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Abstract
[bookmark: _Hlk116406570][bookmark: _Hlk122627889][bookmark: _Hlk116406489]Background: Increasing evidence has revealed that exposure to low temperatures is linked to a higher risk of chronic diseases and death. However, the mechanisms underlying the observed associations are still poorly understood.
[bookmark: _Hlk116406719][bookmark: _Hlk116406744]Methods: We performed a cross-sectional analysis with 1,115 participants aged 62 to 81 years from the population-based KORA (Cooperative Health Research in the Augsburg Region) F4 study, which was conducted in the city of Augsburg, Southern Germany and its two surrounding districts from 2006-2008. Seventy-one inflammation-related protein biomarkers were analyzed in serum using proximity extension assay technology. Daily air temperature on a 1km x 1km grid was estimated using highly-resolved spatiotemporal modelling. We employed generalized additive models to explore short- and medium-term effects of air temperature (air temperature variability in space and time) on biomarkers of subclinical inflammation at cumulative lags of 0-1 days, 2-6 days, 0-13 days, 0-27 days, and 0-55 days. 
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]Results: A 1-interquartile range (IQR) decrease in air temperature was associated with increases in 64 biomarkers of subclinical inflammation (40 significant associations for short-term effects, and 60 significant associations for medium-term effects), such as Protein S100-A12 (EN-RAGE), Interleukin-6 (IL-6), Interleukin-10 (IL-10), C-C motif chemokine 28 (CCL28), and Neurotrophin-3 (NT-3). There were overlapping associations for 12 biomarkers at different exposure windows for short- and medium-term effects. More pronounced associations between lower air temperature and higher biomarker levels were observed among older participants, people with cardiovascular disease or prediabetes/diabetes, and people exposed to higher levels of air pollution (PM2.5, NO2, and O3). 
Conclusions: We found that short- and medium-term exposures to lower air temperature were associated with higher levels in 64 biomarkers of subclinical inflammation. Our findings provide intriguing insight into how low air temperature may cause adverse health effects by activating inflammatory pathways.

