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Abstract
Background
Advanced glycation end products (AGEs) have been linked to cardiovascular disease (CVD), especially coronary heart disease (CHD), but their role in CVD pathogenesis remains unclear. Therefore, we investigated cross-sectional associations of skin AGEs with subclinical atherosclerosis, arterial stiffness, and hypertension after confirming their relation with CHD.

Methods
In the population-based Rotterdam Study, skin AGEs were measured as skin autofluorescence (SAF). Prevalent MI was obtained from digital medical records. Carotid plaques, carotid intima-media thickness (IMT), coronary artery calcification (CAC), pulse wave velocity (PWV), and hypertension were assessed. Associations of SAF with endophenotypes were investigated in logistic and linear regression models adjusting for common cardiovascular risk factors. Effect modification by sex, diabetes mellitus, and chronic kidney disease (CKD) was tested.

Results
3001 participants were included (mean age 73 (SD 9) years, 57% women). One unit higher SAF was associated with the presence of carotid plaques (OR 1.2 (0.92, 1.57)), a higher max IMT (0.08 SD (0.01, 0.15)), higher CAC (OR 2.2 (1.39, 3.48)), and PWV (0.09 SD (0.01, 0.16)), but not with hypertension (OR 0.99 (0.81, 1.21)). The associations with endophenotypes were more pronounced in men and participants with diabetes or CKD with significant interactions.

Conclusions
Previously documented associations between SAF and CVD, also found in our study, may be explained by the endophenotypes atherosclerosis and arterial stiffness, especially in men and individuals with diabetes or CKD, but not by hypertension. Longitudinal studies are needed to replicate these findings and to test if SAF is an independent risk factor or biomarker of CVD.
Trial registration: The Rotterdam Study has been entered into the Netherlands National Trial Register (NTR; www.​trialregister.​nl) and the WHO International Clinical Trials Registry Platform (ICTRP; www.​who.​int/​ictrp/​network/​primary/​en/​) under shared catalogue number NTR6831. 
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Background
Cardiovascular disease (CVD) is the leading cause of death worldwide [1]. Its complex pathophysiology involves lifetime metabolic disturbance and pathological alterations that usually develop asymptomatically over time. Individuals with unnoticed subclinical cardiovascular diseases are at a much higher risk of developing clinical CVD [2].
Advanced glycation end products (AGEs) have recently emerged as a novel actionable marker for diabetic cardiovascular complications [3]. They are a cluster of molecules generated irreversibly mainly on proteins through non-enzymatic glycation by reducing sugars and metabolic intermediates of lipids and sugars [3]. AGEs were suggested to contribute to the etiology of CVD by adding to tissue stiffness through forming crosslinks, and triggering inflammation through interaction with the receptor of AGEs (RAGE). They accumulate in tissues over time, especially under conditions of hyperglycemia, renal insufficiency, and smoking [4, 5]. The deposition of AGEs has been observed in the vasculature [6], atherosclerotic lesions, and cardiac tissues [7, 8] but these tissues are not easily accessible. Alternatively, skin AGEs with an estimated half-life of ~ 15 years, measured noninvasively as skin autofluorescence (SAF), are increasingly used as a proxy of AGE levels in long-lived tissues. AGEs are considered a marker of biological aging, with SAF and measures related to AGEs, i.e., the ratio between AGEs and soluble RAGE being linked to reduced survival in people who had diabetes or chronic kidney disease (CKD) [9, 10]. Moreover, SAF is regarded as a marker of long-term metabolic memory due to the close relationship of AGE formation with glucose metabolism, lipid peroxidation, and inflammation. Active metabolic management was shown to reduce the recurrence of 81.9% of cardiovascular events in young patients with premature coronary artery disease [11], calling for more attention to metabolic burden in cardiovascular health. A study in type 1 diabetes revealed that skin AGEs were associated with future intima-media thickness, and were lower in people who received intensive glucose management compared to regular management [12–14], indicating AGEs are involved in the long-term metabolic burden. In contrast, traditional CVD risk factors are likely insufficient to capture this burden.
A higher SAF level predicts independently diabetic foot ulcer that is closely linked to micro and macroangiopathies [15]. Further, it was associated with cardiovascular mortality in populations with chronic kidney disease (CKD), diabetes, or peripheral artery disease in a recent meta-analysis. SAF was related to elevated diabetes and CVD risk after a median follow-up of 4 years in a large cohort of the general population and to the incidence of major adverse cardiovascular events in patients with heart failure [16–18]. However, the associations of AGEs with cardiovascular endophenotypes remain unclear, and inconsistent findings on e.g., hypertension have been reported [19, 20]. The majority of studies focused on the relation of AGEs with a single trait in patients with diabetes or CKD, but the association of AGEs with multiple subclinical changes underlying CVD has not been fully investigated in a seemingly healthy adult population. It also remains unclear if the associations differ between men and women, diabetics and nondiabetics, and by the presence of CKD. Furthermore, many studies focused on circulating AGEs that have a much shorter half-life and are easily influenced by diet and metabolic status. Their link with CVD risk remains inconclusive while skin AGEs showed a more consistent link [21–23].
To understand the role of AGEs in the development of CVD, this study assessed how and through which subclinical cardiovascular changes skin AGEs are related to CVD in the general population and investigated potential subgroup differences in these associations. The associations of SAF with multiple endophenotypes in different vascular beds, reflecting atherosclerosis or arterial stiffness, were investigated in the well-characterized population-based Rotterdam Study after confirming an association of SAF with CVD.

