Potential biological mechanisms

As  PM1 is a major constituent of PM (Mao et al. 2020b), the 
biological mechanisms of adverse effects of  PM1 on meta-
bolic diseases might be interpreted by several studies of PM 
and metabolic diseases. Although the specific biological 
mechanisms underlying the impact of PM exposure on the 
human metabolic system have not been fully understood, 
several biological mechanisms, including oxidative stress 
(Hu et al. 2021; Rao et al. 2018), systematic inflammation 
(Hahad et al. 2020), dysfunction autonomic nerve system, 
and DNA damage, have been proposed in previous studies. 
First, the PM could be inhaled and deposited in the res-
piratory system, as well as entry into the circulatory system 
directly (Chen et al. 2015; Xu et al. 2022), which could trig-
ger oxidative stress and produce a large number of reactive 
oxygen species (ROS). Excessive reactive oxygen species 
(ROS) could primarily alter the structure and function of 
biomacromolecules, such as lipids and proteins, leading to 
metabolic system disorder (Qiu et al. 2019, Wang and Tang 
2019). In addition to numerous epidemiological studies (Hu 
et al. 2021), previous animal studies also have linked PM 
exposure to oxidative stress and metabolic system disor-
der (Piao et al. 2018; Ren et al. 2020). For example, Ren 
et al. conducted an experimental study in zebrafish embryos 
and found that the extractable organic matter from  PM2.5 
induced excessive ROS production and resulted in DNA 
damage and apoptosis, leading to cardiovascular system 
injury and metabolic system disorders (Ren et al. 2020). 
Second, systematic inflammation is an important biologi-
cal mechanism of metabolic system disorders induced by 
PM (Tang et al. 2020; Xie et al. 2023). The inhaled PM 
could stimulate abnormal expression of inflammatory fac-
tors within cells, and the excessive release of these factors 
is a major cause of inflammation. Macrophages, which are 
an important defense barrier in the organism, could produce 
interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis 
factor-alpha (TNF-α), and these factors could participate in 
the inflammatory response, ultimately leading to metabolic 
system disorders (Tang et al. 2020; Xie et al. 2023). Third, 
inhalation of PM may lead to the dysfunction autonomic 
nervous system, which has been reported as the crucial path-
way of PM-induced inflammatory responses and metabolic 
system disorder increase (Niu et al. 2020; Xie et al. 2023). 

Xie et al. conducted an animal study of diesel exhaust  PM2.5 
with pulmonary and systemic inflammation and indicated 
that the autonomic nervous system may play an important 
role in inflammatory responses induced by  PM2.5 (Xie et al. 
2023). Fourth, particulate matter-induced DNA methyla-
tion is indicated as an important physiological mechanism 
of the adverse effects of PM exposure on metabolic systems 
and diseases (Chen et al. 2016; Eze et al. 2020; Wang et al. 
2023).

Strengths and limitations

To our knowledge, this is the first study that examined the 
associations of  PM1 with four common metabolic diseases, 
including abdominal obesity, diabetes, hypertension, and 
metabolic syndrome. This study provided comprehensive 
epidemiological evidence for the adverse effects of exposure 
to  PM1 on metabolic diseases, especially abdominal obesity 
and metabolic syndrome. Moreover, C-R relationships of 
 PM1 with metabolic diseases were examined in this study, 
the slight “J” shapes for hypertension, and linear shapes 
for abdominal obesity, diabetes, and metabolic syndrome 
expand current knowledge on the relationships of exposure 
to  PM1 with metabolic diseases. The large sample size, 
nationwide coverage, and high spatiotemporal resolution of 
 PM1 assessment provided convincing epidemiological evi-
dence for the adverse effects of  PM1 on metabolic systems.

Several limitations should be acknowledged in the study. 
First, the primary limitation was the cross-sectional study 
design. Cause and effect of the relationship between  PM1 
and metabolic diseases could not be established. Longitudi-
nal cohort studies are warranted to establish causal inference 
between  PM1 exposure and metabolic disease incidence. 
Second, the basic characteristics of participants, history 
of clinically diagnosed diseases, and medication informa-
tion were collected using self-reported questionnaires, 
thus reporting bias and recall bias might exist (Han et al. 
2022). Third, diet and other health lifestyles were not avail-
able in CHARLS, which might induce metabolic biomark-
ers changes (Wang et al. 2023); however, smoking status, 
drinking status, cooking fuel use, and physical activity were 
adjusted in the study and results suggested that the associa-
tion of  PM1 with metabolic diseases were all robust. Fourth, 
anti-hypertension or anti-diabetic medication intake would 
also influence blood pressure and blood glucose (Chew et al. 
2023; Niu et al. 2022a). However, the sensitivity analysis 
of excluding anti-hypertension or anti-diabetic medication 
users showed consistent and robust results. Fifth, several 
participants changed their living cities, which might lead 
to erroneous estimates in  PM1 exposure assessment (Yao 
et al. 2022). However, we conducted a sensitivity analysis 
excluding 498 participants who changed their address after 
2013 and still observed the positive associations of  PM1 with 
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all four metabolic diseases. Finally, dietary factors and other 
lifestyle factors were not collected in the CHARLS, which 
might modify the associations of PM1 with metabolic dis-
eases. Further studies that include control for more potential 
confounders are required to confirm our results.

Conclusion

In summary, this national cross-sectional study provides 
robust evidence for the adverse effects of exposure to higher 
 PM1 on metabolic disease risks, including abdominal obe-
sity, diabetes, hypertension, and metabolic syndrome. Fur-
ther longitudinal cohort studies are warranted to establish 
a causal inference between  PM1 exposure and metabolic 
disease risk.
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