Keywords:  short- and medium-term effects, air temperature, inflammation, cytokines
1. Introduction
[bookmark: _Hlk116406526][bookmark: _Hlk122628927][bookmark: _Hlk116406543]Climate change is an important public health issue, which is characterized not only by an increasing frequency of extreme weather events but also by greater variability in temperature. Despite climate change, there will still be transient, unexpected temperature drops, and even if they are moderate and not extreme, which could still have an effect on health.1 Increasing evidence from epidemiological studies revealed a U-shaped association between air temperature and mortality. Of note, mortality increases both above and below a certain temperature optimum which appears to vary geographically.2-4 Exposure to lower air temperature is also linked to a higher risk for chronic diseases.5,6 Low temperatures sometimes contribute to more deaths than high temperatures.3,4,7-9 For example, according to the Global Burden of Disease Study 2019, non-optimal temperatures were a risk factor for global mortality, and low temperatures, compared to high temperatures, were associated with the greater mortality burden worldwide.9 A study based on more than 1 million clinical visits for inflammation-related diseases in the Haiyuan and Yanchi counties, China, found that low air temperature exposure was associated with an increased risk of inflammation-related diseases.10 A recent extensive review reported that exposure to non-optimal temperatures (both low and high temperatures) significantly increased cardiovascular disease risk.6
However, the mechanisms underlying the association between air temperature and both chronic diseases and mortality still need to be better understood. Biomarkers of inflammation have been associated with the development of many chronic diseases, such as cardiovascular disease and type 2 diabetes.11-13 Additionally, some environmental risk factors, such as air pollutants, and persistent organic pollutants, have been associated with inflammation.14,15 However, the association between air temperature and biomarkers of inflammation has yet to be entirely understood. Several previous studies found that air temperature was associated with circulating levels of biomarkers of inflammation.16-23 However, these studies were limited in focusing on only a small number of biomarkers (e.g., interleukin-6), and the findings remained inconsistent. Furthermore, most previous studies either investigated only subgroups of the general population (e.g. men, myocardial infarction survivors), or were based on experimental or panel studies with a small number of participants (though the panel study had greater internal validity), thus limiting the possibility of controlling for confounding or of generalizing the results. 
[bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: _Hlk116406648][bookmark: _Hlk90989304][bookmark: _Hlk116407778][bookmark: _Hlk116407814]Inflammatory processes are complex and have been shown to play a role in various chronic diseases.11,24 Recent achievements in proteomic technologies have improved the detection of various inflammatory markers but high-dimension analyses between these markers and air temperature have not been conducted. This study sought to yield a deeper understanding of how air temperature may cause adverse health effects through the systemic inflammatory pathway. To achieve this, we assessed short- and medium-term effects of air temperature (air temperature variability in space and time) on a multimarker panel of subclinical inflammation in a large population-based cohort in the Augsburg region, Germany.
2. Methods
2.1 Study Population
[bookmark: _Hlk97884652]We performed a cross-sectional analysis using data from the Cooperative Health Research in the Region of Augsburg (KORA) F4 study (2006-2008, n=3,080), which was a follow-up study of the population-based KORA S4 survey (n=4,261) conducted in the city of Augsburg (Southern Germany) and its two surrounding districts during 1999-200125. The latitude and longitude of Augsburg, Germany, are 48.366512 and 10.894446, respectively. The design of the study and data collection methods have been described in detail elsewhere25-28. The current study is based on 1,115 subjects aged 62 to 81 years for whom a multimarker panel of biomarkers of inflammation (see section 2.3) was available. 
The study was approved by the ethics board of the Bavarian Chamber of Physicians (Munich, Germany) in adherence to the declaration of Helsinki. All participants gave written informed consent. 
2.2 Exposure Assessment
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: _Hlk101548667][bookmark: _Hlk89768328]We estimated German-wide and highly-resolved (1 km × 1 km) daily mean, minimum, and maximum air temperature using a multi-stage regression-based modeling approach.29 In order to achieve air temperature predictions with full spatial and temporal coverage across the country, we combined three stages. In the first stage, for days and grid cells where both monitor-based air temperature and satellite-derived land surface temperature were available, we trained a linear mixed effects model including daily random intercepts and slopes for land surface temperature and several spatial predictors. In the second stage, we predicted air temperatures for grid cells without air temperature measurements but with available land surface temperature data using the model from the first stage. In the third stage, we regressed the second stage air temperature predictions against thin plate spline interpolated air temperature values for all remaining days and grid cells with neither air temperature measurements nor satellite land surface temperature available. In order to evaluate the performance of our models, we applied internal and external 10-fold cross-validation. All models showed excellent performance (0.91 ≤ R2 ≤ 0.98) and low errors (1°C < Root Mean Square Error (RMSE) < 2°C). Especially in Augsburg, Germany, we extensively evaluated our model predictions by comparing them with measurements from an independent network of 82 HOBO-Logger devices30 with similarly good results (0.94 ≤ R2 ≤ 0.99, 0.99oC ≤ RMSE ≤ 1.87oC).
Relative humidity (RH), particulate matter with an aerodynamic diameter <2.5 µm (PM2.5), nitrogen dioxide (NO2), and ozone (O3) were measured at fixed monitoring sites in Augsburg, Germany.31,32 Using Tapered Element Oscillating MicroBalance (TEOM model 1400A, ThermoFisherScientific) equipped with the Filter Dynamics Measurement System (FDMS, model 8500b; ThermoFisherScientific), PM2.5 was measured at a single urban background site located 1 km south of the city center. From the urban background monitoring sites operated by the Bavarian Environment Agency (LfU, Bayerisches Landesamt für Umwelt), RH, O3, and NO2 were measured. The monitoring site for NO2 was located about 2km north of the city center, and the monitoring sites for RH and O3 were located about 5 km south of the city center. At least 75% of the hourly measurements had to be available to calculate the daily 24-hour average NO2, maximum 8-hour average O3, 24-hour average PM2.5, and 24-hour average RH, respectively.  
2.3 Measurement of Novel Systemic Biomarkers of subclinical inflammation
[bookmark: _Hlk88308158][bookmark: OLE_LINK5]The OLINK Inflammation multiplex immunoassay (OLINK Proteomics, Uppsala, Sweden) used in this study includes 92 inflammation-related protein biomarkers from serum samples: pro- and anti-inflammatory cytokines, chemokines, growth factors, and factors involved in acute inflammatory and immune responses, angiogenesis, fibrosis, and endothelial activation. The measurements were based on the proximity extension assay (PEA) technology that binds oligonucleotide‐labeled antibody probe pairs to the respective target protein in the sample and uses a polymerase chain reaction for signal amplification.33 The relative quantification of protein levels was expressed as normalized protein expression (NPX) arbitrary units on a Log2 scale. 
An overview of all 92 analytes, including assay ID, abbreviated, full names, UniProt numbers, intra-assay coefficient of variation (CV), inter-assay CV, and limit of detection (LOD), is given in Table S1 (supplementary). As described before34, the intraassay- and interassay CVs were calculated based on the three control sera measured in duplicates on each plate (n=16). Twenty biomarkers were excluded because of ≥ 25% of samples below the limit of detection (LOD), and one additional biomarker was excluded because of an interassay CV > 20%. For the remaining 71 analytes, sample values below the LOD were set to LOD. In the final data set (71 biomarkers), the intraassay CV was 3.6 ± 1.5% (mean ± SD), and the interassay CV was 8.4 ± 2.2% (mean ± SD).
[bookmark: _Hlk111809952][bookmark: _Hlk111809937]2.4 Assessment of covariates
Information on participants’ sociodemographic characteristics (age and sex), lifestyle (smoking status, alcohol intake, and physical activity), history of chronic diseases (hypertension, angina pectoris, stroke, myocardial infarction, and type 2 diabetes) and current use of medication (antihypertensive and nonsteroidal anti-inflammatory drugs), was collected via a computer-assisted personal interview and a self-administered questionnaire. Anthropometric measurements (height, body weight, and waist circumference) and blood pressure (systolic blood pressure, diastolic blood pressure) were measured during the physical examination. 
Smoking was dichotomized as never smokers, former smoker, and current smokers (regular and occasional smokers) in this analysis. Alcohol intake was evaluated by participants self-reported information on beverage-specific alcohol consumption (beer, wine, or spirits) on the last weekday and last weekend. Physical activity levels were based on self-reported time per week spent on physical activity during leisure time in summer and winter, and then were dichotomized as low physical activity (almost no activity), medium physical activity (regularly or irregularly about one hour per week), and high physical activity (regularly more than two hours per week) in present analysis.
[bookmark: _Hlk113889080]Study participants without a diagnosis of diabetes underwent a standard oral glucose tolerance test (OGTT). Normal glucose tolerance was defined as a fasting glucose concentration of less than 110 mg/dL and a 2-hour glucose concentration of less than 140 mg/dL. Prediabetes was defined as a fasting glucose concentration of 110 -125 mg/dL, a 2-hour glucose concentration of 140-199 mg/dL, or a combination of both. Type 2 diabetes was defined as a fasting glucose concentration ≥ 126 mg/dL or a 2-hour glucose concentration ≥ 200 mg/dL during the OGTT, self-reported diagnosis of type 2 diabetes, or use of antidiabetic medication. Hypertension was defined using self-reported use of antihypertensive medication or blood pressure measurements (over 140/90 mm Hg). Angina pectoris was defined using self-reported history of physician diagnoses. Stroke or myocardial infarction was defined using self-reported history of physician diagnoses treated in hospital. 
Medication data were collected using IDOM software (an instrument for database-supported online medication registration)35, and included antihypertensive medication (antihypertensive medication, beta-blocker,  diuretics, ACE inhibitors, calcium antagonists) and nonsteroidal anti-inflammatory drugs (NASID).
2.5 Statistical Analysis
The characteristics of the study population were reported by frequency and percentage for categorical variables and mean and standard deviation (SD) for continuous variables. The levels of biomarkers of subclinical inflammation, meteorological variables, and air pollutants were summarized as mean, SD, 5%, 25%, median, 75%, and 95% percentiles. Spearman correlation analysis was used to evaluate the correlations.
[bookmark: _Hlk97885592][bookmark: OLE_LINK33]We employed generalized additive models (GAMs) to explore short- and medium-term effects of mean air temperature on biomarkers of subclinical inflammation. Biomarkers values outside of three times the interquartile range were excluded to avoid bias due to the presence of outliers. In order to explore the lagged and cumulative effects of air temperature, we investigated the effects of mean air temperature at 0-1, 2-6, and 0-13 days before blood draw for short-term effects, and 0-27, and 0-55 days before blood draw for medium-term effects. Almost no appreciable deviations from linearity were found for exposure-response functions (spline with three degrees of freedom), so air temperature was included linearly in the GAMs (Figure S1, supplementary).
[bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK34][bookmark: OLE_LINK35]We controlled for potential confounders based on published literature and expert knowledge11,36: age, sex, education, smoking status, alcohol consumption, physical activity, height, waist circumference, systolic blood pressure, diastolic blood pressure, albumin, haematocrit, day of the week, season at blood draw (cold: April-September, warm: October-March), time trend (cubic spline with six degrees of freedom per year), and RH (cubic spline with three degrees of freedom) with the same lag period as the air temperature. 
The results were expressed as percent changes of the outcome mean (with their 95% confidence intervals [CIs]) per 1-interquartile range (IQR) decrease in air temperature. We adjusted for multiple testing of different exposure windows and biomarkers of subclinical inflammation using the Benjamin-Hochberg false discovery rate (FDR). P (adjusted)-value < 0.05 was considered statistically significant for all statistical tests.
For biomarkers of subclinical inflammation showing significant (adjusted p-value < 0.05) associations with air temperature, further stratification analyses were conducted to examine effect modification by: age (< 70 years vs. ≥ 70 years), sex (male vs. female), cardiovascular disease (defined as a history of hypertension, angina pectoris, stroke, or myocardial infarction [yes vs. no]), (pre)diabetes status (normal glucose tolerance vs. prediabetes/diabetes), PM2.5 with the same lag period as the air temperature (low [< median PM2.5] vs. high [≥ median PM2.5]), NO2 with the same lag period as the air temperature (low [< median NO2] vs. high [≥ median NO2]), and O3 with the same lag period as the air temperature (low [< median O3] vs. high [≥ median O3]).
[bookmark: _Hlk116318308][bookmark: OLE_LINK8][bookmark: _Hlk113042456]We performed several sensitivity analyses to assess our results’ robustness further. First, we additionally adjusted for medication intake (antihypertensive drugs or NASID) in the main model. Moreover, to control for potential confounding by air pollutants, the concentrations of three pollutants (PM2.5, NO2, and O3) were additionally included in the main model, though separately, to avoid collinearity. Secondly, participants with C-reactive protein (CRP) values greater than 10 mg/L were excluded (N=47) because this might indicate acute infection. Third, we used the minimum and maximum air temperatures instead of the mean air temperature. Finally, to control for the confounding effect of season, we linearly regressed season on the biomarkers of subclinical inflammation, then calculated the respective residuals for further association analyses with air temperature. 
All statistical analyses were performed using R (version 4.1.2) with the “mgcv” package.
3. Results
3.1 Study population, biomarkers of inflammation, and exposure data
Table 1 describes the characteristics of the study population. The mean age in this study population was 70.4 years, 48.8% of the study population was female, 39.8% reported low physical activity, and only 7.4% were current smokers.
Table 1. Descriptive statistics of participant characteristics
	 
