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Abstract 

Background:  Though the association between air pollution and incident type 2 diabetes (T2D) has been well docu-
mented, evidence on the association with development of subsequent diabetes complications and post-diabetes 
mortality is scarce. We investigate whether air pollution is associated with different progressions and outcomes of T2D.

Methods:  Based on the UK Biobank, 398,993 participants free of diabetes and diabetes-related events at recruitment 
were included in this analysis. Exposures to particulate matter with a diameter ≤ 10 μm (PM10), PM2.5, nitrogen oxides 
(NOx), and NO2 for each transition stage were estimated at each participant’s residential addresses using data from the 
UK’s Department for Environment, Food and Rural Affairs. The outcomes were incident T2D, diabetes complications 
(diabetic kidney disease, diabetic eye disease, diabetic neuropathy disease, peripheral vascular disease, cardiovascular 
events, and metabolic events), all-cause mortality, and cause-specific mortality. Multi-state model was used to analyze 
the impact of air pollution on different progressions of T2D. Cumulative transition probabilities of different stages of 
T2D under different air pollution levels were estimated.

Results:  During the 12-year follow-up, 13,393 incident T2D patients were identified, of whom, 3791 developed diabe-
tes complications and 1335 died. We observed that air pollution was associated with different progression stages of 
T2D with different magnitudes. In a multivariate model, the hazard ratios [95% confidence interval (CI)] per interquar-
tile range elevation in PM2.5 were 1.63 (1.59, 1.67) and 1.08 (1.03, 1.13) for transitions from healthy to T2D and from T2D 
to complications, and 1.50 (1.47, 1.53), 1.49 (1.36, 1.64), and 1.54 (1.35, 1.76) for mortality risk from baseline, T2D, and 
diabetes complications, respectively. Generally, we observed stronger estimates of four air pollutants on transition 
from baseline to incident T2D than those on other transitions. Moreover, we found significant associations between 
four air pollutants and mortality risk due to cancer and cardiovascular diseases from T2D or diabetes complications. 
The cumulative transition probability was generally higher among those with higher levels of air pollution exposure.
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Background
Type 2 diabetes (T2D), caused by insulin resistance 
and pancreatic beta cell dysfunction, accounts for 
approximately 90% of all diabetes cases [1, 2]. Approxi-
mately 463 million people worldwide suffered from 
diabetes in 2019, and the prevalence continues to rise 
[3]. More than half of patients will develop any one 
of complications, and these diabetes-related compli-
cations represent the major causes of disability and 
mortality due to T2D [4, 5]. Owing to the advances in 
the treatment of T2D, many individuals will survive 
longer with these conditions, leading to an increased 
economic burden in the presence of diabetes compli-
cations [4, 6].

Existing evidence supports an association between 
the risk of T2D and ambient air pollution exposure, 
especially for fine particulate matter pollution (PM2.5) 
and nitrogen dioxide (NO2) [7, 8]. The biological mech-
anisms underlying this association include immune 
activation, endoplasmic reticulum stress, central nerv-
ous system inflammation, and oxidative stress [9, 10]. 
Additionally, previous studies have found that ambient 
air pollution was associated with some complications 
of diabetes, including diabetic retinopathy, incident 
cardiovascular diseases, and chronic kidney diseases 
[11–13]. However, it remained unknown whether ambi-
ent air pollution was associated with the dynamic pro-
gression of T2D, such as from baseline to incident T2D, 
further to diabetes complications, and subsequent to 
death. Based on the previous studies, it is reasonable to 
hypothesize that ambient air pollution could increase 
the risk of diabetes complications and subsequent mor-
tality, in other words, exposure to higher levels of ambi-
ent air pollution could be associated with an increased 
risk of different progressions of T2D. The investigation 
on the effect of risk factors in T2D trajectory would be 
important for specific interventions at different stages 
of T2D.

We utilized a multi-state model to assess the asso-
ciation between air pollution exposure and different 
progressions of T2D. We further predicted the transi-
tion probabilities of different stages for participants 
exposed to different levels of air pollution. The findings 
from this analysis will add to the evidence to prioritize 
action to reduce ambient air pollution and optimize 
prevention and management strategies of T2D.

Methods
Study design
The UK Biobank is a large population-based cohort 
study. Details of the UK Biobank have been described 
previously [14]. In brief, the cohort included more than 
500,000 participants aged 37–73 years at baseline (2006–
2010) in 22 sites across England, Scotland, and Wales, 
and each participant was followed up. All participants 
completed a baseline survey, including socioeconomic 
factors, lifestyle factors, and the history of medication.

