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Abstract. – OBJECTIVE: The impact of par-
ticulate matter (PM) on the risk of type 2 diabe-
tes (T2D) remains inconclusive. The purpose of 
this study was to assess the causal relationship 
between PM and T2D using Mendelian random-
ization (MR) analysis.

MATERIALS AND METHODS: Single nucleo-
tide polymorphisms (SNPs) for PM2.5, PM10, and 
T2D were obtained from the UK Biobank and 
FinnGen datasets. Inverse variance weighted, 
MR-Egger, and weighted median were utilized to 
examine the causal relationship between expo-
sure and outcome. MR-Egger intercept analysis, 
Cochran’s Q test, and leave-one-out sensitivi-
ty analysis were used to assess horizontal plei-
otropy, heterogeneity, and robustness of the re-
sults, respectively.

RESULTS: The MR analysis revealed a signif-
icant association between PM2.5 and increased 
risk of T2D (OR: 1.159, 95% CI: 1.003 to 1.339, 
p = 0.045), while no significant association was 
found between PM10 and T2D risk (OR: 1.031, 
95% CI: 0.788 to 1.350, p = 0.822). MR-Egger in-
tercept analysis and Cochran’s Q test indicat-
ed no evidence of horizontal pleiotropy or het-
erogeneity in these results. Sensitivity analy-
sis demonstrated the robustness of the results.

CONCLUSIONS: This MR analysis suggests 
that PM2.5, rather than PM10, is associated with 
an increased risk of T2D. The use of air purifiers 
and anti-smog masks may potentially help re-
duce the risk of T2D. Further research is needed 
to elucidate the specific effects and underlying 
mechanisms of PM2.5 and PM10 on T2D.
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Introduction

Particulate matter (PM) is a key indicator used 
to measure various natural and human activities 
that cause air pollution, which can remain sus-
pended for long periods and travel long distances 
in the atmosphere1. Exposure to high concentra-
tions of PM, especially fine PM, can lead to the 
accumulation of free radicals and peroxidation 
in the body, an imbalance of calcium regulation 
between cells, and inflammatory reactions, which 
can result in various diseases2,3. Currently, PM2.5 
and PM10 are the major types of PM that research-
ers pay attention to1, and they have become a 
significant global public health issue3. According 
to the Global Burden of Disease Study4 in 2015, 
4.2 million deaths were attributed to PM2.5, ac-
counting for 7.6% of the total global deaths. Pre-
vious studies5 have shown that exposure to PM 
is associated with an increased risk of respirato-
ry system diseases, cardiovascular diseases, and 
cancer, and reducing exposure to PM can reduce 
the risk of these diseases. Therefore, exploring 
the effects of PM on different diseases can help 
researchers better understand the diseases and 
develop relevant prevention and treatment strat-
egies.

Type 2 diabetes (T2D) is a chronic metabolic 
disease characterized by dysfunction of pancreat-
ic beta cells and peripheral insulin resistance6. It 
was reported that approximately 462 million peo-
ple worldwide had T2D in 2017, and its incidence 
is still on the rise7. The main feature of T2D is 
the continuous increase of blood glucose levels8. 
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As T2D progresses, patients often develop micro-
vascular and macrovascular complications, which 
are the main causes of death in T2D patients8. 
Smoking, obesity, unhealthy diet, and other fac-
tors are risk factors for T2D, and paying attention 
to these risk factors is of great significance for 
the prevention and treatment of T2D9. Previous 
studies10,11 have shown that PM may be associated 
with an increased risk of T2D and is a potential 
risk factor. Exploring the effects of PM2.5 and 
PM10 on T2D susceptibility will help guide clini-
cal prevention and treatment strategies.

Mendelian randomization (MR) is a method 
that uses genetic variations to analyze the causal 
effects of exposure on outcomes, which has the 
advantages of being less susceptible to confound-
ing factors and reverse causality12. This study 
used MR to evaluate the effects of PM2.5 and 
PM10 on the risk of T2D in Europeans, aiming to 
reveal their causal relationship in the European 
population.

Materials and Methods

Study Design
Mendelian randomization (MR) is based on 

three fundamental assumptions: association, in-
dependence, and exclusivity13,14. The association 
assumption (Assumption 1) states that single nu-

cleotide polymorphisms (SNPs) are closely relat-
ed to exposure. The independence assumption 
(Assumption 2) states that SNPs are independent 
of confounding factors. The exclusivity assump-
tion (Assumption 3) states that SNPs only act on 
outcomes through exposure and not through oth-
er pathways. The MR design is shown in Figure 1.