	Mean ± SD / N (%) (n=1,115)

	Age (years)
	70.4 ± 5.5

	Sex (female)
	544 (48.8%)

	Education (years)
	11.0 ± 2.5

	Smoking status
	

	Current smoker
	82 (7.4%)

	Former smoker
	486 (43.6%)

	Non-smoker
	544 (48.8%)

	Physical activity
	

	Low
	444 (39.8%)

	Medium 
	429 (38.5%)

	High
	239 (21.4%)

	Height (cm)
	166 ± 9.0

	Waist circumference (cm)
	98.3 ± 12.2

	Body mass index (kg/m²)
	28.7 ± 4.5

	Systolic blood pressure (mmHg)
	129 ± 19.8

	Diastolic blood pressure (mmHg)
	74.1 ± 10.0

	Albumin (g/L)
	43.7± 3.2

	Haematocrit (L/L)
	0.4 ± 0.03

	Alcohol consumption (g/day)
	13.8 ± 18.1

	Cardiovascular disease (yes)
	741 (66.5%)

	Diabetes status
	

	Normal glucose tolerance
	577 (51.7%)

	Prediabetes
	284 (25.5%)

	Diabetes
	231 (20.7%)

	Medication intake
	 

	Antihypertensive medication (yes)
	657 (58.9%)

	NSAIDs (yes)
	48 (4.3%)

	Season of examination
	 

	Cold
	744 (66.7%)

	Warm
	371 (33.3%)