In this analysis, we included 398,993 participants who 
were free of diabetes and any diabetes-related events 
(cardiovascular diseases, diabetes eye diseases, diabe-
tes kidney diseases, and diabetes neuropathy diseases) 
at baseline (Additional file  1: Fig. S1). Participants with 
occurrences of the diabetes-related events before the 
diagnosis of T2D were excluded (Additional file  1: Fig. 
S1). Participants with missing exposure data were also 
excluded, whose residential addresses were geocoded 
outside the range of assessment (Additional file  1: Fig. 
S1). The prevalent cases of diabetes and any diabetes-
related events at baseline were assessed based on self-
reported information, medication history, and hospital 
inpatient records (supplemental material).

This study was approved by the North West Multi-
center Research Ethics Committee, and informed con-
sent was obtained from all participants.

Environmental exposure assessment
The mean annual concentrations of particulate matter 
with a diameter ≤10 μm (PM10), PM2.5, nitrogen oxides 
(NOx), and NO2 were collected from the UK’s Depart-
ment for Environment, Food and Rural Affairs (DEFRA), 
a platform providing high-resolution near-surface air 
pollution data in the UK from 2002 to 2020 [15]. Annual 
concentration maps of various air pollutants were mod-
eled on 1 km × 1 km grid using an air dispersion model 
based on different sources from the National Atmos-
pheric Emissions Inventory, a combination of measure-
ment data for secondary inorganic aerosol, and models 
for sources including resuspension of dust. These con-
centrations were calibrated using measured concentra-
tions taken from background sites in Defra’s Automatic 
Urban and Rural Network [15].

Given the exposures at baseline may not accurately rep-
resent the air pollution exposure over the long follow-up 

Conclusions:  This study indicates that ambient air pollution exposure may contribute to increased risk of incidence 
and progressions of T2D, but to diverse extents for different progressions.
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period, we estimated exposures to four air pollutants 
from the date of 4 years before recruitment to the dates 
when any outcome occurred. To assess the air pollut-
ant exposures for each participant, we collected partici-
pants’ residential address history including the dates that 
participants lived in each location. The annual mean air 
pollution concentration for each residential location was 
estimated by the following processes. First, the annual 
mean concentration of air pollutants of the current year 
was assigned to the participant by 1km × 1km grid cells 
in which they resided. Second, we counted the number 
of days of residence at that address in the calendar year. 
Third, we calculated average levels of the air pollutant 
exposures for each participant by weighting the time 
spent at each residential address. The formula can be 
specified as:

where ci is the annual mean concentration at an address 
in that year, di is the days at that address in the calendar 
year, and j is the number of combinations of different 
addresses and corresponding days in a calendar year. The 
exposure estimation strategy was presented in Fig. 1.

Follow‑up and ascertainment of outcomes
All the participants were followed up since the date when 
the participants consented to join the UK Biobank study, 
and the end date was either death, loss to follow-up, or 

Concentration of air pollution exposure =

j
i=1 (ci × di)

j
i=1 di

i = 1, 2, . . . , j ,

the last date of follow-up on 31 March 2021, whichever 
occurred first.

The key outcomes of interest in this study were the 
incident T2D, diabetes complications events, and mor-
tality. During the follow-up, T2D and diabetes complica-
tions were identified through gathering information from 
hospital admissions, primary care, and death records, 
provided by the UK National Health Service. Diabetes 
complications were defined as the first occurrence of 
any diabetes complications events after the diagnosis of 
incident T2D [16]. Diabetes complications in this study 
included diabetic eye diseases, diabetic kidney diseases, 
diabetic neuropathy diseases, cardiovascular diseases 
(CVD), peripheral vascular diseases, and metabolic 
events. All-cause mortality and cause-specific mortality 
were obtained from the national death registry. Cause-

specific mortality included cancer, CVD, and respiratory 
diseases, which accounted for 62.1%, 10.2%, and 6.2% of 
the overall deaths, respectively. The detailed information 
on codes and data fields of the key outcomes was pre-
sented in the Additional file 1: Details of outcomes.