Data Sources
The UK Biobank (www.ukbiobank.ac.uk) pro-

vided the datasets for PM2.5 and PM10, and Fin-
nGen (www.finngen.fi/fi) provided the datasets 
for type 2 diabetes. Due to these datasets being 
sourced from public databases, no additional eth-
ical approval was necessary for this study.

Genetic Instrumental Variables
To satisfy Assumption 1, we searched the data-

sets for SNPs closely associated with exposure 
(p < 5×10-6). We then searched for independent 
SNPs (R2 < 0.001 and kb = 10,000). Furthermore, 
we identified SNPs strongly correlated with the 
exposure (F > 10), where F = [R2/(1-R2)]×[(N-
K-1)/K], with R representing the cumulative ex-
plained variance, N representing the sample size 
of the genome-wide association study, and K rep-
resenting the number of paired samples. To satis-
fy Assumption 2, we searched for the meanings 
of the SNPs in PhenoScanner (Cambridge, UK), 
excluding any SNPs potentially associated with 

Figure 1. MR design for PM on T2D. MR, Mendelian randomization; PM, particulate matter; T2D, type 2 diabetes.
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outcomes. We also excluded unmatched SNPs 
when adjusting the allele direction of exposure 
and outcome. Finally, we used the MR-Pleiotropy 
RESidual Sum and Outlier (MR-PRESSO) to 
eliminate SNPs with significant bias (p < 1).

Data Analysis
This study adhered to the STROBE-MR guide-

lines15. MR analysis was performed using the 
“TwoSampleMR (0.5.7)” software in R 4.3.1. The 
primary evaluation tool was inverse variance 
weighting (IVW), which allows unbiased causal 
analysis without multiple effects. Additionally, 
we employed the weighted median and MR-
Egger methods as secondary evaluation tools. 
The weighted median method is less sensitive to 
error values and outliers, while MR-Egger en-
ables effective causal analysis in the presence of 
multiple effects. p < 0.05 is defined as a statistical 
significance of MR analysis. We assessed hori-
zontal pleiotropy using the MR-Egger intercept, 
with p ≥ 0.05 indicating no significant horizontal 
pleiotropy, satisfying Assumption 3. Heterogene-
ity was evaluated using Cochran’s Q test, with p 
≥ 0.05 indicating no significant heterogeneity. We 
conducted a leave-one-out sensitivity analysis to 
assess the robustness of the MR results, demon-
strating robustness when the combined effect 
sizes consistently favored the same direction.

Results

GWAS Data for Exposure
The UK Biobank provided the PM2.5 datasets 

(ukb-b-10817) and the PM10 datasets (ukb-b-18469) 
containing GWAS data from 423,796 Europeans. 
After a step-by-step screening process, we identi-
fied 58 SNPs for PM2.5 and 30 SNPs for PM10 that 
met the basic assumptions (Supplementary Ta-
bles I-II). We excluded SNPs with mismatched 
directions and significant bias, leaving us with 
the SNPs listed in Supplementary Tables III-IV.

GWAS Data for Outcome
We obtained the T2D datasets (finngen_R10_

T2D) from FinnGen, which included GWAS data 
for 400,197 Europeans. The sources of the expo-
sure and outcome datasets are presented in Table I.

Two-Sample MR Analysis Results
We used MR to evaluate the causal effects 

between exposure (PM2.5 and PM10) and outcome 
(T2D), as displayed in Figure 2 (forest plot) and 
Figure 3 (scatter plot). The MR-Egger intercept 
analysis is provided in Supplementary Table 
V, and Cochran’s Q test results are presented in 
Supplementary Table VI and Figure 4. Figure 5 
shows the results of the leave-one-out sensitivity 
analysis.

Table I. Details of the GWAS studies included in the Mendelian randomization.

 Year Trait GWAS ID Population Sample size Web source

2018 PM2.5 ukb-b-10817 European 423,796 www.ukbiobank.ac.uk
2018 PM10 ukb-b-18469 European 423,796 www.ukbiobank.ac.uk
2023 T2D finngen_R10_T2D European 400,197 www.finngen.fi/fi

PM, particulate matter; T2D, type 2 diabetes.