Methods
Study population
Participants were from the population-based cohort, the Rotterdam Study (RS), which invited all inhabitants of the Ommoord suburb of Rotterdam to participate [24]. The first subcohort (RS-I) was initiated in 1990 and included 7983 participants aged 55 years and older. The second subcohort (RS-II) started with 3011 new participants aged 55 years and older in 2000. The third subcohort (RS-III) included 3932 new participants aged 45 years and older in 2006. All participants were examined at baseline and were followed up every 3–6 years at home and at the Rotterdam Study research center. The Rotterdam Study was approved by the institutional review board (Medical Ethics Committee) of Erasmus Medical Center and by the review board of The Netherlands Ministry of Health, Welfare and Sports. All participants in the present analysis provided written informed consent.
SAF was introduced to the Rotterdam Study in the middle of follow-up visits (RS-I-6th, RS-II-4th, and RS-III-2nd visits) to the RS research center from 2012 to 2016 and was measured in 3009 participants. No apparent selection bias seemed present. After excluding 8 participants with SAF outside mean ± 4SD, 3001 participants were eligible for analyses and those with available data on outcomes were included for each analysis. Population inclusion and exclusion details are shown in Additional file 1: Figure S1.

Measurement of SAF
During visits to the RS research center, SAF at the inner side of the dominant forearm was measured using an AGE Reader (Diagnoptics B.V., Groningen, The Netherlands) based on the fluorescent property of some AGEs. It is expressed in arbitrary units (A.U.) based on the ratio between the strength of emission and excitation light. The measurement was previously validated against liquid chromatography-mass spectrometry measurements [25]. Three measurements were taken consecutively and showed good agreement (Pearson correlation coefficients 0.87–0.91). The mean was used for analyses. The device was calibrated by measuring the autofluorescence of the standard and requires re-calibration if the difference with standard autofluorescence is more than 10%. Details of the measurement have been described previously [26]. 1 A. U. corresponds to ~ 2 SD difference in SAF in our population. In healthy Dutch individuals younger than 70 years, SAF showed a slow yearly progression (~ 0.024 A. U.) and 1 A. U. difference of SAF corresponds to differences of ~ 40 years difference. However, smokers had a much higher SAF (~ 0.16 A. U.) than non-smokers [5], so as the presence of other major risk factors including diabetes and CKD. The yearly progression of SAF was also a bit faster when kidney diseases and diabetes were present [5, 27]. A quick increase of around 0.4 A. U. SAF was observed after acute renal failure [28]. SAF showed no seasonal variation in a German study and our study population [29]. To minimize the potential influence of skin creams, blood flow, and skin color, SAF was measured at the inner side of the forearm. Participants were asked not to use sunscreen and skin creams 2 days before the measurements and had tests without performing physical exercise.

Assessment of myocardial infarction history
To confirm an association of SAF with CVD, we examined the association of SAF with a history of myocardial infarction (MI), a major type of CVD. A history of MI was defined as having had MI at study entry or had an MI event during follow-up before SAF was measured during the RS-I-6th, RS-II-4th, and RS-III-2nd visits. Data collection on MI was explained in detail elsewhere [30]. Briefly, in RS-I, the presence of MI at study entry was based on verification of self-reported MI or electrocardiogram abnormalities suggestive of previous MI. In RS-II and RS-III, the medical records of all participants were screened for prevalent MI at entry. The presence of MI was based on clinical information and ICD-10 coding from the medical records, adjudicated by two independent cardiovascular researchers. During follow-up, medical records and hospital discharge diagnoses of all participants were continuously screened for MI events.