Covariates
We considered a series of important covariates that have 
been shown to be associated with either T2D or ambi-
ent air pollution in this analysis, including demographics, 
socioeconomic factors, lifestyle, and comorbidities [1, 2, 

Fig. 1  The air pollution exposure estimation strategy. The colorful, rounded rectangles represent the participant’s address. The rectangles with 
colorful borders represent each year during the follow-up period. The color-filled rectangles with colorful borders represent the concentration of air 
pollutants at that address in that current year. The fill-in color corresponds to that of the address, and the border color matches that of the current 
year
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8]. Demographic, socioeconomic factors and lifestyle fac-
tors included age at recruitment (continuous variable), 
sex, ethnicity (white and non-white), living area (urban 
and rural), smoking status (never, previous, and current), 
healthy diet (including intake of fish, meat, vegetables, 
fruit, and alcohol consumption), and physical activ-
ity (low, moderate, and high). Obesity was evaluated by 
a body mass index higher than 30 kg/m2. Comorbidities 
were assessed based on self-reported data, medication 
history, and hospital inpatient data, including hyperten-
sion, high cholesterol, and cancer. Details of the assess-
ment of covariates are displayed in Additional file  1: 
Table  S1. The missing data on covariates were imputed 
with multivariate imputation via a chained equation.

Statistical analysis
The correlation between air pollutant exposures was 
assessed by Spearman’s correlation coefficients. We uti-
lized a multi-state regression model to estimate the 
hazard ratio (HR) and 95% confidence interval (CI) for 
the associations between per interquartile range (IQR) 
increase in air pollutants and progression trajectories of 
T2D from healthy to incident T2D, further to complica-
tion, and ultimately to death. We also assessed the associ-
ations between air pollution and cause-specific mortality 
risk from baseline, T2D, and diabetes complications. The 
multi-state model is an extension of the competing risk 
model to assess the impact of certain exposures on dif-
ferent stages of disease progression [17, 18], and has been 
applied in several studies on the associations between 
lifestyle and the risk of cardiometabolic multimorbidity 
[19, 20].

In this study, five transition phases were considered 
based on the natural history of T2D (Fig. 2) [2]: (A) base-
line to T2D (n = 13,393); (B) T2D to any one of diabetes 
complications (n = 3791); (C) baseline to death without 
T2D (n = 17,510); (D) T2D to death from any cause (n 
= 924); (E) diabetes complications to death from any 
cause (n = 411). Moreover, transition patterns from T2D 
to cause-specific mortality were presented in Additional 
file  1: Fig. S2. For participants who experienced multi-
ple states on the same date (n = 2075), the entry date of 
the first state was calculated as the entry date of the later 
state minus the median interval time of each stage in this 
study (598 days for transition B; 564 days for transition D; 
485 days for transition E). For example, for participants 
diagnosed with diabetes and related complications on the 
same day, the date of onset of T2D was equal to the date 
of complications minus 598 days.

We constructed 3 models to examine the associations 
between ambient air pollutants and five transitions of 
T2D trajectory. In the basic model, we adjusted for age, 
sex, and ethnicity. In model 2, we additionally adjusted 
for the potential confounders listed above. As obesity and 
chronic disease history could be on the causal pathway 
between air pollution and T2D, we excluded obesity and 
chronic diseases in model 3. We then used model 3 as the 
primary model for the subsequent analyses to avoid the 
potential bias.

We used restricted cubic splines with three knots to 
estimate deviations from linearity in exposure-response 
of the association between air pollutants and different 
stages of T2D trajectory and used likelihood ratio tests to 
examine the nonlinear associations.

Fig. 2  Transitions from baseline to T2D, diabetes complications, and all-cause death. Diabetes complications included diabetic eye diseases, 
diabetic kidney diseases, diabetic neuropathy diseases, cardiovascular diseases, peripheral vascular diseases, and metabolic events. State-specific 
number of events was reported in boxes, and the transition-specific number of events and percentages (within brackets) were reported on arrows
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We predicted the cumulative probabilities of the later 
state from the prior state during the follow-up among 
participants living with different levels of air pollution. 
Cumulative predicted probabilities were calculated for 
men and women aged 55 years old, with the maximized 
distribution of the observed adjusted factors (ethnicity, 
residential area, healthy diets, physical activity, smoking 
status, family history of diabetes).

Sensitivity analysis
To assess the robustness of the results, we further con-
ducted several sensitivity analyses: (1) 2-pollutant models 
for each of the 4 air pollutants by including 2 air pollut-
ants in the same model. Because PM10 and PM2.5 were 
strongly correlated (Spearman’s correlation coefficient > 
0.9), and NOx and NO2 were also strongly correlated, we 
did not include them in the same model [21]; (2) further 
adjustment for traffic noise as traffic noise may be the 
potential confounder of the association between air pol-
lution and incidence of T2D [22, 23]; (3) using different 
time intervals (1 day, 1 year, and 3 years) to calculate the 
entry date of the previous state for participants entering 
different states on the same day; (4) restricting the mor-
tality due to T2D or diabetes complications; (5) excluding 
participants without complete data of covariates; and (6) 
excluding the participants who were diagnosed with T2D 
or diabetes complications on the same date.