Figure 2. Forest plot of MR analysis for PM on T2D. MR, Mendelian randomization; PM, particulate matter; T2D, type 2 
diabetes.

https://www.europeanreview.org/wp/wp-content/uploads/Suppl-table-I-II.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Suppl-table-I-II.pdf
https://www.europeanreview.org/wp/wp-content/uploads/suppl-table-III-IV.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-V-13.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-V-13.pdf
https://www.europeanreview.org/wp/wp-content/uploads/Supplementary-Table-VI-7.pdf
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Effect of PM2.5 on T2D
IVW showed that PM2.5 was associated with an 

increased risk of T2D (OR: 1.159, 95% CI: 1.003 
to 1.339, p = 0.045), while MR-Egger (OR: 1.003, 
95% CI: 0.795 to 1.265, p = 0.983) and weighted 
median (OR: 1.060, 95% CI: 0.850 to 1.321, p = 
0.608) did not observe this effect. The MR-Egger 
intercept indicated no significant horizontal plei-
otropy (p = 0.125), and Cochran’s Q test revealed 
no significant heterogeneity (p = 0.828). The 
leave-one-out sensitivity analysis demonstrated 
the robustness of the results.

Effect of PM10 on T2D
IVW (OR: 1.031, 95% CI: 0.788 to 1.350, p 

= 0.822), MR-Egger (OR: 0.648, 95% CI: 0.377 
to 1.350, p = 0.129), and weighted median (OR: 
1.075, 95% CI: 0.750 to 1.541, p = 0.692) all 
showed no association between PM10 and the 
risk of T2D. The MR-Egger intercept indicated 
no significant horizontal pleiotropy (p = 0.068), 
and Cochran’s Q test revealed no significant 
heterogeneity (p = 0.184). The leave-one-out 
sensitivity analysis demonstrated the robustness 
of the results.

Figure 3. Scatter plot of MR analysis for PM on T2D. A, PM2.5 on T2D; (B) PM10 on T2D. MR, Mendelian randomization; 
PM, particulate matter; T2D, type 2 diabetes.

Figure 4. Funnel plot of MR analysis for PM on T2D. A, PM2.5 on T2D; (B) PM10 on T2D. MR, Mendelian randomization; 
PM, particulate matter; T2D, type 2 diabetes.
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Discussion

T2D is a significant threat to human health16. 
Attention and control of related risk factors 
are essential in the prevention and treatment of 
T2D17. Environmental particulate matter has been 
reported to be associated with an increased risk 
of T2D and may be a potential risk factor for 
T2D18,19. However, there is still controversy over 
whether environmental particulate matter inde-
pendently increases the risk of T2D. This study 
will use gene-based prediction and MR analysis 
to examine the relationship between environmen-
tal particulate matter and the risk of T2D. In this 
MR analysis, we found that PM2.5 is associated 
with an increased risk of T2D, while PM10 is not. 
These results show high credibility as there is no 
heterogeneity or level of multiple effects.

Published studies20-24 support that PM2.5 is a risk 
factor for diabetes. A study20 involving 66,885 Jap-
anese individuals showed that a 1 μg/m3 increase in 
PM2.5 concentration increased the risk of diabetes by 
2.9% (HR: 1.029, 95% CI: 1.004-1.055). A study21 of 
African American women showed that exposure to 
PM2.5 at 2.9 μg/m3 was positively correlated with 
the risk of diabetes after adjusting for age, question-
naire period, and urban area factors (HR: 1.13, 95% 
CI: 1.04-1.24). A study22 of 4,121 elderly Americans 
showed that a mean one-year moving average of 
3.9 μg/m3 PM2.5 was positively correlated with an 
increased incidence of diabetes (OR: 1.35, 95% CI: 
1.19-1.53). A retrospective study23 in Taiwan showed 

that a 10 μg/m3 increase in PM2.5 concentration in-
creased the risk of diabetes by 11% (95% CI: 8.0%-
13.0%). A study24 using large-scale epidemiological 
survey data from southwestern China showed that 
PM2.5 (OR: 1.08, 95% CI: 1.01-1.15) and its effective 
components black carbon (OR: 1.07, 95% CI: 1.01-
1.15), ammonium (OR: 1.07, 95% CI: 1.00-1.14), 
nitrate (OR: 1.08, 95% CI: 1.01-1.16), organic matter 
(OR: 1.09, 95% CI: 1.02-1.16), and soil particles 
(OR: 1.09, 95% CI: 1.02-1.17) are all associated with 
an increased risk of diabetes. These studies20-24 in-
dicate that PM2.5 is associated with a higher risk of 
diabetes, although they do not distinguish between 
types of diabetes.