Assessment of subclinical endophenotypes of CVD
Carotid artery plaque
Both the left and right sides of the common carotid artery, carotid bifurcation, and the internal carotid artery were visualized by B-mode ultrasonography with a 7.5-MHz linear array transducer (ATL Ultra-Mark IV) over a length as large as possible. The presence of plaques at the front and rear walls of the artery was defined as focal widenings of the arterial wall ≥ 50% of adjacent segments, with protrusion into the lumen and composed of calcified or noncalcified components [31]. Participants with missing plaque information at ≥ 2 arteries were excluded. A weighted plaque score was calculated as the total number of sites (0–6) with plaque detected divided by the number of sites with an available ultrasonographic image (6 or less), and multiplied by 6 [31]. Plaque scores of (or approximately) 0, 1, 2, and at least 3, were considered indicators of no, mild, moderate, and severe plaque burden [32], respectively.

Carotid intima-media thickness
Carotid intima-media thickness (IMT) was measured using ultrasound. The max common carotid IMT was determined as the maximum of near and far wall measurements of the right (or left) carotid artery at the beginning of the dilatation of the distal common carotid artery [33].

Coronary artery calcification
Coronary artery calcification (CAC) was assessed using two types of computed tomography. Electron-beam tomography (EBT) was used at the RS-I-3rd visit using a C-150 scanner (Imatron, South San Francisco, California, U.S.A.) in participants not older than 85 years to scan from the level of the root of the aorta through the heart. CAC was quantified using AccuImage software (AccuImage Diagnostics Corporation, South San Francisco, California) [34]. Coronary arteries were also scanned by multi-detector computed tomography (MDCT) at the RS-I-4th and RS-II-2nd visits using 16-or 64-slice multidetector CT scanners (Somatom Sensation 16 or 64; Siemens, Forchheim, Germany) [35]. The presence and the amount of calcification were evaluated at the left main, left anterior descending, left circumflex, and right coronary arteries. CAC was quantified by the Agatston score using Syngo Calcium Scoring software (Siemens). CAC scores were categorized into four categories: 0 for the absence of calcification, 1–99 for mild calcification, 100–399 for moderate calcification, and ≥ 400 for severe calcification [36].

Pulse wave velocity
Pulse wave velocity (PWV) was assessed using an automatic device (Complior; Artech Medical, Pantin, France) that measures the time delay between the rapid upstroke of the feet of simultaneously recorded pulse waves in the carotid and femoral arteries. PWV was calculated by dividing the distance between the recording sites in the carotid and femoral arteries by the foot-to-foot time delay in meters/second [37].

Hypertension
Blood pressure was assessed at each examination round. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured at the right brachial artery level with the participant in sitting position. The mean of two consecutive measurements was used. Hypertension was defined as SBP ≥ 140 mmHg and/or DBP ≥ 90 mmHg or the use of blood pressure-lowering medication. The prescription of blood pressure-lowering medication for hypertension was confirmed by a physician.
The timeline of data collection is shown in Additional file 1: Figure S2.


Assessment of covariates and population characteristics
Physical activity, smoking habits, alcohol intake, the highest level of education acquired, medications used in the past week, and medical history were collected from home interviews. Physical activity was expressed in metabolic equivalents METhours/week. Smoking status was categorized as never, past, or current smoker based on the smoking habit of cigarette, cigar, or pipe. Alcohol intake was harmonized to grams of alcohol/day. Education level was harmonized across all three RS subcohorts according to the UNESCO classification. Weight and height were measured at the research center. Fasting serum glucose, creatinine, total cholesterol, and HDL-cholesterol were measured using standard techniques. The estimated glomerular filtration rate (eGFR, mL/min per 1.73 m2) was calculated using the CKD-EPI equation. CKD was defined as eGFR ≤ 60 mL/min per 1.73 m2. Diabetes was defined as a fasting glucose of ≥ 7.0 mmol/L or a non-fasting glucose level of ≥ 11.0 mmol/L and/or the use of glucose-lowering medication, and was verified with medical records [38]. Dyslipidemia was defined as total cholesterol > 6.5 mmol/L, or use of lipid-lowering medications, or HDL < 1.0 mmol/L for men and HDL < 1.2 mmol/L for women.