Stratified analysis
We further conducted several analyses stratified by age, 
residential area, smoking status, physical activity, and 
healthy diet. We calculated p values using likelihood ratio 
tests comparing models with and without multiplicative 
interaction terms.

All the statistical analyses were performed using R 
software (version 4.0.3). The missing data were imputed 
using the ‘mice’ package. The multi-state model was run 
using the “mstate” package [17]. Results with a 2-sided p 
value < 0.05 were considered statistically significant.

Results
Descriptive results
A total of 398,993 participants included in the study 
were younger than those excluded and more likely to be 
female and white (Additional file 1: Table S2). The mean 
age of participants included was 55.49 years (SD 8.06 
years). Over half were female (57.1%) and most partici-
pants were white (94.4%). During a mean follow-up of 
12.0 (SD = 1.5) years [4,768,126 person-years (PYs)], 
13,393 (28.1/10,000 PYs) participants experienced T2D 
(Fig.  2). Among these participants, 3791 (555.2/10,000 
PYs) developed complications, and 924 (135.3/10,000 

PYs) died without experiencing complications. Of the 
3791 cases with diabetes complications, 411 died with a 
crude mortality rate of 237.2 per 10,000 PYs. The primary 
cause of death was cancer followed by CVD and respira-
tory disease (Additional file 1: Fig. S2).

Table  1 presents the baseline characteristics of par-
ticipants by the top and bottom quartiles of exposure to 
PM2.5 and NO2 in the transition from baseline to T2D. 
Participants with higher exposure to ambient air pollu-
tion were younger and more likely to be living in urban 
area and current smokers. The mean exposures to PM10, 
PM2.5, NOx, and NO2 in the whole stage were 15.04, 
10.01, 27.27, and 18.23 μg/m3, respectively (Additional 
file 1: Table S3). These four exposures were highly posi-
tively correlated with pairwise correlation coefficients 
higher than 0.78 (p < 0.05, Additional file 1: Fig. S3).

Association between air pollution and different 
progressions of type 2 diabetes
The associations between air pollution and risk of dif-
ferent progressions of T2D were presented in Table 2. In 
the basic model, all four air pollutants were significantly 
associated with an increased risk of dynamic progres-
sions of T2D. The results in model 2 were stable when we 
additionally adjusted for lifestyle factors, obesity, and his-
tory of chronic diseases.

In model 3, results persisted and remained robust 
(Table 2). For example, the HRs (95% CI) per IQR eleva-
tion (2.31 μg/m3) in PM2.5 were 1.63 (1.59, 1.67) and 1.08 
(1.03, 1.13) for transitions from healthy to T2D and from 
T2D to complications, and 1.50 (1.47, 1.53), 1.49 (1.36, 
1.64), and 1.54 (1.35, 1.76) for mortality risk from base-
line, T2D, and diabetes complications, respectively. The 
associations of four air pollutants on incident T2D were 
generally stronger than those on other transitions, and 
the HRs (95% CI) per IQR increase in PM10, NOx, and 
NO2 exposure were 1.66 (1.62, 1.69), 1.39 (1.37, 1.42), 
and 1.49 (1.46, 1.51), respectively. Generally, the esti-
mates for transition from diabetes complications to death 
were slightly stronger than that from T2D directly to 
death. For example, the HR (95% CI) of mortality from 
diabetes complications per IQR (7.08 μg/m3) increase in 
NO2 exposure was 1.42 (1.25, 1.60), and the estimate was 
1.27 (1.17, 1.37) for mortality from T2D.

The positive associations between four exposures and 
dynamic progressions of T2D were observed to be mono-
tonic across the range of ambient air pollution exposures, 
except for the association between particulate matter and 
transition from T2D to diabetes complications (Addi-
tional file 1: Fig. S4).

The associations between air pollution and risk of 
cause-specific mortality were shown in Additional file 1: 
Table  S4. Four air pollution exposures were positively 
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associated with increased risks of cancer, CVD, and res-
piratory diseases mortality from T2D or diabetes com-
plication. The associations between air pollution and the 
risk of cancer mortality from T2D were stronger than 
those for mortality due to other causes. The estimates 
for transition from diabetes complications to CVD mor-
tality were stronger than those for other cause-specific 
mortality.