SD: Standard deviation. Physical activity: low, almost no activity; medium, regularly or irregularly about one hour per week; high, regularly more than two hours per week.  NSAIDs: Nonsteroidal anti-inflammatory drugs. Season: cold, April-September; warm, October-March.
[bookmark: _Hlk116398061][bookmark: _Hlk111107289]Levels of biomarkers of subclinical inflammation are presented in Supplementary Figure S2 and Table S2. Almost all correlations among the biomarkers of subclinical inflammation were positive and, in most cases, with low to moderate Spearman coefficients (Supplementary Figure S3). 
Table 2 summarizes meteorological variables and air pollutant levels to which our participants were exposed during the study period. The mean air temperature was 7.8 ± 6.1°C (mean ± SD). Supplementary Figure S4 shows the time series of mean air temperature for participants in this study.  High correlations were observed between air temperature variables (mean, minimum, and maximum air temperature) and between PM2.5 and NO2 (r: 0.77-0.96), while weak to moderate correlations were observed between air temperature, RH and other air pollutants (r: -0.62-0.56, Supplementary Figure S5).
[bookmark: _Hlk97304555]Table 2. Descriptive statistics of meteorological variables and air pollutants.
	 
	Mean ± SD
	Min
	25%
	Median
	75%
	Max

	[bookmark: _Hlk113207411]Mean air temperature (°C)
	7.8 ± 6.1
	-7.8
	2.8
	7.1
	11.8
	24.7