Statistical methods
Population characteristics of the total population and SAF tertile groups were summarized. To balance sex and age representation among tertile groups, we obtained tertiles of residuals of SAF regressed on age in men and women separately and created sex-specific and age adjusted SAF tertile groups. SAF as a continuous variable, z-scores of IMT, blood pressure, and PWV were used in regression analyses. CAC scores were categorized into clinically meaningful categories (< 100, and ≥ 100), and also analyzed in the natural logarithm of (CAC + 1) for analyses due to their skewed distribution and excessive zeros. The associations between SAF and endophenotypes were studied using linear regression for continuous variables or (binary or multinomial) logistic regression for categorical variables, with SAF being the independent variable regardless of the potential causal direction. Three models were constructed to adjust the associations for potential confounders that are risk factors for AGE accumulation and cardiovascular diseases. Model 1 was adjusted for age, sex, and RS subcohorts. Model 2 was additionally adjusted for cardiovascular risk factors including BMI and the presence of dyslipidemia and hypertension. To explore the influence of covariates that are potential confounders but also important determinants of SAF, we additionally adjusted for smoking, diabetes, and eGFR in model 3. Theoretically, AGEs may also act as intermediates linking risk factors such as diabetes and smoking to cardiovascular risk. The directed acyclic graph (Additional file 1: Figure S3) shows the potential relationship of included confounders with SAF and cardiovascular outcomes. Additionally, associations of conventional cardiovascular risk factors with SAF were provided. Though not the focus of this study, we also investigated the associations of continuous and categorical SAF with prevalent MI using logistic regression models. Underlying assumptions for linear and logistic regression analyses were checked, including heteroscedasticity, collinearity, nonlinear effect, and influential data points, by reviewing variation inflation factors, residual plots, and probability plots. To reduce reverse causation as much as possible, covariates measured during visits close to the assessment of outcomes and age at SAF measurement time were used for adjustment in regression models. Specifically, covariates were derived from RS-I-5, RS-II-3, and RS-III-2 visits for analyses on MI history, hypertension, IMT, and plaque presence; from RS-I-3, RS-II-1, and RS-III-1 visits for analyses on CAC and PWV.
Missing data in covariates (ranging from 0.8 to 4.1%) were imputed by multiple imputations using logistic regression and predictive mean matching methods for categorical and continuous variables respectively for 10 imputations using the MICE package in R. The results were pooled from analyses of the imputed datasets. A two-sided p < 0.05 was considered statistically significant. All analyses were conducted using R Studio (version 4.1.2).
Subgroup and sensitivity analysis


Because of the sex differences in cardiovascular risks and pathophysiology [39] and a likely higher accumulation of AGEs in men and people with diabetes and CKD, we examined whether sex, diabetes, or CKD modified the associations by testing their interaction terms with SAF. A two-sided p-value less than 0.1 for the interaction term was considered an indication of the presence of potential interaction and led to subsequent stratified analyses. To evaluate whether MI history drives the associations with endophenotypes, analyses were repeated after excluding participants with a history of MI.



Results
A total of 3001 participants (57% women) were included in the study. They were 73 ± 9 (mean ± SD) years old, ranging from 53 to 101 years old, at the time of SAF measurement, and 229 participants (7.6%) had a history of MI (Table 1). SAF was 2.40 ± 0.49 A.U. (ranging from 1.10 to 4.40) in the total population and was higher among participants with MI history (2.64 ± 0.52) than those without (2.38 ± 0.48). Compared to participants without MI history, those who had MI were older and more often men, and they also had a higher IMT, PWV, CAC, a higher prevalence of hypertension, and a lower DBP. They also had a higher prevalence of dyslipidemia, diabetes mellitus, and chronic kidney disease, higher BMI, lower eGFR, and were more often ex-smokers(Table 1). Across SAF tertiles, there was an increasing trend in individuals who had a history of MI (Fig. 1), CAC burden, prevalence of CKD, diabetes, smokers, and use of lipid-lowering medications(Additional file 1: Table S1). Participants in the highest SAF tertile also had the highest IMT and PWV and the highest prevalence of dyslipidemia and hypertension compared to the other two groups. Regarding the comparison in subgroups stratified by sex, diabetes and CKD, SAF, IMT, CAC, PWV, and the prevalence of plaques and hypertension were higher in men than in women and higher in individuals with diabetes or CKD than in those without. Multiple other cardiovascular risk factors also differed by these strata (Additional file 1: Table S2). After adjusting for age, sex, and RS subcohorts, a lower eGFR, higher BMI, lower total cholesterol and HDL, smoking, diabetes, and dyslipidemia were all associated with higher SAF (Additional file 1: Figure S3). SBP was not associated with SAF, however, DBP was inversely associated with SAF.Table 1Characteristics of the study population, total and by the presence of prevalent myocardial infarction


