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Abstract:   
Background: Animal and human epidemiologic studies suggest that exposure to light at night (LAN) may cause circadian disruption, which may disturb sleep quality, induce an inflammatory response and lead to type 2 diabetes mellitus (T2DM) in some individuals.    
[bookmark: _Hlk110508124][bookmark: _Hlk110508152]Methods: We examined the association between individual residential outdoor LAN and T2DM incidence based on the UK biobank cohort. We followed 286 116 persons from 2006 through 2020. Outdoor LAN exposure was estimated using time-varying satellite data for individual address with 1 km2 scale buffer during follow-up. Incidentce of T2DM was confirmed by hospital inpatient records. We used Cox proportional hazard models to calcite hazard ratios (HRs) and 95% confidence intervals (CIs), adjusting for sociodemographic, regional economic level, and environmental risk factors.
[bookmark: _Hlk111719119]Findings: Over 3 049 016 person-years, we identified 8945 incident T2DM cases. Based on a fully adjusted model, the estimated HR for incident T2DM with an interquartile range (IQR) increase in outdoor LAN was 1.041 (95%CI: 1.011, 1.071). Participants living in the highest quantile of outdoor LAN area have higher risks for T2DM incident [HR: 1.187 (95%CI: 1.084, 1.301)]. The exposure-response curve increases monotonically with a plateau at the higher levels of outdoor LAN. Additionally, we found obesity, hypertension, and poor individual socioeconomic status may exacerbate this association. Lastly, we found abnormal sleep status may have a 4.73% mediation proportion on the association of outdoor LAN with T2DM. 
Interpretation: Although further work in other cohorts is required to confirm our results and to clarify potential mechanisms, our findings suggest that exposure to residential outdoor LAN may contribute to T2DM risk.
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Panel:
Research in context
Evidence before this study
We searched PubMed for epidemiological studies published between Jan 1, 2019, and Aug 18, 2022, using the search terms “light at night”,” artificial light”, “diabetes”, ‘cohort study’. Only two relevant study: one small cohort study (678 people) found that light at night (LAN) exposure might increase the risk of elderly people with diabetes; another cross-section study (552 people) also found similar results in an elderly population. These studies are useful in that they provide the evidence that LAN might have adverse effects on diabetes. However, no exposure-response curves were provided because of the small populations involved. 
Added value of this study
In this study, we found middle-aged and elderly people with higher outdoor LAN exposure exhibited increased risks of T2DM based on a large population-based sample (286 116 people) of the English population. 
[bookmark: _Hlk111767839]The exposure-response curve showed that the association between them is monotonically increasing with a plateau at a high LAN level. Furthermore, the association was significantly influenced by obesity, hypertension and poor individual socioeconomic status. Sleep status might mediate the association between the outdoor LAN and the incidence of T2DM.  
Implications of all the available evidence
Altogether, this study adds to the limited evidence that people who live in higher LAN areas might be at an increased risk of incident diabetes. People should be advised to adapt some preventions for LAN exposure to improve sleep quality, especially those with hypertension, obesity or poor individual socioeconomic status.



Introduction
Diabetes is estimated to affect 537 million adults (20-79 years old) worldwide in 2021, and this figure is predicted to rise to 783 million by 2045[1], with Type 2 diabetes mellitus (T2DM) accounting for the majority of these diabetics[2]. Extensive epidemiological evidence suggests that an unhealthy lifestyle, environmental and psychosocial factors[3-5] are all important contributors to the rise in diabetes incidence. Pervious environmental epidemiological studies have concentrated on air pollution[6] and meteorological factors[7]. Nevertheless, these environmental factors are unlikely to fully represent the environmental risk of T2DM.
Previous research indicates that more than 80% of the world’s population lives under skies with artificial light at night (LAN), also known as light pollution[8]. Limited evidence has demonstrated links between LAN and diabetes[9, 10]. One of these studies is a cross-section design and the other study adopted poisson regression with limited confounders adjustment by propensity score due to small number of cases observed. Both of these studies used a defined dummy value to represent light exposure, thus the exposure response curve between LAN exposure and T2DM is still lacking. Based on these findings, a further study based on a large population size is needed to confirm the association. 