	Minimum air temperature (°C)
	3.8 ± 5.4
	-13.2
	0.0
	3.0
	7.0
	17.1

	Maximum air temperature (°C)
	12.4 ± 7.5
	-4.6
	7.1
	11.5
	17.4
	35.0

	RH (%)
	77.0 ± 9.9
	46.5
	70.9
	78.2
	84.0
	94.5

	PM2.5 (μg/m3)
	14.8 ± 11.2
	1.4
	6.1
	12.6
	19.7
	65.8

	O3 (μg/m3)
	38.6 ± 22.8
	3.0
	18.7
	36.0
	54.8
	97.6

	NO2 (μg/m3)
	33.3 ± 11.9
	10.4
	23.3
	32.4
	41.2
	77.9


RH: relative humidity; PM2.5: particulate matter with an aerodynamic diameter of ≤2.5 µm; O3: ozone; NO2: nitrogen dioxide.
3.2 Short- and medium-term effects of air temperature on 71 biomarkers of subclinical inflammation 
[bookmark: _Hlk116398528][bookmark: OLE_LINK9]The short- and medium-term effects of air temperature on 71 biomarkers of subclinical inflammation are shown in Figure 1 and Supplementary Figures S6 and S7. For a brief overview, a 1-IQR decrease in air temperature was significantly associated with increases in 64 biomarkers of subclinical inflammation (40 significant associations for short-term effects, and 60 significant associations for medium-term effects), such as Protein S100-A12 (EN-RAGE), Interleukin-6 (IL-6), Interleukin-10 (IL-10), C-C motif chemokine 28 (CCL28), Neurotrophin-3 (NT-3) and Interleukin-15 receptor subunit alpha (IL-15RA). Of these significant associations, there were associations for 17 biomarkers of subclinical inflammation at lag 0-1 days, 28 biomarkers of subclinical inflammation at lag 2-6 days, 35 biomarkers of subclinical inflammation at lag 0-13 days, 55 biomarkers of subclinical inflammation at lag 0-27 days, and 59 biomarkers of subclinical inflammation at lag 0-55 days. The number of significant associations with biomarkers of subclinical inflammation and their effect estimates increased with an increasing number of lag days. Supplementary Figure S8 summarizes the associations between short- and medium-term exposures to air temperature per 1°C decrease with 71 biomarkers of subclinical inflammation.
[bookmark: _Hlk97315236]Venn diagrams (Figure 2) show 13 overlapping biomarker associations at different exposure windows for short-term effects, 54 overlapping biomarker associations at different exposure windows for medium-term effects, and 12 overlapping biomarker associations (Eotaxin [CCL11], CCL28, CD40L receptor [CD40], Macrophage colony-stimulating factor 1 [CSF-1], Cystatin D [CST5], Delta and Notch-like epidermal growth factor-related receptor [DNER], Fibroblast growth factor 5 [FGF-5], IL-15RA, Interleukin-18 receptor 1 [IL-18R1], Leukemia inhibitory factor receptor [LIF-R], Programmed cell death 1 ligand 1 [PD-L1], and Tumor necrosis factor [Ligand] superfamily, member 12 [TWEAK]) at different exposure windows for short- and medium-term effects. The significant biomarker associations found at lag 0-27 days were almost completely replicated at lag 0-55 days. 
[bookmark: OLE_LINK45][bookmark: OLE_LINK46]3.3 Effect modification
We found stronger effects of air temperature (i) on 22 biomarkers (e.g., Beta-nerve growth factor [Beta-NGF], C-X-C motif chemokine 6 [CXCL6], Glial cell line-derived neurotrophic factor [GDNF], IL-15RA, TNF-related apoptosis-inducing ligand [TRAIL], and TNF-related activation-induced cytokine [TRANCE]) in participants older than 70 years of age, (ii) on 22 biomarkers (e.g., C-C motif chemokine 23 [CCL23], CCL28, CST5, IL-10, TRAIL, and TRANCE) in participants with cardiovascular disease, and (iii) on 11 biomarkers (e.g., CCL28, CST5, and Interleukin-10 receptor subunit beta [IL-10RB]) in participants with prediabetes/diabetes, compared to their respective counterparts (Figure 3, Figure 4 and Supplementary Figure S9). We also found stronger effects of air temperature on eight biomarkers (e.g., FGF-5, Neurotrophin-3 [NT-3]) in men than in women, and on five biomarkers (e.g., IL-6) in women than in men (Supplementary Figure S9).  Finally, we found stronger effects of air temperature on 21, 44, and 20 biomarkers in participants exposure to higher levels of PM2.5, NO2, and O3, respectively, than in those exposed to lower levels (Figure 5, Supplementary Figure S10).  
3.4 Sensitivity analysis
Overall, the results of the sensitivity analyses were consistent with those of the main analysis (data not shown). Firstly, similar effect estimates were seen when additionally adjusting for medication or the air pollutants in the model. Moreover, excluding study participants with CRP values greater than 10 mg/L did not affect the results (Figure S11, Supplementary). Thirdly, using minimum or maximum temperatures instead of the mean provided similar results. Finally, the findings were consistent when we used the residuals of the linear regression of season on biomarkers of subclinical inflammation. 
4. Discussion
4.1 Summary of key results
[bookmark: _Hlk116406764][bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: _Hlk116406838]To our knowledge, this is the first study to investigate the effects of short- and medium-term exposures to air temperature on a multimarker panel of biomarkers of subclinical inflammation. Among the 71 biomarkers of subclinical inflammation, lower air temperature showed statistically significant associations with higher levels in 64 biomarkers, after controlling for extensive potential confounding factors and correction for multiple tests.
4.2 Comparison with current evidence
[bookmark: _Hlk122288431][bookmark: _Hlk122295648][bookmark: _Hlk116494726]Of the 71 biomarkers of subclinical inflammation reported in this study, only 5 of them (IL-6, IL-8, IL-10, MCP-1, and FGF-21) have previously been reported in association with air temperature in epidemiology studies, and most of these studies only explored short-term effects.16-22 We found that a 1-IQR decrease in air temperature was significantly associated with higher levels of IL-6, IL-10, and MCP-1 for different lag windows until 0-55 days. In contrast, there were no significant associations between air temperature and IL-8 or FGF-21. A study on myocardial infarction survivors in six European cities (Athens, Augsburg, Barcelona, Helsinki, Rome, Stockholm) found that a 10℃ decrease in the 5-day average of air temperature increased the level of IL-6.20 A panel study based on 87 participants with a specific genetic background from KORA F4 study showed also a 5℃ decrease in air temperature was associated with increased IL-6 levels at lag 1 day, lag 4 day and 5-day moving average; at the same time, no significant associations were seen in 187 people with type 2 diabetes and impaired glucose tolerance.16 Furthermore, a previous study with older people (aged 60-82 years) reported that lower air temperature was associated with higher IL-6 levels in the same-day.19 In addition, a 1℃ decrease in air temperature was associated with higher IL-6, IL-8, IL-10, or MCP-1 at lag 0 to lag 2 days in 35 people with type 2 diabetes in Shanghai, China.18 Another study based on 77 healthy non-smoking volunteers in North Carolina, United States, found that IL-8, but not MCP-1, was inversely associated with the air temperature of the previous day.21 A crossover intervention study based on 12 volunteers found that the level of FGF-21 was higher at 19℃ compared to 24℃ after 3-9 hours of exposure.22 In contrast, another experimental study based on 19 healthy participants found that plasma FGF-21 levels were significantly decreased after 2 hours cold exposure in brown adipose tissue (BAT)-positive subjects but not in BAT-negative subjects.23 Moreover, a study only focusing on men in the Greater Boston area, United States, found no associations between air temperature and IL-6 or IL-8 at lags 0 to 7, and 1-, 2-, 3- and 4-week moving averages.17 Therefore, our results of inverse associations between air temperature and these biomarkers in our population-based setting mostly align with the current evidence from smaller studies based on selected populations and less extensive analyses of different lag times.
4.3 Duration of effects