Cumulative transition probability of type 2 diabetes 
trajectories
Figure 3 shows the cumulative transition probabilities of 
different progressions for participants aged 55 years old 
during the follow-up period. The transition probabilities 

of development of T2D, diabetes complications, and 
post-diabetes mortality were generally higher in partici-
pants living in a higher level of air pollution. For example, 
the cumulative probabilities for T2D in healthy people at 
14.7 years of follow-up were 2.7% and 1.9% for men and 
women, respectively, living with the top quartile of PM10, 
and were 1.0% and 0.7% for men and women, respec-
tively, living with the lowest quartile. Comparing to those 
living in the lowest quartile of NO2, the cumulative prob-
abilities for diabetes complications in patients with T2D 
living in the top quartile exposure at 14.9 years of fol-
low-up increased by approximately 3% (58.2% in Q4 vs. 
55.6% in Q1 for men and 56.2% in Q4 vs. 52.9% in Q1 for 
women). The difference in cumulative mortality between 

Table 1  Characteristics of 398,993 participants

Overall
(n = 398,993)

PM2.5 (μg/m3) NO2 (μg/m3)

Q1: 1.69–8.74
(n = 99,752)

Q4: 11.05–18.70
(n = 99,747)

Q1: 2.86–14.17
(n = 99,750)

Q4: 21.25–57.92
(n = 99,748)

Age [years, mean (SD)] 55.49 (8.06) 55.86 (7.93) 55.20 (8.24) 56.18 (7.85) 54.75 (8.25)

Sex (%)

  Male 171,055 (42.9) 41,922 (42.0) 42,957 (43.1) 42,212 (42.3) 43,543 (43.7)

  Female 227,938 (57.1) 57,830 (58.0) 56,790 (56.9) 57,538 (57.7) 56,205 (56.3)

Ethnicity (%)

  White 376,743 (94.4) 98,181 (98.4) 85,835 (86.1) 98,301 (98.5) 85,601 (85.8)

  Non-white 22,250 (5.6) 1571 (1.6) 13,912 (13.9) 1449 (1.5) 14,147 (14.2)

Residential area (%)

  Urban 343,011 (86.0) 78,809 (79.0) 97,350 (97.6) 58,586 (58.7) 98,935 (99.2)

  Rural 55,982 (14.0) 20,943 (21.0) 2397 (2.4) 41,164 (41.3) 813 (0.8)

Smoking status (%)

  Never 227,700 (57.1) 59,195 (59.3) 54,593 (54.7) 59,787 (59.9) 53,265 (53.4)

  Previous 131,114 (32.9) 31,749 (31.8) 33,344 (33.4) 32,536 (32.6) 33,135 (33.2)

  Current 40,179 (10.1) 8808 (8.8) 11,810 (11.8) 7427 (7.4) 13,348 (13.4)

Obese (%)

  Yes 110,765 (27.8) 20,755 (20.8) 20,420 (20.5) 19,748 (19.8) 21,832 (21.9)

  No 387,917 (97.2) 78,997 (79.2) 79,327 (79.5) 80,002 (80.2) 77,916 (78.1)

Physical activity (%)

  Low 72,398 (18.1) 17,204 (17.2) 17,645 (17.7) 17,443 (17.5) 18,077 (18.1)

  Moderate 164,071 (41.1) 40,976 (41.1) 42,436 (42.5) 40,854 (41.0) 41,698 (41.8)

  High 162,524 (40.7) 41,572 (41.7) 39,666 (39.8) 41,453 (41.6) 39,973 (40.1)

Healthy diet (%)

  Yes 284,828 (71.4) 70,418 (70.6) 72,492 (72.7) 72,301 (72.5) 71,609 (71.8)

  No 114,165 (28.6) 29,334 (29.4) 27,255 (27.3) 27,449 (27.5) 28,139 (28.2)

Family history of diabetes (%)

  Yes 83,680 (21.0) 19,848 (19.9) 21,617 (21.7) 19,748 (19.8) 22,202 (22.3)

  No 315,313 (79.0) 79,904 (80.1) 78,130 (78.3) 80,002 (80.2) 77,546 (77.7)

Chronic diseases (%)

  High cholesterol 41,841 (10.5) 9998 (10.0) 11,129 (11.2) 9515 (9.5) 11,518 (11.5)

  Hypertension 161,003 (40.4) 39,475 (39.6) 38,540 (38.6) 40,945 (41.0) 38,778 (38.9)

  Cancer 42,225 (10.6) 10,669 (10.7) 10,516 (10.5) 10,900 (10.9) 10,248 (10.3)
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the highest quartile of NOx and the lowest quartile in 
patients with diabetes complications at 14.5 years of fol-
low-up was approximately 11% (23.5% in Q4 vs. 12.5% in 
Q1 for men; 23.6% in Q4 vs. 12.6% in Q1 for women).