	 	Total
	Non-prevalent MI
	Prevalent MI

	N
	3001
	2767
	229

	Age, year
	72.71 ± 9.36
	72.40 ± 9.39
	76.26 ± 8.31

	Sex (female)
	1,697 (57)
	1,633 (59)
	60 (26)

	Caucasian
	2,775 (96)
	2,555 (96)
	215 (97)

	Smoking status

	 Never
	952 (32)
	915 (33)
	35 (16)

	 Former
	1,619 (55)
	1,460 (53)
	159 (72)

	 Current
	388 (13)
	359 (13)
	28 (13)

	Body mass index, kg/m2
	27.55 ± 4.30
	27.49 ± 4.32
	28.20 ± 4.01

	Waist-hip ratio
	0.90 ± 0.09
	0.90 ± 0.09
	0.96 ± 0.10

	Total cholesterol, mmol/L
	5.45 ± 1.10
	5.52 ± 1.08
	4.56 ± 1.01

	HDL, mmol/L
	1.44 (1.20, 1.74)
	1.45 (1.20, 1.76)
	1.26 (1.09, 1.48)

	Triglycerides, mmol/L
	1.27 (0.97, 1.72)
	1.27 (0.98, 1.73)
	1.28 (0.96, 1.72)

	Lipid lowering medication
	916 (31)
	737 (27)
	178 (80)

	Dyslipidemia
	1562 (54)
	1364 (51)
	197 (89)

	eGFR, mL/min per 1.73 m2
	74.94 (65.49, 84.46)
	75.34 (65.96, 84.62)
	70.16 (57.88, 81.22)

	Chronic kidney disease
	431 (15)
	366 (14)
	64 (29)

	Diabetes
	413 (14)
	365 (13)
	47 (21)

	Mean intima-media thickness, mm
	0.92 ± 0.16
	0.92 ± 0.15
	0.98 ± 0.18

	Max intima-media thickness, mm
	1.05 ± 0.19
	1.04 ± 0.19
	1.14 ± 0.23

	Pulse wave velocity, m/s
	11.10 (9.88, 12.62)
	11.03 (9.85, 12.54)
	11.86 (10.57, 13.37)

	CAC score (EBT)
	48.74 (3.61, 227.69)
	32.50 (3.09, 182.38)
	322.60 (79.30, 819.52)

	Absent, mild, moderate, severe EBT-CAC scores (n)
	73, 201, 101, 80
	71, 190, 89, 58
	2, 11, 12, 22

	CAC score (MDCT)
	77.40 (4.95, 363.32)
	57.45 (3.18, 294.02)
	541.80 (118.00, 1,397.60)

	Absent, mild, moderate, severe MDCT-CAC scores (n)
	52, 116, 75, 75
	52, 107, 69, 56
	0, 8, 6, 19

	SBP, mmHg
	139.08 ± 19.77
	139.24 ± 19.90
	137.20 ± 18.12

	DBP, mmHg
	76.45 ± 11.09
	76.73 ± 11.09
	73.12 ± 10.65

	Use of blood pressure lowering medication
	1,577 (53)
	1,368 (50)
	209 (92)

	Hypertension
	2,166 (72)
	1,949 (70)
	217 (95)

	Presence of carotid plaques
	2469 (85.7)
	2257 (84.8)
	209 (95.9)

	Plaque score
	2 (1, 4)
	2 (1, 4)
	4 (3, 5)

	SAF, A.U
	2.40 ± 0.49
	2.38 ± 0.48
	2.64 ± 0.52


MI myocardial infarction, MET the metabolic equivalent of task, with one MET defined as 1 kcal/kg/hour, HDL high-density lipoprotein, eGFR estimated glomerular filtration rate, CAC coronary artery calcification, EBCT electron-beam tomography, MDCT multi-detector computed tomography, SBP systolic blood pressure, DBP diastolic blood pressure, SAF skin autofluorescence


[image: ]
Fig. 1Percentage of MI history in SAF tertile groups. Percentage, percentage of individuals who had a history of MI in SAF tertile groups