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]We found that medium-term effects of air temperature were stronger than short-term effects with more significant biomarker associations and larger effect estimates. Short-term exposures represent temporal variation, and medium-term exposures represent temporal-spatial variation in this study. These findings suggest delayed effects of lower air temperature on these biomarkers of subclinical inflammation. The larger effect sizes of the medium-term exposures could also be due, in part, to the cumulative impact of low-temperature exposures. Of note, most previous studies on air temperature and inflammation have only investigated short-term associations, and the results of our study suggest these may be underestimated. Given that many of the temperature-sensitive biomarkers of inflammation have been related to the risk of various diseases and mortality (see section 4.5), our study indicates that adverse health effects of lower air temperature may not only be acute but relevant over at least two months.
4.4 Novel associations
[bookmark: _Hlk116406925][bookmark: _Hlk122289334][bookmark: _Hlk116392835]To our knowledge, no epidemiological study investigated the effects of air temperature on the other 66 biomarkers of subclinical inflammation reported in our study. Hence, we substantially extended the current literature in this field. The present study identified significant associations for 64 biomarkers of subclinical inflammation, 61 of which were reported for the first time to be associated with lower air temperature exposures. In our analyses, we adjusted for a range of potential confounders and also for multiple testing (different exposure windows and biomarkers of subclinical inflammation). Covariates included not only standard demographic, anthropometric, and metabolic variables but also albumin and haematocrit to adjust for potential confounding effects between air temperature and changes in blood volume due to vasoconstriction and vasodilation. Furthermore, consistent results were obtained from multiple sensitivity analyses. We especially excluded participants with markedly high CRP values (>10 mg/L) who might have had an acute infection. The results remained stable, suggesting that these significant associations were not due to the confounding effects of acute infection. We used two exposure windows for medium-term effects and found nearly identical effects, again illustrating the stability of our results. 
Our findings identified novel potential biomarkers of subclinical inflammation for evaluating the health impact of low temperature and its link to higher morbidity and mortality, as discussed below. In future studies, it would be important (i) to confirm these novel relationships between low temperature and multiple biomarkers reflecting different aspects of subclinical inflammation in study areas in comparable climate zones and (ii) to conduct similar studies in colder or hotter climate zones to assess the generalizability of our findings.
Our study may have several clinical implications. These are related to the (i) lag times, and thus the duration of temperature effects on subclinical inflammation, (ii) biomarkers that are regulated and have been found associated with morbidity and mortality before, (iii) identification of subgroups within the population that show more pronounced responses to temperature changes than others, and (iiii) identification of synergistic effects between lower air temperature and higher air pollution exposures on increased level of biomarkers of subclinical inflammation.
4.5 Mechanisms linking lower air temperature to morbidity and mortality
[bookmark: _Hlk122289282][bookmark: _Hlk122289310]Exposure to low temperatures is associated with not only increased risks of various chronic diseases but also increased mortality.6,8,37,38 Many previous studies reported that increased pro- and anti-inflammatory biomarkers (IL-6, EN-RAGE, and IL-10) were associated with increased risks of diabetes, cardiovascular disease, and mortality.39-47 IL-6 is a pleiotropic cytokine with pro-inflammatory effects, which can induce atherosclerosis in cardiovascular disease.48 Higher levels of IL-6 and IL-10 were also associated with decreased survival of patients with cancer.49 EN-RAGE binds to RAGE, activating the pro-inflammatory NF-κB signaling, the typical innate immune system pathway involved in coronary heart disease pathogenesis.41,50 IL-10 is a pleiotropic cytokine most widely recognized as an anti-inflammatory cytokine. However, previous studies found that upregulation of IL-10 was positively associated with the risk of cardiovascular events, although the association was not consistent.43-45 Many of this study’s other novel biomarkers of subclinical inflammation are exploratory. However, they point towards cell-cell communication (e.g., chemokines involved in the cross-talk between innate and adaptive immunity), a role in immune responses, and neurological processes. Of note, the same assay allowed the identification of multiple biomarkers of inflammation associated with incident distal sensorimotor polyneuropathy34 and impaired kidney function51,52, many of which were temperature-responsive in this study. In summary, our findings raise the possibility that lower air temperature exposures could affect the risk of multiple age-related and chronic diseases in addition to mortality partly through the effect on subclinical inflammation.
4.6 Susceptible subgroups
[bookmark: _Hlk122289695]We found that the effects of air temperature on biomarkers of subclinical inflammation were stronger in participants ≥70 years compared to participants <70 years. This may be related to the decline of body function and the thermoregulatory capacity in the elderly with age.53,54 Also, people with underlying health conditions such as cardiovascular disease and diabetes were more vulnerable to temperature decreases. These observations are consistent with previous reports that low air temperature exposures increase the risks for both conditions.6,55,56 Our findings lead to the hypothesis that subclinical inflammation may be one of the underlying mechanisms behind the associations of low temperature with cardiometabolic disease, which merits further studies in the future. Interestingly, we did not find evidence for consistent effect modification by sex (stronger effects of air temperature on eight biomarkers in men and five biomarkers in women). Several previous studies found that the mortality among men exposed to low temperatures was higher than that among women57-59, while other studies showed opposite findings.54,60 Overall, the role of sex in modifying temperature-mortality associations is not clear, which could at least partly be due to differential effects of air temperature on different biomarkers of subclinical inflammation that vary according to sex.
4.7 Interactive effects between lower air temperature and higher air pollution
[bookmark: _Hlk122628683]Strikingly, we found synergistic effects between lower air temperature and higher air pollution exposures on increased levels of biomarkers of subclinical inflammation. We found stronger effects of lower air temperature on biomarkers of subclinical inflammation in participants exposed to higher levels of PM2.5, NO2 or O3, compared to participants exposed to lower levels of these air pollutants. Our findings suggest that given the adverse health effects of low temperature, the synergy of low temperature and air pollution aggravates the impact on health. Previous studies showed that exposure to air pollutants was associated with increased levels of inflammatory biomarkers, e.g. IL-6.14,61,62 Furthermore, the potential interactive effect of low temperature and air pollution exposure on cardiovascular diseases have been found.63-65 More importantly, lower air temperatures and higher air pollution exposures often co-exist due to extensive use of coal, wood, diesel or oil burn for heating during the colder temperature in many parts of the world, e.g., China. These highlight that integrated climate and air quality policies should be formulated to strengthen the response to the combined health threats of temperature and air pollution.