Evidence all exists to suggest that LAN can disrupt the circadian rhythm and lead to metabolic changes[11-13]. The circadian system in humans depends on the pineal gland, specifically on the secretion of melatonin. Light is a key factor that controls the secretion of melatonin, including the time of day of the exposure, the intensity, the light spectrum and the duration of the exposure[14]. A misaligned circadian rhythm leads to less sleep duration on a daily basis and sleep deprivation in the long run, while sleep deprivation results in drowsiness[15]. Sleep deprivation, furthermore, leads to a series of metabolic disorders[16], such as disrupted glucose metabolism. From an epidemiological perspective, to find mediation that links the LAN exposure to diabetes can help establish a causality pathway while identifying a prevention approach at the same time. 
Furthermore, unhealthy lifestyles, including associated health issues, such as hypertension and obesity, are known to be important risk factors of T2DM[3, 5, 17], but previous studiies have not found any associations in these subgroups. So the goal of this study was to assess the association of outdoor LAN with T2DM, identify the possible high-risk groups through stratification analysis and evaluate the potential sleep duration mediation effect on the associations between outdoor LAN and T2DM. 

Methods    
Study population
We used data from the UK Biobank (application 83167), a large prospective cohort study of 502412 participants aged 37 to 73 years registered with the National Health Service of the United Kingdom between 2006 and 2010[18]. Participants completed touchscreen, nurse-led questionnaires and physical measurements and provided biological samples at baseline, and all participants provided written informed consent and the National Research Ethics Service made ethical approval for UK Biobank (11/NW/03820).
In the present study, we excluded participants with T2DM at baseline (n=25 766), those without available geolocation information and nightlight exposure (n=4 863) and any with missing covariates in the main analysis (n=185 697). There remained 286 116 participants to be included in our analysis, as shown in Supplementary Figure S1.
Assessment of outdoor LAN
The annual outdoor light at night (LAN) was calculated using data from the Defense Meteorological Satellite Program Operational Linescan System (DMSP-OLS, 2000-2012) and Suo mi National Polar-orbiting Partnership Visible Infrared Imaging Radiometer Suite (NPP-VIIRS, 2013-2018). An extended time series of global outdoor LAN data with resolution 500m * 500m was rebuilt using a cross-censor calibration between these two datasets and shows a good consistency at the pixel with R2 of 0.87[19]. Data from 2006 to 2020 is publicly accessible at https://doi.org/10.7910/DVN/YGIVCD. We extracted the mean value of annual outdoor LAN for each participant using home geolocation with a 1000m buffer during his/her follow time. Outdoor LAN values were transformed into units of radiance (nW/cm2/sr). If a participant changed addresses during follow-up, his/her estimated exposure was updated after moving to the new address, were we calculated the mean value between the old and new address during the move year. Figure S2 depicts the distribution of outdoor LAN for the United Kingdom.   
Assessment of Outcomes 
There are multiple ways to access the health status of the participants, mainly including hospital inpatient records, death records, cancer register and primary care records. Self-reports of the health condition of individual’s is also available. To identify as many T2DM patients as possible in real-world, we used hospital inpatients records (ICD 10: E11; ICD9: 2500, 2501, 2502, 2503, 2504, 2505, 2509) and self-reports to confirm baseline T2DM status, then we use hospital inpatients records (ICD10: E11) to confirm the T2DM hospitalizations (https://icd.who.int/browse10/2016/en#/E11). 
Assessment of Covariates 
We used the baseline questionnaire and health outcomes to assess the following potential confounders: age, sex, ethnicity, education level, economic activity, smoking history, alcohol frequency, physical activity level, sedentary time, healthy diet score, obesity, household income, shift work, hypertension status, family history of diabetes, blood pressure drug use, cholesterol lowering drug use, spending time in outdoor, distance to the nearest road, population density, housing score, NO2, PM2.5, and noise at night. The supplementary text S1 contains additional information on each covariate.     