Percentage of missing in covariates: smoking status (1.4%), BMI (2.3%), waist-hip ratio (2.2%), total cholesterol (4.1%), HDL (4.1%), triglycerides (4.1%), lipid lowering medication (1.0%), eGFR (4.1%), chronic kidney disease (4.1%), diabetes (0.8%). Data are derived from non-imputed variables. Values are counts (valid percentages), means ± standard deviations, or medians (interquartile ranges) in the case of a skewed distribution.
SAF and the history of myocardial infarction
A higher SAF was associated with an MI history, independent of other established cardiovascular risk factors (adjusted odds ratio of MI for one unit higher SAF 1.57 (95% CI 1.16, 2.12)) (Table 2). The highest SAF tertile had an odds ratio of 1.87 (95% CI 1.28, 2.73) compared to the lowest tertile. No interaction of SAF with sex, diabetes, and CKD was observed (p > 0.1), but the interaction of SAF and diabetes had a p-value of 0.13, which is close to 0.1. Subsequent stratified analysis showed a more pronounced association in participants who had diabetes (OR 2.83 (95% CI 1.42, 5.68)) than those without (OR 1.39 (95% CI 0.98, 1.95)) in model 3 (Additional file 1: Figure S4).Table 2Association between SAF and the history of myocardial infarction


	 	n/N
	OR for prevalent myocardial infarction (95% CI)

	Crude model
	Model 1
	Model 2
	Model 3

	SAF tertilesa

	 Low SAF
	52/999
	1.00 (reference)
	1.00 (reference)
	1.00 (reference)
	1.00 (reference)

	 Medium SAF
	79/998
	1.57 (1.09, 2.25)
	1.72 (1.19, 2.50)
	1.76 (1.20, 2.59)
	1.72 (1.17, 2.54)

	 High SAF
	98/999
	1.98 (1.40, 2.81)
	1.98 (1.39, 2.84)
	1.93 (1.33, 2.8)
	1.87 (1.28, 2.73)

	One-unit increase
	229/2996
	2.61 (2.03, 3.35)
	1.71 (1.29, 2.26)
	1.63 (1.22, 2.18)
	1.57 (1.16, 2.12)


n/N: number of individuals who had myocardial infarction/sample size of the group
ORs and 95% CIs are adjusted odds ratios and the respective 95% confidence intervals of myocardial infarction in association with one unit higher SAF or of the medium and high SAF groups when compared to the low SAF group
The crude model: was not adjusted for covariates
Model 1 adjusted for age, sex, and RS subcohorts
Model 2 adjusted for age, sex, RS subcohorts, body mass index, dyslipidemia, and hypertension
Model 3 adjusted for age, sex, RS subcohorts, body mass index, dyslipidemia, hypertension, smoking status, diabetes, and eGFR
aSex-specific, age-adjusted SAF tertiles were calculated among n = 3001 participants




SAF and carotid plaques
Carotid plaques were detected in 2469 of the 2882 participants with images of more than 4 carotid arteries (Table 1). Higher SAF was associated with plaque presence after adjusting for age, sex, and RS subcohorts (OR 2.24 (95% CI 1.76, 2.85)) for one unit higher SAF), but the association was attenuated in model 3 (OR 1.20 (95% CI 0.92, 1.57)) (Table 3). Plaque severity was classified as mild, moderate, and severe in 494 (17.1%), 561 (19.5%), and 1414 (49.1%) participants, respectively (Additional file 1: Table S3). Using participants who did not have plaques as the reference group, a higher SAF was only associated with the severe plaque burden (OR 1.45 (95% CI 1.09, 1.93) for one unit higher SAF) but not with the moderate (OR 0.87 (95% CI 0.64, 1.20)) and mild (OR 1.17 (95% CI 0.85, 1.60)) plaque burden in model 3. Sex modified the association of SAF with plaque presence (p for interaction = 0.03). The association of SAF with plaque presence (yes/no) was not significant in either sex in model 3, but the association with severe plaque burden appeared to be larger in men than in women. (Additional file 1: Figure S5).Table 3Associations between SAF and endophenotypes reflecting atherosclerosis or arterial stiffness


	Outcomea
	n/N
	Crude model
	Odds ratio (95% CI)b

	Model 1
	Model 2
	Model 3

	 Hypertension
	2166/2996
	1.67 (1.41, 1.99)
	1.11 (0.92, 1.35)
	1.01 (0.83, 1.23)
	0.99 (0.81, 1.21)

	 Plaque presence
	2469/2882
	2.24 (1.76, 2.85)
	1.4 (1.09, 1.81)
	1.36 (1.05, 1.76)
	1.20 (0.92, 1.57)

	 Categorical CAC (EBT)
	455
	1.66 (1.13, 2.45)
	1.31 (0.87, 1.97)
	1.31 (0.87, 1.97)
	1.31 (0.87, 1.97)

