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Background

Epidemiological trends of type 2 diabetes mellitus attributable to fine particulate matter (PM2.5) pollution remain unclear. Here, we estimated spatiotemporal trends of type 2 diabetes mellitus burden attributable to PM2.5 pollution, including ambient particulate matter pollution (APMP) and household air pollution (HAP), from 1990–2019.



Methods

Data were obtained from the Global Burden of Disease Study 2019 and were analyzed by age, sex, year, and location. Joinpoint regression analysis was applied in the analysis of temporal trends in type 2 diabetes mellitus burden over the 30 years.



Results

Globally, PM2.5 pollution contributed to 292.5 thousand deaths and 13 million disability-adjusted life-years (DALYs) in 2019. APMP ranked third among all risk factors, causing an increase in type 2 diabetes mellitus burden from 1990, whereas the impact of HAP significantly fell during the same period. Both APMP and HAP contributed the most to deaths and DALYs of type 2 diabetes mellitus among older people. However, the age-standardized death and DALY rates of type 2 diabetes mellitus attributable to APMP were greater among males and people in the middle socio-demographic index countries, especially in Southern Sub-Saharan Africa. For HAP, type 2 diabetes mellitus burden was modestly higher in females and was highest in Oceania, which was the only region with an increase from 1990.



Conclusions

PM2.5 pollution resulted in substantial and increasing type 2 diabetes mellitus burden worldwide. Hence, governments and health systems should take steps to reduce air pollution to mitigate this increasing burden.
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Introduction

Diabetes was the fifth leading cause of global deaths in 2019, with a prevalence of 463 million that is projected to reach 548 million in 2045 (1, 2). Type 2 diabetes mellitus is the most common type of diabetes, accounting for >90% of the total number of cases, and is the fifth leading cause of death for people aged 50–74 years (1). This leads to a great number of consequent complications, lowering the quality of life and functional capacities of patients (3).

According to estimates, the burden of diabetes and its consequent economic costs will continuously increase up to 2030, even if the targets of the Sustainable Development Goals and World Health Organization Global Action Plan were met (4). Thus, it is imperative to take measures to reduce its modifiable risk factors, such as unhealthy lifestyles and obesity, which are associated with an increased risk of type 2 diabetes mellitus (5). Accumulating evidence suggests that air pollution is also a risk factor for type 2 diabetes mellitus and could affect its clinical outcomes, including increasing the risk of death (6, 7). Air pollution has also been listed as one of the risk factors for various diseases, consisting of gases and different particles in the air, of which fine particulate matter (PM2.5) pollution accounted for >90% of public health impact (8). The link between ambient PM2.5 pollution and type 2 diabetes mellitus has been verified in previous studies. In one meta-analysis, six out of ten studies suggested that a 6%–49% increase in mortality was related to each 10 μg/m3 increment in ambient PM2.5 concentration (9). Additionally, ambient PM2.5 pollution exposure is also linked to higher fasting blood glucose, HbA1c, and the homeostatic model assessment of insulin resistance (9). A previous study also showed that PM2.5 can cause systematic inflammation, increase oxidative stress, and impair endothelial function (10). Furthermore, animal studies also demonstrated that PM2.5 exposure is associated with insulin resistance, hence inducing diabetes (11).

The Global Burden of Disease (GBD) Study 2017 has listed both outdoor and indoor PM2.5 pollution as risk factors for type 2 diabetes mellitus (12). However, no study has investigated the epidemiological pattern of type 2 diabetes mellitus burden attributable to PM2.5 pollution. Thus, based on the latest data and improved methodologies of GBD 2019, we estimated the spatiotemporal trends of PM2.5-related type 2 diabetes mellitus burden and identified the highly affected regions, providing insight to assist policymaking and recommending actions to reduce air pollution and its corresponding disease burden.