Additionally, some studies25-29 have reported 
the specific effects of PM2.5 on blood glucose 
levels and the risk of T2D. A study conducted in 
India25 showed that a difference of 10 μg/m3 in the 
monthly average exposure to PM2.5 increased FPG 
by 0.40 mg/dL (95% CI: 0.22-0.58) and HbA1c by 
0.021% (95% CI: 0.009-0.032). A retrospective 
cohort study26 involving 21,325 Thai military 
personnel demonstrated that the incidence rate 
of T2D in groups exposed to 14.64-19.17 μg/
m3, 19.18-21.64 μg/m3, 21.65-24.37 μg/m3, and 
24.38-25.16 μg/m3 of PM2.5 was 21.87/1,000 per-
son-years, 25.47/1,000 person-years, 23.07/1,000 
person-years, and 18.13/1,000 person-years, re-
spectively. A study27 utilizing longitudinal data 
from the China Health and Retirement Lon-
gitudinal Study conducted between 2011 and 
2018 revealed that a 10 μg/m3 increase in PM2.5 

Figure 5. Leave-one-out sensitive analysis for PM on T2D. A, PM2.5 on T2D; (B) PM10 on T2D. PM, particulate matter; T2D, 
type 2 diabetes.
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concentration significantly increased the risk of 
T2D by 26% (HR: 1.26, 95% CI: 1.22-1.31). A 
cross-sectional study10 conducted in 33 commu-
nities in Liaoning Province, China, indicated 
that PM2.5 exposure increased the risk of T2D 
by 14% (OR: 1.14, 95% CI: 1.03-1.25). A study28 
involving 147,908 Taiwanese individuals showed 
that participants exposed to PM2.5 levels of 21.7-
24.1 μg/m3, 24.1-28.0 μg/m3, and ≥ 28.0 μg/m3 
had a 28% (HR: 1.28, 95% CI: 1.18-1.39), 27% 
(HR: 1.27, 95% CI: 1.17-1.38), and 16% (HR: 
1.16, 95% CI: 1.07-1.26) increased risk of T2D 
compared to those exposed to PM2.5 < 21.7 μg/
m3. A meta-analysis11 incorporating 11 cohort 
studies demonstrated that long-term exposure to 
PM2.5 was associated with an additional 25% risk 
of T2D (RR: 1.25, 95% CI: 1.10-1.43). The Global 
Burden of Disease Study29 in 2019 revealed that 
approximately 13.4% of T2D deaths and 13.6% of 
T2D disability-adjusted life years were attributed 
to environmental PM2.5. This evidence suggests 
that PM2.5 is associated with increased blood glu-
cose levels and T2D incidence, which means it is 
a potential risk factor for T2D.

It is worth noting that several studies30-32 have 
reported a positive correlation between PM2.5 
exposure concentration and the risk of T2D. A 
cross-sectional study in India30 showed that indi-
viduals living in high-exposure areas had a high-
er prevalence of T2D compared to those living in 
low-exposure areas (34.8% vs. 19.6%). A cohort 
study31 in Taiwan revealed that the risk of devel-
oping diabetes increased by 14%, 40%, and 42% 
for individuals exposed to PM2.5 levels of 29.5-
33.3 μg/m3, 33.4-41.2 μg/m3, and > 41.2 μg/m3, re-
spectively, compared to those exposed to PM2.5 < 
29.5 μg/m3. A study32 involving 124,204 Chinese 
individuals indicated that in the group with PM2.5 
> 50 μg/m3, each 1 μg/m3 increase in cumulative 
PM2.5 exposure level resulted in a 17.7% increase 
in diabetes risk (HR: 1.177, 95% CI: 1.172-1.181). 
Laorattapong et al26 also noted that compared to 
PM2.5 changes in the range of -5.86 ~ -0.65, PM2.5 
changes in the range of -0.64 ~ -0.30, 0.31 ~ 1.02, 
and 1.03 ~ 6.06 increased the risk of T2D by 36% 
(95% CI: 1.11-1.65), 97% (95% CI: 1.61-2.42), 
and 267% (95% CI: 2.99-4.51), respectively. This 
evidence indicates that not only PM2.5 exposure 
is associated with an increased risk of T2D, but 
the level of PM2.5 exposure also contributes to 
additional T2D risk.