Sensitivity analyses
In the 2-pollutant model, the associations between 
PM10 and PM2.5 and different transitions of T2D 
remained significant and stable, except for the asso-
ciations with transition from T2D to diabetes com-
plications. The associations of NOx and NO2 with 
progressions of T2D remained significant, except for 
those with mortality risk from T2D or diabetes com-
plications (Additional file  1: Table  S5). In the model 
including traffic noise, we observed stable associations 
between the four air pollutants and transitions from 
baseline to T2D, further to diabetes complication, and 
subsequent to death (Additional file  1: Table  S6). The 
associations in sensitivity analyses using different time 
intervals did not significantly change (Additional file 1: 
Table  S7). In sensitivity analyses excluding deaths not 
due to T2D or diabetes-related events, the estimates 
decreased and associations of four exposures with 

transition from T2D to death became insignificant 
(Additional file  1: Table  S8). The results after exclud-
ing participants with missing data were similar to those 
from our main multivariable models (Additional file 1: 
Table  S9). When excluding the participants who were 
diagnosed with T2D or diabetes complications on the 
same date, the estimates increased for transitions from 
baseline to T2D and subsequently to diabetes complica-
tions but decreased for transitions to death from T2D 
or diabetes complications (Additional file 1: Table S10).

Stratified analyses
There was a suggestion of effect modification by resi-
dential area across different exposures (Additional 
file  1: Fig. S5–S8). Stronger estimates on increased 
risk of T2D were found in those living in a rural area 
(p-for-interaction <0.001). For example, the HRs (95% 
CI) for incident T2D in participants living in a rural 
area and an urban area were 1.97 (1.81, 2.14) and 1.38 
(1.36, 1.40) per IQR (12.43 μg/m3) increment in NOx, 
respectively. We also observed stronger associations 
between air pollution and transition from T2D to 

Table 2  Associations between air pollution and risk of five progressions of T2D using the multi-state model

HRs (95% CI) are results for per IQR increase from multi-state models. IQR increase was 3.25 μg/m3 for PM10, 2.31 μg/m3 for PM2.5, 12.43 μg/m3 for NOx, and 7.08 μg/m3 
for NO2. All values are statistically significant (p < 0.05)

Basic model was adjusted for age, sex, and ethnicity

Model 2 was based on a basic model and additionally adjusted for residential area, smoking status, healthy diet, physical activity, family history of diabetes, obesity, 
history of hypertension, high cholesterol, and cancer

Model 3 was adjusted for age, sex, ethnicity, residential area, smoking status, healthy diet, physical activity, and family history of diabetes

Abbreviations: CI confidence interval, HR hazard ratio, IQR interquartile

Transition Cases PM10 PM2.5 NOx NO2

Basic model
  Baseline → T2D 13,393 1.66 (1.63, 1.70) 1.63 (1.60, 1.67) 1.39 (1.37, 1.41) 1.47 (1.44, 1.49)

  T2D → complication 3791 1.14 (1.09, 1.19) 1.09 (1.05, 1.14) 1.11 (1.07, 1.15) 1.16 (1.11, 1.20)

  Baseline → death 17,510 1.54 (1.51, 1.57) 1.52 (1.49, 1.55) 1.33 (1.31, 1.35) 1.39 (1.37, 1.41)

  T2D → death 924 1.43 (1.31, 1.56) 1.51 (1.38, 1.65) 1.22 (1.14, 1.31) 1.27 (1.18, 1.37)

  Complication → death 411 1.49 (1.31, 1.71) 1.57 (1.38, 1.80) 1.39 (1.25, 1.55) 1.44 (1.28, 1.62)

Model 2
  Baseline → T2D 13,393 1.67 (1.63, 1.71) 1.64 (1.61, 1.68) 1.40 (1.38, 1.42) 1.49 (1.46, 1.52)

  T2D → complication 3791 1.13 (1.08, 1.18) 1.08 (1.03, 1.13) 1.10 (1.06, 1.15) 1.15 (1.11, 1.20)

  Baseline → death 17,510 1.51 (1.48, 1.54) 1.50 (1.47, 1.53) 1.32 (1.30, 1.34) 1.39 (1.37, 1.41)

  T2D → death 924 1.42 (1.29, 1.55) 1.50 (1.37, 1.64) 1.22 (1.14, 1.31) 1.28 (1.18, 1.38)

  Complication → death 411 1.45 (1.27, 1.65) 1.53 (1.34, 1.74) 1.35 (1.21, 1.51) 1.41 (1.24, 1.59)

Model 3
  Baseline → T2D 13,393 1.66 (1.62, 1.69) 1.63 (1.59, 1.67) 1.39 (1.37, 1.42) 1.49 (1.46, 1.51)