Materials and Methods


Data Source

Data on the global burden of type 2 diabetes mellitus attributable to particulate matter pollution were obtained from GBD 2019. GBD studies provide worldwide and comprehensive assessments of health loss for 329 diseases across 204 countries and territories that are classified into 21 regions according to epidemiological similarities and geographical proximity, and into five groups based on the socio-demographic index (SDI; low, low-middle, middle, high-middle, and high SDI). The SDIs of countries are estimated based on economic growth, fertility rate, and educational attainment. The number of deaths, disability-adjusted life-years (DALYs), and corresponding age-standardized rates (ASRs) attributable to particulate matter pollution from 1990 to 2019 were extracted and analyzed by age, sex, location, and year.



Estimation of Particulate Matter Pollution Exposure and Its Attributable Type 2 Diabetes Mellitus Burden

In GBD 2019, particulate matter pollution includes outdoor and indoor PM2.5 pollution, and PM2.5 refers to particles with an aerodynamic diameter ≤2.5 μm. GBD 2019 identified different PM2.5 sources: outdoor PM2.5 pollution, also called ambient particulate matter pollution (APMP), owing to exposure to PM2.5 in the outdoor air, and indoor PM2.5 pollution, also called household air pollution (HAP) from solid fuels, which refers to exposure to PM2.5 owing to the use of solid cooking fuels (wood, coal, charcoal, agricultural residues, and dung). A uniform distribution of the theoretical minimum risk exposure level between 2.4 µg/m3 and 5.9 µg/m3 for both APMP and HAP represents the level that minimizes risk at the population level or the level that captures the maximum attributable burden. In GBD studies, the attribution of type 2 diabetes mellitus deaths and DALYs to particulate matter pollution was calculated by applying the population-attributable fraction for age, sex, location, and year. Further details regarding estimation of particulate matter pollution exposure and its attributable type 2 diabetes mellitus burden have been provided in the previous study (1).



Statistical Analyses

We analyzed all the attributable burdens by age, sex, year, and location to determine the impact of particulate matter pollution on type 2 diabetes mellitus. When comparing different populations or the same population in different periods, we used the ASRs of deaths and DALYs to eliminate the effects caused by differences in population structures. All cases and their corresponding ASRs per 100,000 people were reported with 95% uncertainty intervals (UIs). The R program (R Core Team, version 3.5.2, Vienna, Austria) was used to perform all the above-mentioned analyses.

The Joinpoint regression model, a set of statistically linear models, was used to evaluate the temporal trends in age-standardized death and DALY rates. Changes in trends were described by connecting several line segments on a logarithmic scale at the “joinpoints” and identifying points where the trend linear slope significantly changed over time (13). Joinpoint regression analysis was conducted using the Joinpoint software (version 4.7.0) from the Surveillance Research Program of the US National Cancer Institute. Annual percentage changes (APCs) and their 95% confidence intervals were also calculated. The p-value was estimated with a significance level of 0.05.



Data and Resource Availability

All data included in this study can be accessed through the Global Health Data Exchange query tool (http://ghdx.healthdata.org/gbd-results-tool).




Results


Global Burden of Type 2 Diabetes Mellitus Attributable to Particulate Matter Pollution in 2019

Globally, a total of 66.3 million (55.5 to 79.0) DALYs and 1.5 million (1.4 to 1.6) deaths of type 2 diabetes mellitus were documented due to 17 risk factors in 2019 (Table 1 and Supplementary Figure 1). Following high fasting plasma glucose, high body mass index contributed to 42.6% of total deaths and 51.9% of total DALYs of type 2 diabetes mellitus. However, particulate matter pollution accounted for 19.9% of total deaths and 19.6% of total DALYs of type 2 diabetes mellitus, among which APMP contributed to 13.4% of total deaths and 13.6% of total DALYs and HAP resulted in 6.5% of total deaths and 5.9% of total DALYs (Supplementary Figure 1). Thus, these two risk factors are posing a great challenge to public health.


Table 1 | Global and regional type 2 diabetes mellitus burdens attributable to particulate matter pollution in 1990 and 2019.