	 Categorical CAC (MDCT)
	318
	2.2 (1.39, 3.48)
	2.2 (1.39, 3.48)
	2.2 (1.39, 3.48)
	2.2 (1.39, 3.48)


	Outcomea
	n/N
	Crude model
	Beta coefficients (95% CI)c

	Model 1
	Model 2
	Model 3

	 IMT (max)
	2878
	0.42 (0.35, 0.5)
	0.13 (0.06, 0.2)
	0.11 (0.04, 0.17)
	0.08 (0.01, 0.15)

	 log CAC (EBT)
	455
	0.92 (0.48, 1.35)
	0.55 (0.1, 0.99)
	0.39 (-0.04, 0.83)
	0.28 (-0.15, 0.71)

	 log CAC (MDCT)
	318
	1.09 (0.57, 1.61)
	0.77 (0.25, 1.29)
	0.64 (0.14, 1.14)
	0.55 (0.04, 1.06)

	 PWV
	2402
	0.41 (0.33, 0.49)
	0.12 (0.04, 0.2)
	0.09 (0.02, 0.17)
	0.09 (0.01, 0.16)


Crude model: not adjusted for covariates
Model 1: adjusted for age, sex, and RS subcohorts
Model 2: adjusted for age, sex, RS subcohorts, body mass index, dyslipidemia, and hypertension
Model 3: adjusted for age, sex, RS subcohorts, body mass index, dyslipidemia, hypertension, smoking status, diabetes, and eGFR
For associations with hypertension, hypertension was not adjusted
SAF skin autofluorescence, N number of participants, CI confidence interval, IMT carotid intima-media thickness, CAC coronary artery calcification score, EBT electron-beam tomography, MDCT multi-detector computed tomography, PWV pulse wave velocity
az-scores of IMT and PWV, categorial CAC scores (≥ 100 vs. < 100), and log-transformed (CAC + 1) were used in the analyses
bOdds ratios (95% CIs) were adjusted odds ratios associated with one unit higher SAF
cCoefficients (95% CIs) are adjusted differences of the endophenotypes associated with one unit higher SAF, in folds of SD for IMT, PWV, and the natural logarithm of (CAC + 1) for CAC




SAF and carotid intima-media thickness
In model 3, one unit higher SAF was associated with 0.08 SD (95% CI 0.01, 0.15) higher max IMT (Table 3). Significant interactions were noticed including SAF with sex (p for interaction = 0.01), diabetes (p for interaction = 0.02), and CKD (p for interaction = 0.01). Stratified analysis showed that the association of SAF with IMT was attenuated substantially after adjusting for age and pertained in men but not women, and in individuals with either diabetes or CKD but not those without these diseases (Fig. 2). Adjusting for other risk factors further weakened the association.[image: ]
Fig. 2The association between SAF and max IMT by sex, and by the presence of diabetes or chronic kidney disease. Plot A: forest plot of coefficients and confidence intervals for the association between SAF and max IMT in the total population and subgroups in four models. M0 was the crude association not adjusted for covariates. M1 was adjusted for age, sex, and RS subcohorts. Model 2 was additionally adjusted for body mass index, dyslipidemia, and hypertension. Model 3 was additionally adjusted for smoking status, diabetes, and eGFR on top of model 2. Sex and diabetes were not adjusted in the models when stratified by sex or diabetes status. Plots B–D: effect plots of SAF by sex and the presence of diabetes or CKD. Fitted values of max IMT along SAF values in subgroups (R package “effects”). The solid line represents the predicted values of max IMT and the shade represents 95% confidence intervals with the other predictors held at the mean, deriving from the following models: B max IMT ~ SAF + age + sex + RS subcohorts + BMI + dyslipidemia + hypertension + smoking status + diabetes + eGFR + SAF*sex. C max IMT ~ SAF + age + sex + RS subcohorts + BMI + dyslipidemia + hypertension + smoking status + diabetes + eGFR + SAF*diabetes. D max IMT ~ SAF + age + sex + RS subcohorts + BMI + dyslipidemia + hypertension + smoking status + diabetes + eGFR + CKD + SAF*CKD



SAF and coronary artery calcification
The CAC score was measured by EBT (N = 455) or MDCT (N = 318). In model 1, one unit higher SAF was associated with a 0.55 (95% CI: 0.1, 0.99) higher EBT-CAC score in natural logarithm, and a 0.77 (95% CI: 0.25, 1.29) higher MDCT-CAC score in natural logarithm (Table 3). The associations attenuated in model 3 to 0.28 (95% CI −0.15, 0.71) for EBT-CAC and 0.55 (95% CI 0.04, 1.06) for MDCT-CAC. No significant interactions with sex, diabetes, or CKD were noticed. For categorical CAC scores, taking the category of absent or mild CAC score (CAC < 100) as the reference, a higher SAF was associated with a moderate or severe MDCT-CAC score (CAC ≥ 100), OR 2.2 (95% CI 1.39, 3.48). No significant association was observed for the categorical EBT-CAC score (OR 1.31 (95% CI 0.87, 1.97)).