Statistical Analysis  
The characteristics of included participants were described using mean (standard deviation) for continuous variables, and number (proportion) for categorical variables. We used time-varying cox proportional hazards regression to estimate association of outdoor LAN and T2DM. The proportional hazards assumption was tested with Schoenfeld residuals. To avoid the impact of covid epidemic on the T2DM, we ended the follow up period on 29 Feb 2020. Person-years of follow-up were accrued from the recruitment date until the participant became a case or died, or lost to the system, or until the end of follow-up (29 Feb 2020). The model included time-varying variables such as outdoor LAN, age and hypertension status. We controlled for age (continuous), sex (male or female), education level (degree or no degree), ethnicity (White or other), economic activity (active or inactive), smoking history (yes or no), alcohol frequency (often or not often), physical activity level (low, moderate, or high), sedentary time (continuous), healthy diet (yes or no), obesity (normal, overweight, or obese), household income (five categories from low to high), shift work (have night-shift job or not), hypertension status (yes or no in each follow year), family history of diabetes (yes or no), population density (urban, town, or rural), housing score (continuous), income score (above the median or not), NO2 (continuous), PM2.5 (continuous) and noise at night (continuous). Results are expressed as hazard ratios (HR) per increase in continuous outdoor LAN or HRs in each of the upper four quintiles relative to the quintile with lowest outdoor LAN. As for quintile result, we did a test for trend based on the median value for each quintile. In addition, we examined the shape of the exposure-response curve for the relationship between outdoor LAN and T2DM by restricted cubic splines with knots placed at the 10th, 50th and 90th percentiles of outdoor LAN.
[bookmark: _Hlk109572473]We did the following sensitivity analyses to assess the robustness of the results. We excluded participants who had an T2DM during the first 2 years of follow-up. We added more control covariates in the main model, including medication in baseline (blood pressure drug use, cholesterol-lowering drug use), time spent in outdoor light exposure (continuous), and distance to the nearest road (continuous). We limited outdoor LAN exposure to 99 percent by changing extreme values to 99 percent value to check the influence of extreme outdoor LAN exposure.     
We considered whether the association between outdoor LAN and T2DM varied by age, sex, education level, ethnicity, economic activity, smoking history, alcohol frequency, physical activity level, sedentary time, healthy diet, obesity, household income, shift work, hypertension status and family history of diabetes. To evaluate subgroup association between continuous outdoor LAN and T2DM, we fit separate cox proportional hazards within strata of these factors. We used a likelihood ratio test comparing models with cross-product terms and main-effects-only models to test for significance of statistical interaction between outdoor LAN and each stratification factor.   
Furthermore, we used the same sample as in the main analysis to conduct a mediator analysis to examine the effect of outdoor LAN on the risk of T2DM mediated through the sleep status at baseline. Chronic sleep deprivation can lead to drowsiness, both short and long-sleep duration are proved to be harmful for individual metabolic state[20]. Abnormal sleep status was defined as dummy variable: coding 0 when one’s sleep duration in baseline was 7-8 hours and 1 indicate when one’s sleep duration in baseline less than 7 hours or more than 8 hours[21]. For the association of outdoor LAN and T2DM, we calculated natural direct effect, natural indirect effect, total effect and mediation proportion[22].
R software, version 4.2, was used for the analyses. Statistical tests were two-sided, with a P-value of less than 0.05 considered statistically significant.
Results
Baseline Characteristics   
From baseline to end of follow-up, we observed 8 945 T2DM cases over 3 049 016 person-years of follow-up among the 286 116 participants. Of the whole participants eligible for analysis, 52.0% were women, and the average age was 55.90 years old, 8 945 participants (3.1%) had a T2DM event during the follow-up. Characteristics of participants were presented in Table 1. People living in the higher quintile of outdoor LAN area were more likely to develop T2DM, work shifts and have a family history of diabetes. Figure S2 depicts the distribution (average value) of outdoor LAN in the United Kingdom during the baseline period (2006-2010).