More specifically, in 2019, APMP contributed to 196.8 thousand (136.3 to 258.4) deaths and 9.0 million (6.1 to 12.2) DALYs of type 2 diabetes mellitus worldwide (Table 1). By contrast, the HAP-attributable deaths and DALYs of type 2 diabetes mellitus were relatively lower, at 95.7 thousand (60.5 to 138.5) deaths and 3.9 million (2.4 to 5.9) DALYs in 2019. The age-standardized death and DALY rates of type 2 diabetes mellitus attributable to APMP were 2.5/100,000 (1.7 to 3.2) and 109.0/100,000 (74.1 to 147.2), respectively—more than doubled the age-standardized rates of type 2 diabetes mellitus due to HAP in 2019 (Supplementary Table 1).



Temporal Trends of Type 2 Diabetes Mellitus Burdens Attributable to Particulate Matter Pollution

The type 2 diabetes mellitus deaths and DALYs due to APMP and HAP exposure increased significantly since 1990, but the age-standardized death and DALY rates due to these two risk factors presented different trends. As shown in Figure 1, the APMP-attributable ASDR of type 2 diabetes mellitus increased with different APCs, and the most significant increase took place between 2011 and 2014 (APC = 2.31%, p < 0.05). The age-standardized DALY rate also rose rapidly with different APCs from 1990, reaching an approximately doubled burden in 2019, and the most remarkable increase was between 2017 and 2019 (APC =2.91%, p < 0.05). For HAP, the ASDR of type 2 diabetes mellitus decreased steadily from 1990 to 2005 and then experienced a significant decline until 2019, with an APC of 2.81% (p < 0.05). Similarly, the age-standardized DALY rate of type 2 diabetes mellitus markedly fell from 2005 to 2019 (2005–2014: APC = 2.68%, p < 0.05; 2014–2019: APC = 2.38%, p < 0.05).




Figure 1 | Temporal trends of global type 2 diabetes mellitus burden attributable to particulate matter pollution from 1990 to 2019 for both sexes combined for all ages. (A) ASDR of type 2 diabetes mellitus attributable to APMP; (B) Age-standardized DALY rate of type 2 diabetes mellitus attributable to APMP; (C) ASDR of type 2 diabetes mellitus attributable to HAP; (D) Age-standardized DALY rate of type 2 diabetes mellitus attributable to HAP. ASDR, age-standardized death rate; APMP, ambient particulate matter pollution; DALY, disability-adjusted life-year; HAP, household air pollution.





Age- and Sex-Specific Type 2 Diabetes Mellitus Burden Attributable to Particulate Matter Pollution

As shown in Supplementary Figure 2, APMP and HAP exposure have the greatest contributions to type 2 diabetes mellitus burdens among people aged 50–74 years. From 1990 to 2019, the APMP-attributable burden of type 2 diabetes mellitus in all ages presented substantial increases since 1990, whereas the HAP-attributable burden increased only among older people and remained stable among people aged <49 years. In the subgroup analysis of genders, the total burden of type 2 diabetes mellitus due to particulate matter pollution among males was higher than that in females, whereas the distributions of burdens attributable to APMP and HAP in different ages were similar between females and males (Figure 2). For both genders, the death rates of type 2 diabetes mellitus attributable to APMP and HAP increased with age, peaking among people aged >80 years, whereas DALY rates were highest among people aged 75–79 years (Figure 2).




Figure 2 | Type 2 diabetes mellitus burden among different genders and ages in 2019. (A) Death rates. (B) DALY rates. DALY, disability-adjusted life year.





Regional and National Type 2 Diabetes Mellitus Burden Attributable to Particulate Matter Pollution

Regionally, Southern Sub-Saharan Africa had the highest age-standardized DALY and death rates of type 2 diabetes mellitus due to APMP exposure in 2019 (Figure 3; Supplementary Figure 3 and Supplementary Table 1). However, South Asia had the greatest increase in age-standardized DALY rate of type 2 diabetes mellitus due to APMP from 1990, whereas Central Asia had the largest increase in ASDR. By contrast, the APMP-attributable age-standardized death and DALY rates of type 2 diabetes mellitus decreased significantly in High-income North America, Western Europe, and Australasia during the last 30 years (Figure 3 and Supplementary Figure 3). At the national level, in 1990, the age-standardized death and DALY rates of type 2 diabetes mellitus attributable to APMP were greatest in Qatar compared to other nations, whereas up to 2019, Bahrain showed the highest rates, followed by Qatar (Figure 4 and Supplementary Figure 4). By contrast, in 2019, the lowest ASDR of type 2 diabetes mellitus due to APMP exposure was observed in Finland, and Iceland had the lowest age-standardized DALY rate. During the past 30 years, Cabo Verde had the greatest increase in ASDR of type 2 diabetes mellitus due to APMP exposure, and Equatorial Guinea showed the largest increase in age-standardized DALY rate (Supplementary Table 2). However, Singapore and Sweden showed the greatest decrease in age-standardized death and DALY rates, respectively (Supplementary Table 2).