Interestingly, our MR analysis reveals that 
there is no association between PM10 and T2D 
risk, which differs from the reported results 

of existing clinical studies10,19. A cross-sectional 
study10 in China showed a 20% increased T2D 
risk with PM10 exposure (OR: 1.20, 95% CI: 
1.12-1.28). Another study19 in Iran demonstrated 
a higher prevalence of T2D in the group with 
PM10 > 100 μg/m3 compared to the group with 
PM10 concentration < 100 μg/m3 (OR: 1.32, 95% 
CI: 1.03-1.69). These studies10,19 suggest that PM10 
may be a potential risk factor for T2D. We specu-
late that the differences between the MR analysis 
and clinical studies might be related to ethnic-
ity, as our MR analysis focused on Europeans, 
while the two existing clinical studies focused 
on Chinese and Iranians10,19, respectively. Con-
sidering the limited existing research and clinical 
evidence, the role of PM10 in T2D cannot be con-
clusively determined. Future epidemiological and 
genomic studies are needed to explore the causal 
relationship between PM10 and T2D.

It is undeniable that this MR analysis has some 
limitations. First, this MR analysis primarily 
reveals the impact of PM2.5 and PM10 on T2D 
risk in Europeans, which may not be applicable 
to other ethnicities. Second, although this MR 
analysis shows no association between PM10 and 
T2D risk, there is still a lack of sufficient clinical 
evidence supporting this finding. Third, there 
may be unidentified pathways or confounding 
factors between exposure factors and outcome 
measures, which could increase the bias risk of 
the MR results. Given the aforementioned limita-
tions, we look forward to future multicenter and 
large-scale stratified trials to further investigate 
the role of PM2.5 and PM10 in T2D. Additionally, 
continued efforts in human genomic research are 
needed to provide more comprehensive data for 
MR analysis across different ethnicities.

Conclusions

This MR analysis suggests that PM2.5, rather 
than PM10, is associated with an increased risk 
of T2D. The use of air purifiers and anti-smog 
masks may potentially help reduce the risk of 
T2D. Further research is needed to elucidate the 
specific effects and underlying mechanisms of 
PM2.5 and PM10 on T2D.

Data Availability
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tion, contact the corresponding author.



Particulate matter and type 2 diabetes

3613

Funding
This study was supported by the Changsha Traditional Chi-
nese Medicine Research Program (B202303).

Ethics Approval
Due to the fact that the data for this study is sourced from 
publicly available databases, ethical approval is not appli-
cable.

Informed Consent
Due to the fact that the data for this study is sourced from 
publicly available databases, informed consent is not ap-
plicable.

Conflict of Interest
The authors declared that there are no conflicts of interest 
in this study.

Authors’ Contributions
Design: Can Hu, Zhenjie Liu. Conduct/data collection: 
Manli Zhou, Gang Hu. Analysis: Manli Zhou, Gang Hu.
Writing manuscript: Can Hu, Manli Zhou, Gang Hu, Zhen-
jie Liu. All the authors have read and approved the final 
manuscript.

ORCID ID
C. Hu: 0009-0008-3377-1393
M.-L. Zhou: 0000-0001-8404-1341
G. Hu: 0000-0002-6252-0082
Z.-J. Liu: 0000-0002-3767-0142

References

 1) Kim KH, Kabir E, Kabir S. A review on the human 
health impact of airborne particulate matter. Envi-
ron Int 2015; 74: 136-143. 

 2) Losacco C, Perillo A. Particulate matter air pollu-
tion and respiratory impact on humans and ani-
mals. Environ Sci Pollut Res Int 2018; 25: 33901-
33910. 

 3) Panumasvivat J, Pratchayasakul W, Sapbamrer 
R, Chattipakorn N, Chattipakorn SC. The possi-
ble role of particulate matter on the respiratory 
microbiome: evidence from in vivo to clinical stud-
ies. Arch Toxicol 2023; 97: 913-930. 

 4) Cohen AJ, Brauer M, Burnett R, Anderson HR, 
Frostad J, Estep K, Balakrishnan K, Brunekreef 
B, Dandona L, Dandona R, Feigin V, Freedman 
G, Hubbell B, Jobling A, Kan H, Knibbs L, Liu 
Y, Martin R, Morawska L, Pope CA 3rd, Shin H, 
Straif K, Shaddick G, Thomas M, van Dingenen 
R, van Donkelaar A, Vos T, Murray CJL, Forou-
zanfar MH. Estimates and 25-year trends of the 

global burden of disease attributable to ambient 
air pollution: an analysis of data from the Glob-
al Burden of Diseases Study 2015. Lancet 2017; 
389: 1907-1918. 