4.8 Strengths and limitations
There are several strengths of the present study. First, our study sample was large and population-based, contrasting to previous studies conducted in considerably smaller and selected populations. Second, air temperature was assessed by highly-resolved spatiotemporal prediction models and matched with detailed address information for each participant. This approach minimized misclassification error of exposure compared with monitoring station measurements. Moreover, we can capture both temporal and spatial variation in averages monthly temperatures. Third, our assessment of subclinical inflammation was based on a comprehensive multimarker panel and extended previous biomarker studies substantially. Fourth, a wealth of information was collected in the KORA cohort so that we were able to control for multiple potential confounders in the regression models. 
Our study also has limitations. First, we conducted this study in one study area, limiting its generalizability beyond the study area but, most importantly, to areas in colder or warmer climate zones. Further cohort studies with similar research designs are necessary to corroborate our findings. Second, we used area-level exposure estimates rather than individual measurements, which may have led to a possible bias due to misclassification of exposure and a potential underestimation of true associations. Finally, as a cross-sectional study, it lacks the ability to observe changes over time. Additionally, despite adjusting for a range of covariates, residual confounding or unmeasured confounders may still be present. Therefore, further studies with longitudinal design are needed to confirm this association.
5. Conclusion
[bookmark: _Hlk113199626][bookmark: _Hlk106134104][bookmark: _Hlk94294260][bookmark: _Hlk115183821]In conclusion, we found that short- and medium-term exposures to lower air temperature were associated with higher levels in 64 biomarkers of subclinical inflammation, such as EN-RAGE, IL-6, IL-10, CCL28, and NT-3, some of which have been related to a higher risk of chronic diseases or mortality before. Our findings provide more insight into the complexity of the relationship between low air temperatures and adverse health effects and indicate that subclinical inflammation could be a relevant mediator meriting further studies.
Novelty and Significance
What Is Known?
· Increasing evidence has revealed that exposure to low temperatures is linked to a higher risk of chronic diseases and death, but the mechanisms underlying the observed associations still need to be better understood.
· [bookmark: _Hlk122620818]Biomarkers of inflammation are influenced by many environmental risk factors, such as air pollutants, and have been associated with the development of many chronic diseases.
· Limited studies found significant effects of air temperature on biomarkers of inflammation, but the findings were inconsistent and focused on only a small number of biomarkers.
What New Information Does This Article Contribute?
· We found that short- and medium-term exposures to lower air temperature were associated with higher levels in 64 biomarkers of subclinical inflammation, 61 of which were reported for the first time to be associated with lower air temperature exposures.
· More pronounced associations between lower air temperature and higher biomarker levels were observed among older participants, people with cardiovascular disease or prediabetes/diabetes.
· We found synergistic effects between lower air temperature and higher air pollution exposures on increased levels of biomarkers of subclinical inflammation. 
[bookmark: _Hlk122615962]Increasing evidence has revealed that exposure to low temperatures is linked to a higher risk of chronic diseases and death. However, the mechanisms underlying the observed associations still need to be better understood. Biomarkers of inflammation have been associated with the development of many chronic diseases. Several studies that found air temperature was associated with biomarkers of inflammation. However, these studies were limited in focusing on only a small number of biomarkers, and the findings remained inconsistent. In this study, we observed that short- and medium-term exposure to lower air temperature were associated with higher levels in 64 biomarkers of subclinical inflammation, 61 of which were reported for the first time to be associated with lower air temperature exposures. Furthermore, more pronounced associations between lower air temperature and higher biomarker levels were observed among older participants, people with cardiovascular disease or prediabetes/diabetes. Strikingly, we found synergistic effects between lower air temperature and higher air pollution exposures on increased levels of biomarkers of subclinical inflammation. Our findings provide more insight into the complexity of the relationship between low air temperatures and adverse health effects and indicate that subclinical inflammation could be a relevant mediator meriting further studies.
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Figure legends
Figure 1. Volcano Plots presenting the associations between short- and medium-term exposures to air temperature per 1-IQR decrease with 71 biomarkers of subclinical inflammation. 
[bookmark: OLE_LINK1]IQR decrease was 9.2°C for lags 0-1 days, 8.9°C for lags 2-6 days, 8.4°C for lags 0-13 days, 9.0°C for lags 0-27 days, and 9.4°C for lags 0-55 days. ADA: Adenosine deaminase, Beta-NGF: Beta-nerve growth factor, CCL11: Eotaxin, CCL20: C-C motif chemokine 20, CCL23: C-C motif chemokine 23, CCL25: C-C motif chemokine 25, CCL28: C-C motif chemokine 28, CD244: Natural killer cell receptor 2B4, CD40: CD40L receptor, CD5: T-cell surface glycoprotein CD5, CD6: T cell surface glycoprotein CD6 isoform, CDCP1: CUB domain-containing protein 1, CSF-1: Macrophage colony-stimulating factor 1, CST5: Cystatin D, CX3CL1: Fractalkine, CXCL1: C-X-C motif chemokine 1, CXCL11: C-X-C motif chemokine 11, CXCL5: C-X-C motif chemokine 5, CXCL6: C-X-C motif chemokine 6, CXCL9: C-X-C motif chemokine 9, DNER: Delta and Notch-like epidermal growth factor-related receptor, EIF4EBP1: Eukaryotic translation initiation factor 4E-binding protein 1, EN-RAGE: Protein S100-A12, FGF-23: Fibroblast growth factor 23, FGF-5: Fibroblast growth factor 5, Flt3L: Fms-related tyrosine kinase 3 ligand, GDNF: Glial cell line-derived neurotrophic factor, HGF: Hepatocyte growth factor, IL-10: Interleukin-10, IL-10RB: Interleukin-10 receptor subunit beta, IL-12B: Interleukin-12 subunit beta, IL-15RA: Interleukin-15 receptor subunit alpha, IL-17C: Interleukin-17C, IL-18: Interleukin-18, IL-18R1: Interleukin-18 receptor 1, IL-6: Interleukin-6, IL-7: Interleukin-7, LAP TGFß1: Latency-associated peptide transforming growth factor beta-1, LIF-R: Leukemia inhibitory factor receptor, MCP-1: Monocyte chemotactic protein 1, MCP-2: Monocyte chemotactic protein 2, MCP-3: Monocyte chemotactic protein 3, MCP-4: Monocyte chemotactic protein 4, MIP-1α: Macrophage inflammatory protein-1alpha, MMP-1: Matrix metalloproteinase-1, MMP-10: Matrix metalloproteinase-10, NT-3: Neurotrophin-3, OPG: Osteoprotegerin, PD-L1: Programmed cell death 1 ligand 1, SCF: Stem cell factor, SIRT2: SIR2-like protein 2, SLAMF1: Signaling lymphocytic activation molecule, ST1A1: Sulfotransferase 1A1, STAMBP: STAM-binding protein, TGFα: Transforming growth factor alpha, TNFRSF9: Tumor necrosis factor receptor superfamily member 9, TNFSF14: Tumor necrosis factor ligand superfamily member 14, TNFß: Tumor necrosis factor-beta, TRAIL: TNF-related apoptosis-inducing ligand, TRANCE: TNF-related activation-induced cytokine, TWEAK: Tumor necrosis factor (Ligand) superfamily, member 1, uPA: Urokinase-type plasminogen activator, VEGF-A: Vascular endothelial growth factor A. 