Figure 3 | Age-standardized DALY rates of type 2 diabetes mellitus attributable to particulate matter pollution in 2019 and their percentage changes in rates from 1990 to 2019 across 21 GBD regions among different genders. (A) Age-standardized DALY rates of type 2 diabetes mellitus attributable to APMP; (B) Percentage changes in age-standardized DALY rates attributable to APMP from 1990 to 2019; (C) Age-standardized DALY rates of type 2 diabetes mellitus attributable to HAP; (D) Percentage changes in age-standardized DALY rates attributable to HAP from 1990 to 2019. APMP, ambient particulate matter pollution; DALY, disability-adjusted life-year; HAP, household air pollution.






Figure 4 | Age-standardized DALY rates of type 2 diabetes mellitus attributable to particulate matter pollution among 204 countries and territories in 2019. (A) APMP; (B) HAP. DALY, disease-adjusted life-year; APMP, ambient particulate matter pollution; HAP, household air pollution.



For HAP, in 2019, the age-standardized DALY and death rates of type 2 diabetes mellitus were highest in Oceania, with more than double the burden of Eastern Sub-Saharan Africa where had the second-highest age-standardized burden due to HAP (Figure 3; Supplementary Figure 3 and Supplementary Table 1). However, Oceania was the only region with an increase in age-standardized death and DALY rates of type 2 diabetes mellitus attributable to HAP since 1990. Nationally, Kiribati showed the highest HAP-attributable age-standardized DALY and death rates of type 2 diabetes mellitus in 1990 and 2019 (Figure 4 and Supplementary Figure 4). However, the lowest ASDR was recorded in Monaco in 1990 and 2019, whereas United Arab Emirates showed the lowest age-standardized DALY rate attributable to HAP in 2019. During the past 30 years, the greatest increase in age-standardized death and DALY rates of type 2 diabetes mellitus were in Guatemala, whereas the largest declines were in Saudi Arabia (Supplementary Table 2).



Association of Type 2 Diabetes Mellitus Burden Attributable to Particulate Matter Pollution and SDI

The age-standardized death and DALY rates of type 2 diabetes mellitus attributable to particulate matter pollution varied greatly with SDI. As shown in Figure 5, age-standardized death and DALY rates of type 2 diabetes mellitus due to APMP increased when SDI was <0.6, and then decreased with SDI, indicating the greatest burdens showing in countries with middle SDI (Figure 5). By contrast, the age-standardized death and DALY rates attributable to HAP steadily decreased with SDI, representing higher SDI countries showing lower burden (Figure 5). Additionally, during the past 30 years, APMP-attributable type 2 diabetes mellitus burden only decreased in high SDI countries, whereas the countries with low-to-middle SDI presented the biggest increase (Table 1 and Supplementary Table 1). However, since 1990, the HAP-attributable burden decreased among all SDI quintiles, and the countries with low SDI showed the greatest increase (Table 1 and Supplementary Table 1).




Figure 5 | Association between type 2 diabetes mellitus burden attributable to particulate matter pollution and SDI among 21 regions. (A) ASDR of type 2 diabetes mellitus attributable to APMP; (B) Age-standardized DALY rate of type 2 diabetes mellitus attributable to APMP; (C) ASDR of type 2 diabetes mellitus attributable to HAP; (D) Age-standardized DALY rates of type 2 diabetes mellitus attributable to HAP. ASDR, age-standardized death rate; DALY, disability-adjusted life-year; SDI, socio-demographic index; APMP, ambient particulate matter pollution; HAP, household air pollution.