  5)  Alemayehu YA, Asfaw SL, Terfie TA. Exposure to 
urban particulate matter and its association with 
human health risks. Environ Sci Pollut Res Int 
2020; 27: 27491-27506. 

 6) Banu S, Sur D. Role of Macrophage in Type 2 Di-
abetes Mellitus: Macrophage Polarization a New 
Paradigm for Treatment of Type 2 Diabetes Mel-
litus. Endocr Metab Immune Disord Drug Targets 
2023; 23: 2-11. 

 7) Khan MAB, Hashim MJ, King JK, Govender RD, 
Mustafa H, Al Kaabi J. Epidemiology of Type 2 
Diabetes - Global Burden of Disease and Fore-
casted Trends. J Epidemiol Glob Health 2020; 10: 
107-111. 

 8) Zhang Y, Zhou H. Hyper-reactive platelets and 
type 2 diabetes. Zhong Nan Da Xue Xue Bao Yi 
Xue Ban 2022; 47: 374-383. 

 9) Yuan S, Larsson SC. An atlas on risk factors for 
type 2 diabetes: a wide-angled Mendelian ran-
domisation study. Diabetologia 2020; 63: 2359-
2371. 

10) Yang BY, Qian ZM, Li S, Chen G, Bloom MS, 
Elliott M, Syberg KW, Heinrich J, Markevych 
I, Wang SQ, Chen D, Ma H, Chen DH, Liu Y, 
Komppula M, Leskinen A, Liu KK, Zeng XW, 
Hu LW, Guo Y, Dong GH. Ambient air pollution 
in relation to diabetes and glucose-homoeosta-
sis markers in China: a cross-sectional study 
with findings from the 33 Communities Chinese 
Health Study. Lancet Planet Health 2018; 2: 
e64-e73. 

11) He D, Wu S, Zhao H, Qiu H, Fu Y, Li X, He Y. As-
sociation between particulate matter 2.5 and dia-
betes mellitus: A meta-analysis of cohort studies. 
J Diabetes Investig 2017; 8: 687-696. 

12) Sekula P, Del Greco M F, Pattaro C, Köttgen A. 
Mendelian Randomization as an Approach to As-
sess Causality Using Observational Data. J Am 
Soc Nephrol 2016; 27: 3253-3265. 

13) Davies NM, Holmes MV, Davey Smith G. Reading 
Mendelian randomization studies: a guide, glos-
sary, and checklist for clinicians. BMJ 2018; 362: 
k601. 

14) Xu YS, Liao RY, Huang D, Wang D, Zhang L, Li 
YZ. Evidence from Mendelian randomization: in-
creased risk of miscarriage in patients with asth-
ma. Eur Rev Med Pharmacol Sci 2023; 27: 11587-
11596.

15) Skrivankova VW, Richmond RC, Woolf BAR, Yar-
molinsky J, Davies NM, Swanson SA, Vander-
Weele TJ, Higgins JPT, Timpson NJ, Dimou N, 
Langenberg C, Golub RM, Loder EW, Gallo V, Ty-
bjaerg-Hansen A, Davey Smith G, Egger M, Rich-
ards JB. Strengthening the reporting of observa-
tional studies in epidemiology using mendelian 
randomization: The STROBE-MR statement. JA-
MA 2021; 326: 1614-1621.



C. Hu, M.-L. Zhou, G. Hu, Z.-J. Liu

3614

16) Fang P, Shi M, Zhu Y, Bo P, Zhang Z. Type 2 dia-
betes mellitus as a disorder of galanin resistance. 
Exp Gerontol 2016; 73: 72-77. 

17) Fletcher B, Gulanick M, Lamendola C. Risk fac-
tors for type 2 diabetes mellitus. J Cardiovasc 
Nurs 2002; 16: 17-23. 

18) Kim JM, Kim E, Song DK, Kim YJ, Lee JH, Ha 
E. Causal relationship between particulate mat-
ter 2.5 and diabetes: two sample Mendelian 
randomization. Front Public Health 2023; 11: 
1164647. 