Association of outdoor LAN and T2DM 
The associations of outdoor LAN and T2DM are shown in Table 2. There was an estimated 18.7% increased risk of T2DM in the top quintile of outdoor LAN compared with the lowest quintile of outdoor LAN (95%CI: 1.084, 1.301) in the fully adjusted model. An increase in annual levels of outdoor LAN of IQR (11.076 nW/cm2/sr) was associated with an HR of 1.041 (95%CI: 1.011, 1.071) for T2DM incidence. The Cox model with restricted cubic spline with three knots showed that the exposure-response curve increases monotonically, despite a plateau at the high level of the outdoor LAN (p for nonlinear is 0.002). (See Figure 1). 
The stratification results in subpopulations   
Figure 2 shows results stratified by age, sex, ethnicity, smoking history, alcohol frequency, physical activity level, healthy diet, obesity, central obesity, household income, sedentary time, shift work, family history of diabetes, hypertension status. Associations were stronger in those who are obese, economically inactive, suffer hypertension, or do not have shift work. There were no statistically differences in the association between outdoor LAN and T2DM by age, sex, smoking status, alcohol frequency, physical activity level, healthy diet score, and family history of diabetes. 
Mediation analysis of abnormal sleep status on associations of outdoor LAN with T2DM 
We conducted a time-varying Cox PH model which adjusted variables using an multivariable model, and a GLM model which adjusted the same confounders and set abnormal sleep status as outcome and uses the outdoor LAN at baseline. We find a significant direct association between outdoor LAN and T2DM (HR = 1.040, 95%CI: 1.011, 1.071) and a significant indirect association between outdoor LAN and T2DM (HR=1.002, 95%CI: 1.001, 1.003). The proportion mediated by abnormal sleep status was 4.73%. Details are provided in Figure 2.
Sensitivity analyses
Results were consistent across a variety of sensitivity analyses (Table S). Results were slightly attenuated when we excluded participants who suffered T2DM during the first 2 years of follow-up. The effect is slightly enhanced when we limit outdoor LAN exposure extremes to within 99%.
Discussion
In this prospective, population-based cohort of 286 116 people without prior T2DM events, we found a positive association of outdoor LAN with incident T2DM, which was robust to adjustment for many important T2DM risk factors. The association was more pronounced among people with hypertension or obesity, as well as those who are economically inactive. This association was independent of potential confounders, including sociodemographic factors, lifestyle behaviors, comorbidities and medication use, environmental factors and regional economic level.
Previous studies found that circadian rhythm disturbances caused by LAN significantly increased body mass and led to prediabetes in mice[23, 24]. In human experimental studies, exposure to a night of bright light could lead to decreased salivary melatonin levels and increased postprandial plasma glucose[25]. LAN exposure seems to associate with metabolic inefficiency[24, 26]. Being exposed to LAN, in particular, would suppress melatonin, which plays a critical role in regulating the circadian time organization, resulting in sleep deprivation and sleep disturbances. The latter has been reported to induce the inflammatory markers IL-6, TNF-γ, and C-reactive protein[27], and has a wide range of implications including chronic vascular disease, obesity, diabetes, hypertension[28]. 
To the best of our knowledge, this is the first large-scale prospective cohort study to investigate the association between outdoor LAN and risk of T2DM. Although our results are consistent with prior studies, these were hampered by a small sample size[9] and cross-section design[10]. According to the cross-section study, LAN exposure was associated with increased odds of T2DM with no LAN exposure [OR=2.00, 95%CI: 1.19, 3.43]. Another prospective study found that the higher LAN group (average ≥ 5 lux) had a significantly higher risk of diabetes than the lower group [IRR=3.74, 95%CI: 1.55-9.05]. Moreover, we discovered that the apparent saturation effect observed in the exposure-response curve is consistent with previous coronary heart disease study[29], which can be interpreted as personal adaptative behaviors such as the use of a curtain or blindfold in higher outdoor LAN locations.