Discussion

In this study, we estimated the global type 2 diabetes mellitus burden attributable to PM2.5 pollution, including APMP and HAP, along with its 30-year patterns. Over the last 30 years, the absolute number of deaths and DALYs attributable to both APMP and HAP significantly increased. This increase might be ascribed to two possible reasons: first, the increasing global population-weighted PM2.5, which rapidly increased from 2010 to 2015 and reached 44.2 µg/m3 in 2015 (14), and second, the growth and aging of the population, which stimulate the aggravation of air pollution and increasing disease burden (15, 16). However, the age-standardized death and DALY rates of type 2 diabetes mellitus due to exposure to these two risk factors presented different trends: for APMP, the age-standardized death and DALY rates markedly rose since 1990, whereas that due to HAP exposure significantly declined. There are some reasons for this adverse trend. First, the increase in APMP-attributable disease burden might be due to coal burning, urbanization, and the rising number of vehicles and industrial factories, which vary among different countries (17). Second, in recent years, owing to the change toward cleaner fuel and technological processes, HAP levels have been substantially declining, thus having decreasing disease burden (18). Nonetheless, APMP and HAP are still posing a huge health burden worldwide.

Generally, obesity and uneven diet were considered as part of risk factors for type 2 diabetes mellitus. However, sleep quality, hypertension and smoking were also found to be strongly associated with an elevated risk of type 2 diabetes mellitus (19). However, as our results showed, APMP and HAP ranked third and seventh respectively for type 2 diabetes mellitus deaths among all risk factors, the impact of which was more profound than some behavior risks, such as smoking and dietary risks. In prediabetes patients, PM2.5 was suggested to be associated with elevated fasting glucose, the release of pro-inflammation cytokines, higher blood pressure, and impairment of endothelial function (20). Meanwhile, a great amount of evidence has previously shown that PM2.5 can induce system inflammation and increase oxidative stress, leading to the release of cytokines and alteration in glucose homeostasis (10, 21, 22). Our results suggest that both APMP and HAP greatly contributed to the disease among elderly people. Similarly, according to the latest report of the International Diabetes Federation, the increasing prevalence with age is associated with a 19.9% (112 million) diabetes prevalence among people aged 65–79 years (2). PM2.5 exposure and aging have a complex interplay in diabetes among the elderly. Advanced age could exacerbate the chronic system inflammation and oxidative stress led by PM2.5, and aging is associated with reduced insulin secretion as well as insulin resistance due to the promotion of beta-cell death (23, 24).

For different sexes, our results showed that the type 2 diabetes mellitus burdens attributable to APMP were higher among males than females, whereas that attributable to HAP was slightly higher in females than in males. These differences might be associated with the roles of the different genders in society and within the family. In most cultures, males tend to have higher exposure to outdoor air pollution because of longer travel distances and work in industries that might use coal or other solid fuels, whereas females are traditionally responsible for more indoor housework and domestic cooking (25). However, a prior study suggested that elderly women tend to be more vulnerable to air pollution, particularly overweight women, which could increase the risk of diabetes (26). With the increasing numbers of the aging population as well as the increasing trend of women working outside, the burden of type 2 diabetes mellitus attributable to PM2.5 pollution for both genders should be paid better attention.

The type 2 diabetes mellitus burden attributable to APMP and HAP varied substantially across regions and nations. As our results illustrate, the middle SDI countries had the highest-burden attributable to APMP, whereas the low SDI countries contributed to the largest HAP-attributable burden. The Lancet Commission on air pollution previously suggested that over 90% of pollution-related deaths are recorded in low- and middle-income countries (27). More specifically, Southern Sub-Saharan Africa had the highest age-standardized death and DALY rates attributable to APMP, whereas South Asia had the highest absolute numbers of deaths and DALYs. As reported, the top three countries with the highest exposure to PM2.5 were in South Asia, whose population is exposed to severe air pollution due to garbage burning, fuel combustion, and industrial emissions (28). The changing profiles of population structure, urbanization, and westernized lifestyles in Southern Sub-Saharan Africa have also been associated with the increasing PM2.5 pollution and the corresponding growth in type 2 diabetes mellitus burden (29, 30). For HAP, the highest and only increase in burden from 1990 was recorded in Oceania (not including Australia and New Zealand), and 6 out of the top 10 countries with the highest type 2 diabetes mellitus burden attributable to HAP were in Oceania. Measures such as the transition to cleaner energy and improving the emission control system can help reduce the high level of indoor and outdoor air pollution (31). Policies aimed at reducing air pollution should be urgently devised and implemented, particularly in these regions.