Figure 2. Venn diagrams of significant associations between short- and medium-term exposures to air temperature per 1-IQR decrease with biomarkers of subclinical inflammation.

[bookmark: _Hlk88310574]Figure 3. Short- and medium-term effects of air temperature on biomarkers of subclinical inflammation per 1-IQR decrease significantly modified by age.
1-IQR decrease was 9.2°C for lags 0-1 days, 8.9°C for lags 2-6 days, 8.4°C for lags 0-13 days, 9.0°C for lags 0-27 days, and 9.4°C for lags 0-55 days.  ADA: Adenosine deaminase, Beta-NGF: Beta-nerve growth factor, CD244: Natural killer cell receptor 2B4, CD6: T cell surface glycoprotein CD6 isoform, CDCP1: CUB domain-containing protein 1, CST5: Cystatin D, CX3CL1: Fractalkine, CXCL1: C-X-C motif chemokine 1, CXCL11: C-X-C motif chemokine 11, CXCL6: C-X-C motif chemokine 6, CXCL9: C-X-C motif chemokine 9, FGF-23: Fibroblast growth factor 23, FGF-5: Fibroblast growth factor 5, Flt3L: Fms-related tyrosine kinase 3 ligand, GDNF: Glial cell line-derived neurotrophic factor, SIRT2: SIR2-like protein 2, STAMBP: STAM-binding protein, TGFα: Transforming growth factor alpha, TRAIL: TNF-related apoptosis-inducing ligand, TRANCE: TNF-related activation-induced cytokine, VEGF-A: Vascular endothelial growth factor A. 

[bookmark: _Hlk117786505]Figure 4. Short- and medium-term effects of air temperature on biomarkers of subclinical inflammation per 1-IQR decrease significantly modified by cardiovascular disease.
IQR decrease was 9.2°C for lags 0-1 days, 8.9°C for lags 2-6 days, 8.4°C for lags 0-13 days, 9.0°C for lags 0-27 days, and 9.4°C for lags 0-55 days. The Y-axis ranges are not comparable in terms of short- and medium-term effects, because visibility reasons. CCL23: C-C motif chemokine 23, CCL28: C-C motif chemokine 28, CD244: Natural killer cell receptor 2B4, CD40: CD40L receptor, CSF-1: Macrophage colony-stimulating factor 1, CST5: Cystatin D, CX3CL1: Fractalkine, CXCL1: C-X-C motif chemokine 1, CXCL11: C-X-C motif chemokine 11, CXCL9: C-X-C motif chemokine 9, DNER: Delta and Notch-like epidermal growth factor-related receptor, EIF4EBP1: Eukaryotic translation initiation factor 4E-binding protein 1, IL-10: Interleukin-10, IL-10RB: Interleukin-10 receptor subunit beta, IL-17C: Interleukin-17C, MMP-1: Matrix metalloproteinase-1, PD-L1: Programmed cell death 1 ligand 1, SCF: Stem cell factor, SIRT2: SIR2-like protein 2, STAMBP: STAM-binding protein, TNFRSF9: Tumor necrosis factor receptor superfamily member 9, TNFSF14: Tumor necrosis factor ligand superfamily member 14, TRAIL: TNF-related apoptosis-inducing ligand, TRANCE: TNF-related activation-induced cytokine, VEGF-A: Vascular endothelial growth factor A. 

Figure 5. Short- and medium-term effects of air temperature on biomarkers of subclinical inflammation per 1-IQR decrease significantly modified by NO2.
1-IQR decrease was 9.2°C for lags 0-1 days, 8.9°C for lags 2-6 days, 8.4°C for lags 0-13 days, 9.0°C for lags 0-27 days, and 9.4°C for lags 0-55 days. The Y-axis ranges are not comparable in terms of short- and medium-term effects, because visibility reasons. ADA: Adenosine deaminase, Beta-NGF: Beta-nerve growth factor, CCL11: Eotaxin, CCL28: C-C motif chemokine 28, CD244: Natural killer cell receptor 2B4, CD40: CD40L receptor, CD5: T-cell surface glycoprotein CD5, CD6: T cell surface glycoprotein CD6 isoform, CSF-1: Macrophage colony-stimulating factor 1, CST5: Cystatin D, CX3CL1: Fractalkine, CXCL1: C-X-C motif chemokine 1, CXCL6: C-X-C motif chemokine 6, DNER: Delta and Notch-like epidermal growth factor-related receptor, EIF4EBP1: Eukaryotic translation initiation factor 4E-binding protein 1, EN-RAGE: Protein S100-A12, FGF-23: Fibroblast growth factor 23, FGF-5: Fibroblast growth factor 5, GDNF: Glial cell line-derived neurotrophic factor, HGF: Hepatocyte growth factor, IL-10: Interleukin-10, IL-12B: Interleukin-12 subunit beta, IL-15RA: Interleukin-15 receptor subunit alpha, IL-17C: Interleukin-17C, IL-18R1: Interleukin-18 receptor 1, IL-6: Interleukin-6, LAP TGFß1: Latency-associated peptide transforming growth factor beta-1, LIF-R: Leukemia inhibitory factor receptor, MCP-1: Monocyte chemotactic protein 1, MCP-3: Monocyte chemotactic protein 3, NT-3: Neurotrophin-3, OPG: Osteoprotegerin, PD-L1: Programmed cell death 1 ligand 1, SIRT2: SIR2-like protein 2, SLAMF1: Signaling lymphocytic activation molecule, ST1A1: Sulfotransferase 1A1, STAMBP: STAM-binding protein, TGFα: Transforming growth factor alpha, TNFRSF9: Tumor necrosis factor receptor superfamily member 9, TNFSF14: Tumor necrosis factor ligand superfamily member 14, TRAIL: TNF-related apoptosis-inducing ligand, TRANCE: TNF-related activation-induced cytokine, TWEAK: Tumor necrosis factor (Ligand) superfamily, member 1, VEGF-A: Vascular endothelial growth factor A. 