  T2D → complication 3791 1.13 (1.08, 1.18) 1.08 (1.03, 1.13) 1.10 (1.06, 1.15) 1.15 (1.11, 1.20)

  Baseline → death 17,510 1.51 (1.48, 1.54) 1.50 (1.47, 1.53) 1.32 (1.30, 1.34) 1.39 (1.36, 1.41)

  T2D → death 924 1.41 (1.29, 1.54) 1.49 (1.36, 1.64) 1.22 (1.13, 1.31) 1.27 (1.17, 1.37)

  Complication → death 411 1.46 (1.28, 1.67) 1.54 (1.35, 1.76) 1.36 (1.22, 1.52) 1.42 (1.25, 1.60)
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diabetes complications in those living in a rural area 
(p-for-interaction 0.061 for PM10, <0.001 for PM2.5, 
NOx, and NO2).

Discussion
This study provided some novel findings by showing the 
positive associations between four air pollutants (PM10, 

Fig. 3  Cumulative transition probabilities of T2D for participants exposed to different levels of air pollution. Computed for 55-year-old men 
(continuous) and women (dotted) for values of air pollution of quartile 1 and quartile 4. Quartile cutoffs were 2.92–13.23 μg/m3 and 16.48–28.48 
μg/m3 for PM10, 1.69–8.74 μg/m3 and 11.05–18.70 μg/m3 for PM2.5, 3.75–19.79 μg/m3 and 32.22–111.01 μg/m3 for NOx, and 2.86–14.17 μg/m3 and 
21.25–57.92 μg/m3 for NO2, respectively. The model was adjusted for age, sex, ethnicity, living area, smoking status, healthy diet, physical activity, 
and family history of diabetes. Abbreviation: T2D, type 2 diabetes
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PM2.5, NOx, and NO2) and different transition stages 
from healthy to T2D, to diabetes complications, and then 
to death. We also quantified the cumulative probabilities 
of five transitions and found that participants exposed to 
higher levels of air pollution may have an increased risk 
of adverse diabetic outcomes, particularly the risk of dia-
betes complications and diabetic mortality. Furthermore, 
there was a consistent evidence of effect modification by 
residential areas across different exposures.

Several systematic reviews have summarized the asso-
ciation between air pollution exposure and the risk of 
T2D [7, 24], and these studies support a positive associa-
tion. For example, one recent meta-analysis reviewed 86 
studies and reported the HRs (95% CI) of incident T2D 
associated with each 10 μg/m3 increment in PM2.5 and 
PM10 were 1.10 (1.04, 1.17) and 1.11 (1.00, 1.22), respec-
tively [7]. Consistent with these studies, our study found 
the positive associations of PM10, PM2.5, NOx, and NO2 
with transition from baseline to T2D. The difference in 
estimates may be due to ambient air pollution exposures 
among the UK Biobank participants being much lower 
than those in previous studies conducted in developing 
countries. Furthermore, variations in pollution charac-
teristics and susceptability differences among different 
populations cannot be excluded.

Despite several studies that have explored the associa-
tions of ambient T2D and heart failure with ambient air 
pollution using the UK Biobank [25, 26], we attempted 
to use this study to uncover the associations between air 
pollution and dynamic progression of T2D, rather than 
just one disease state. In the current study, we observed 
the significantly adverse associations between air pollu-
tion and risk of incident T2D, diabetes complications, 
and mortality from T2D or diabetes complications. 
The estimates of incident T2D risk in our analyses were 
stronger than those reported in previous study, possibly 
due to the mulit-state model adjusted for competing risk 
from mortality [25].

Although air pollution is linked to T2D, the association 
with the dynamic transitions is not clear. Previous stud-
ies reported a significantly positive association between 
ambient air pollutants (PM2.5 and NO2) and risk of cardi-
ovascular disease risk among patients with diabetes, dia-
betic retinopathy, microalbuminuria, and hospitalization 
of acute complications [13, 27–29], whereas other stud-
ies did not [30, 31]. In the present study, high exposure 
to PM10, PM2.5, NO2, and NOx was found to be positively 
associated with risk of any one of diabetes complications 
from T2D, and the associations were relatively weaker 
than other transitions.