Obese or hypertensive people are much more sensitive to outdoor LAN exposure, according to our findings. Obesity and hypertension have both been identified as independent risk factors for T2DM[30, 31]. This finding suggests that abnormal metabolic state and blood pressure levels may amplify the risk posed by circadian disruption. Furthermore, we discovered that individuals with inactive job status are at a higher risk than those with active job status. This suggests that economic activity is a proxy for an individual socioeconomic status, as well as individuals should maintain economically active to get better socioeconomic status. However, we found that participants without shift work are more sensitive to outdoor LAN exposure, which contradicts previous research[32, 33]. This was due to the absolute risk already being higher in shift workers (in this study shift workers had a higher rate of T2DM morbidity, T2DM incidence: 3.53% (shift) vs 3.11% (not shift)). This is similar to the effect in people with family history of diabetes because we only observed the significant effect in those individuals without a family history of diabetes, though it was not statistically significant (p = 0.152) in stratified analysis.
Furthermore, we explored the role of abnormal sleep status in the mediation of outdoor LAN-induced T2DM. Despite the fact that we only have data on sleep duration at baseline, we discovered abnormal sleep status mediated 4.73% of the association between outdoor LAN with T2DM. It has been hypothesized that LAN may decrease the production of melatonin by the pineal gland which leads to disruption of the circadian system[34] as mentioned above. Our finding adds to the growing body of evidence that LAN can influence the progression of T2DM by influencing sleep quality of human. Previous studies focus on the reason of increased risk of T2DM development to the presence of sleep disturbance, linking to several molecules such as leptin, ghrelin[35]. The abnormal sleep status used in this analysis was a proxy in the progression of T2DM, which suggests that people in areas with higher LAN exposure should improve sleep quality by personal intervention, and therefore light pollution should attract public attention from a health perspective.
This study has several strengths, including its prospective design, large sample size and time-varying information. Individual time-varying exposure extracted from objective satellite data could capture high-precision external outdoor LAN features in geography and time scale. In addition, we have controlled sociodemographic, regional economic and environmental pollution confounders. Furthermore, we examined effect modification and found that participants with obesity, hypertension or economically inactive are more sensitive to outdoor LAN exposure. This is also the first outdoor LAN study to examine the mediation role of hypertension in progress of T2DM caused by outdoor LAN. 
There are also several potential limitations to our study. First, there exists the possibility of residual confounding given the observational nature of the studies. Second, measurement error of light exposure can not be avoided because outdoor LAN is a proxy for personal exposure to light at night, and outdoor LAN may not capture individual indoor exposure either, thus we should be cautious to interpret the association of T2DM and outdoor LAN rather than bedroom light exposure. However, the results of this study support and validate the prior findings of using small sample of individual bedroom light measurement. Third, we do not have data on sleep quality data during the follow-up, thus we are unable to observe the change in sleep status caused by LAN. However, abnormal sleep status at baseline significantly mediates the association of LAN and T2DM. Future researchers can follow up on sleep quality and metabolic change to verify these findings. Fourth, as the current study was conducted in United Kingdom where the middle-aged and elderly population are almost all white, the results may not be generalizable to younger, non- white individuals or to other locations beyond the United Kingdom. 
Conclusion
This prospective study, conducted in United Kingdom over 14 years of follow-up with time-varying and objective measures of outdoor LAN, provides evidence that middle-aged and elderly people living in areas with high levels of outdoor LAN may be at higher risk of T2DM after controlling for lots of possible individual and environment confounders. Although more research is needed to confirm our findings and clarify potential mechanisms, our findings suggest that exposure to outdoor LAN may increase the risk of T2DM.
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