To the best of our knowledge, this study is the first comprehensive analysis of spatiotemporal trends of type 2 diabetes mellitus burden attributable to PM2.5 pollution. Previous studies on this topic have explored the relationship between type 2 diabetes mellitus and air pollution but did not reveal the heavy disease burden due to air pollution and its distribution on a global scale. Our study provides a novel insight for countries and local health organizations to take measures to mitigate type 2 diabetes mellitus burden and its corresponding economic burden by reducing the modifiable risk factors of the disease. Nevertheless, although great efforts have been made to provide a comprehensive study, some limitations still exist in our analysis. First, the joint effects of PM2.5 and fasting blood glucose can lead to complex interactions (32), and HAP could also contribute to APMP, which should not be neglected. These interplays of various risk factors can cause overestimation or underestimation of the burden attributable to a single risk factor. Second, the data from some lower SDI countries and regions were insufficient, limiting the interpretation ability of our study and possibly causing underestimation of the effects of particulate matter pollution on disease burden.

To conclude, this study documents the increasing global burden of type 2 diabetes mellitus attributable to particulate matter pollution, from 1990 to 2019. Disease burdens due to particulate matter pollution exposure were higher among old people and people in low- and middle-SDI countries and regions, posing a huge burden on human health and a social cost on health care. Our study provides evidence regarding the heavy type 2 diabetes mellitus burden resulting from high levels of air pollution, identifies the highly affected areas, and can assist in establishing targeted programs and implementing effective measures to mitigate air pollution. Further studies focusing on strategies for controlling air pollution and avoiding heavy disease burden are urgently needed.
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Supplementary Figure 1 | Ranking changes of all risk factors for type 2 diabetes mellitus from 1990 to 2019 for both sexes combined for all ages. (A). Deaths; (B). Disability-adjusted life-years.

Supplementary Figure 2 | Type 2 diabetes mellitus burden attributable to particulate matter population among different age subgroups from 1990 to 2019. (A). Type 2 diabetes mellitus deaths attributable to APMP; (B). Type 2 diabetes mellitus DALYs attributable to APMP; (C). Type 2 diabetes mellitus deaths attributable to HAP; (D). Type 2 diabetes mellitus DALYs attributable to HAP. DALY: disability-adjusted life-year; APMP ambient particulate matter pollution; HAP household air pollution.

Supplementary Figure 3 | Type 2 diabetes mellitus ASDR attributable to particulate matter pollution in 2019 and their percentage changes from 1990 to 2019 across 21 GBD regions among different genders. (A). Type 2 diabetes mellitus ASDR attributable to APMP; (B). Percentage changes in type 2 diabetes mellitus ASDR attributable to APMP from 1990 to 2019; (C). Type 2 diabetes mellitus ASDR attributable to HAP; (D). Percentage changes in type 2 diabetes mellitus ASDR attributable to HAP from 1990 to 2019. ASDR age-standardized death rate; APMP ambient particulate matter pollution; HAP household air pollution.

Supplementary Figure 4 | Type 2 diabetes mellitus ASDR attributable to particulate matter pollution among 204 countries and territories in 2019.(A). APMP; (B). HAP. APMP ambient particulate matter pollution; HAP household air pollution.

Supplementary Table 1 | Global and regional age-standardized burden of type 2 diabetes mellitus burdens attributable to particulate matter pollution in 1990 and 2019.

Supplementary Table 2 | Annualized rate of change in age-standardized rates for type 2 diabetes mellitus attributable to particulate matter pollution for both sexes in 204 countries and territories, 1990 to 2019.
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