In line with previous studies, our results showed a 
positive association between ambient air pollutants and 
the transition from baseline to death [32]. Previously 

studies conducted in different countries found a posi-
tive association between long-term exposure to air 
pollution and diabetes mortality [33–36]. Beyond the 
evidence mentioned above, we hypothesized that air 
pollution were associated with mortality from T2D and 
diabetes complications. In the present study, significant 
positive associations was observed between ambient air 
pollution exposure and transition stages for all cause 
mortality and cause-specific mortality (cancer and 
CVD mortality) from T2D or diabetes complications. 
Generally, the estimates for the transition from T2D to 
death were slightly weaker than those for the transition 
from diabetes complications to death and were attenu-
ated when excluding the mortality, not due to T2D or 
diabetes complications. This may support evidence that 
the association of air pollution with diabetes mortality 
may be explained in large part by the fact that air expo-
sures might increase risk of fatal events in patients with 
diabetes complications. The differences in our results 
may be due to several methodological issues. First, 
previous studies explored the transition from healthy 
to diabetes mortality. As such, this does not reflect 
whether air pollution effects were different on the 
dynamic transition. Second, although diabetes has been 
found to be a major cause of mortality, most patients 
with diabetes may die mainly from diabetes complica-
tions [37]. Previous studies collected diabetes-associ-
ated mortality according to the ICD code for diabetes, 
which may omit potential premature mortality due to 
diabetes complications. Lastly, the competing risk from 
death may lead to a violation of the independent cen-
soring assumption and could alter the risk estimates.

There are some studies elucidating the biological mech-
anisms of relationship between air pollution and T2D. 
Both epidemiological studies and animal experiments 
have shown that exposure to air pollution can induce 
vascular insulin resistance and metabolic disturbances by 
elevating pulmonary oxidative stress [38, 39]. Exposure 
to PM2.5 might involve hypothalamic inflammation via 
an active sympathetic nervous system [40]. Long-term 
exposures to PM10 and NO2 were also associated with 
elevated levels of systematic subclinical inflammation, 
and adipokines [10]. Moreover, recent studies also found 
that air pollution was associated with chronic hyper-
glycemia, dyslipidemia, and blood pressure variation in 
diabetes patients [41–43]. These factors may trigger the 
release of inflammatory factors, generate reactive oxygen 
species, exacerbate abnormalities in endothelial function, 
and increase the risk of both micro- and macrovascular 
diseases in diabetes [44–46].

In this study, we observed some notable evidence for 
effect modification. Our results found stronger associa-
tions between air pollution exposure and incidence of 
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T2D among participants residing in a rural area, con-
sistent with previous findings [47]. This may be asso-
ciated with some specific community types, such as 
healthy food access and the construction of primary 
health care.

Although ambient air pollution is considered as a 
leading risk factor for diabetic morbidity and mortality 
[48], this cannot reflect the association on the dynamic 
progression. Our findings provide evidence that ambi-
ent air pollution, including particulate matter and 
nitrogen oxides, is associated with both the incidence 
and the subsequent progressions of T2D. This sug-
gests ambient air pollution may contribute to both the 
long-term progression of T2D and the mortality risk of 
existing disease. In addition, the estimates of air pollu-
tion were generally stronger on transition stage from 
baseline to T2D than in other transition stages, and the 
associations with diabetes mortality were also notewor-
thy. Our results inform that more attention should be 
paid not only to the primary prevention of T2D, but 
also to the prevention of air pollution after the diag-
nosis of T2D, so as to potentially mitigate the develop-
ment of diabetes complications and reduce premature 
mortality.

The major strengths of our study were a large pop-
ulation-based cohort and the detailed information on 
socioeconomic, behavioral, and clinical profile data 
in the UK Biobank, which enabled us to structure a 
multi-state model of T2D development and to con-
trol for potential confounding factors. Compared with 
traditional Cox regression models, we used the multi-
state model to distinguish the impacts of air pollu-
tion on the five transition phases. Thus, we were able 
to detect the sensitive stages of diabetes development 
and how progression can be affected by the pollution. 
A series of sensitivity analyses confirmed the robust-
ness of the results.

Our study had some limitations. The participants in 
the UK Biobank were healthy-volunteer. Second, the 
outcome identification relied on the ICD-10 codes, and 
some of the complications are not specific to T2D. The 
identification of diabetes complications may be open to 
potential misclassification. Third, some participants were 
simultaneously diagnosed with diabetes and its complica-
tions, which can also lead to outcome misclassification. 
We then excluded the participants diagnosed with T2D 
and diabetes complications on the same date, and the 
associations between air pollution and different progres-
sions of T2D remained significant and positive. Lastly, 
some information (e.g., work environment) was unavaila-
ble from the UK Biobank which would result in exposure 
misclassifications.

Conclusions
In conclusion, air pollution was differentially positively 
associated with the progression trajectories of T2D. 
Reducing air pollution exposure prior to T2D and diabetes 
complications may also contribute to a favorable longev-
ity of lifetime by reducing the risk of premature mortality. 
These findings provide the evidence for adhering to public 
health recommendations to control air pollution.
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