19)  Hassanvand MS, Naddafi K, Malek M, Valojerdi 
AE, Mirzadeh M, Samavat T, Hezaveh AM, Hod-
jatzadeh A, Khamseh ME. Effect of long-term ex-
posure to ambient particulate matter on preva-
lence of type 2 diabetes and hypertension in Ira-
nian adults: an ecologic study. Environ Sci Pollut 
Res Int 2018; 25: 1713-1718. 

20) Lee M, Ohde S. PM2.5 and Diabetes in the Japa-
nese Population. Int J Environ Res Public Health 
2021; 18: 6653. 

21) Coogan PF, White LF, Yu J, Burnett RT, Seto E, 
Brook RD, Palmer JR, Rosenberg L, Jerrett M. 
PM2.5 and Diabetes and Hypertension Incidence 
in the Black Women’s Health Study. Epidemiolo-
gy 2016; 27: 202-210. 

22) Honda T, Pun VC, Manjourides J, Suh H. Asso-
ciations between long-term exposure to air pollu-
tion, glycosylated hemoglobin and diabetes. Int J 
Hyg Environ Health 2017; 220: 1124-1132. 

23) Li CY, Wu CD, Pan WC, Chen YC, Su HJ. Associ-
ation Between Long-term Exposure to PM2.5 and 
Incidence of Type 2 Diabetes in Taiwan: A Na-
tional Retrospective Cohort Study. Epidemiology 
2019; 30 Suppl 1: S67-S75. 

24) Li S, Guo B, Jiang Y, Wang X, Chen L, Wang X, 
Chen T, Yang L, Silang Y, Hong F, Yin J, Lin H, 
Zhao X. Long-term Exposure to Ambient PM2.5 
and Its Components Associated With Diabetes: 
Evidence From a Large Population-Based Co-
hort From China. Diabetes Care 2023; 46: 111-
119. 

25) Mandal S, Jaganathan S, Kondal D, Schwartz JD, 
Tandon N, Mohan V, Prabhakaran D, Narayan 
KMV. PM2.5 exposure, glycemic markers and inci-
dence of type 2 diabetes in two large Indian cities. 
BMJ Open Diabetes Res Care 2023; 11: e003333. 

26) Laorattapong A, Poobunjirdkul S, Thanapoom 
T, Jiamjarasrangsi W. The Association Between 
PM2.5 Exposure and Diabetes Mellitus Among 
Thai Army Personnel. J Prev Med Public Health 
2023; 56: 449-457. 

27) Liu C, C Cao G, Li J, Lian S, Zhao K, Zhong Y, Xu 
J, Chen Y, Bai J, Feng H, He G, Dong X, Yang P, 
Zeng F, Lin Z, Zhu S, Zhong X, Ma W, Liu T. Ef-
fect of long-term exposure to PM2.5 on the risk 
of type 2 diabetes and arthritis in type 2 diabetes 
patients: Evidence from a national cohort in Chi-
na. Environ Int 2023; 171: 107741. 

28) Lao XQ, Guo C, Chang LY, Bo Y, Zhang Z, Ch-
uang YC, Jiang WK, Lin C, Tam T, Lau AKH, Lin 
CY, Chan TC. Long-term exposure to ambient fine 
particulate matter (PM2.5) and incident type 2 di-
abetes: a longitudinal cohort study. Diabetologia 
2019; 62: 759-769. 

29) GBD 2019 Diabetes and Air Pollution Collabora-
tors. Estimates, trends, and drivers of the global 
burden of type 2 diabetes attributable to PM2·5 
air pollution, 1990-2019: an analysis of data from 
the Global Burden of Disease Study 2019. Lancet 
Planet Health 2022; 6: e586-e600. 

30) Jacob AM, Datta M, Kumpatla S, Selvaraj P, 
Viswanthan V. Prevalence of Diabetes Mellitus 
and Exposure to Suspended Particulate Matter. J 
Health Pollut 2019; 9: 190608.

31) Chung WS, Lin CL. Exposure To Fine Particu-
late Matter Increases Risk of Diabetes Mellitus: A 
Population-Based Cohort Study. J Occup Environ 
Med 2024; 66: 198-201. 

32) Li Y, Wu J, Tang H, Jia X, Wang J, Meng C, Wang 
W, Liu S, Yuan H, Cai J, Wang J, Lu Y. Long-term 
PM2.5 exposure and early-onset diabetes: Does 
BMI link this risk? Sci Total Environ 2024; 913: 
169791. 