SAF and pulse wave velocity
In model 3, one unit higher SAF was associated with a 0.08 SD (95%CI 0.01, 0.15)) higher pulse wave velocity, an indicator of arterial stiffness (Table 3). A significant interaction between SAF and diabetes (p for interaction = 0.001) was observed (Additional file 1: Figure S6). A more pronounced association was noted for people who had diabetes than those who did not have diabetes, with an adjusted difference in PWV of 0.36 SD (95% CI 0.06, 0.65) vs. 0.05 SD (95% CI −0.03, 0.13) for one unit higher of SAF.

SAF and hypertension
Hypertension was present in 2166 out of the 2996 participants with available information. No association was observed between SAF and hypertension in model 3 (OR 0.99 (95% CI 0.81, 1.21) (Table 3).

Sensitivity analysis
The associations of SAF with all endophenotypes remained similar after excluding participants with an MI history (Additional file 1: Table S4).


Discussion
After confirming that in a general population of middle-aged and older individuals, a higher level of skin AGEs measured as SAF was associated with prevalent MI independent of other cardiovascular risk factors, we investigated which endophenotypes of CVD might underlie this association. We found that SAF was associated with markers of subclinical atherosclerosis, including carotid plaque burden, arterial wall thickening measured by carotid IMT, and coronary artery calcification. It was also associated with arterial stiffness measured by PWV but was not associated with hypertension. The associations were independent of established cardiovascular risk factors and independent of MI history, and seemed to be more pronounced in men and in individuals who had diabetes or CKD.

The associations with endophenotypes suggest that AGEs may be related to subclinical atherosclerosis and arterial stiffness, even in people without an MI history. Our findings extend the associations from small-scale studies of mainly high-risk individuals to the general population of adequate size [19, 29, 40–42]. The association between SAF and PWV was consistent with findings in individuals of normoglycemic, prediabetic, and diabetic conditions [43]. Together with our findings, these data implicate SAF in cardiovascular risk in all glycemic strata.
Potential mechanisms underlying these associations are complex and intertwined. Carotid plaque measured by ultrasonic imaging is a surrogate outcome for CHD and indicates overall atherosclerosis burden, including the coronary artery [32]. CAC score, which measures the extent of calcification in arteries, is an indirect measure of plaque burden. Their positive association with SAF may arise because AGEs may contribute to atherosclerosis by leading to systemic vascular inflammation through activating RAGE on endothelial cells [44]. Carotid IMT can indicate the size of plaques, but the thickening of the intima-media layer can also result from age-related vascular remodeling that involves AGE-mediated crosslinks on elastin and collagen [45]. These crosslinks disturb the normal structure of the arterial wall and add to arterial stiffness [46], also contributing to the positive association between SAF and PWV. Further, AGEs were reported to disturb multiple cellular activities in the progression of atherosclerosis and arterial stiffness, such as lipids transportation [47], endothelial nitric oxide production [48], and HDL antioxidative capacity [49].

AGEs and blood pressure
Given a likely role of AGEs in arterial stiffness, an association of a higher SAF with hypertension would be expected. However, the current study fuels the debate of whether AGEs are involved in hypertension by showing no association [50]. DBP was even inversely associated with SAF, which was also observed in a younger Dutch cohort NQplus in men but not in women [51]. It is widely perceived that DBP tends to decrease after around 50–60 years of age mainly due to stiffness of large arteries [52]. As such, our observations may imply that AGEs contribute to large artery stiffness by forming crosslinks on elastin or collagen during the aging process. The results may not be extrapolated to younger populations because the majority of our study participants were at the later part of the blood pressure trajectory where DBP tends to decrease and the increase of SBP with age slows down [53]. In fact, the Dutch LifeLines cohort covering a wider age range (n = 78671) reported that higher SAF was associated with hypertension in men [54]. Nevertheless, a null association between SAF and BP was also observed in primary school children [55]. We encourage longitudinal studies to investigate the link between AGEs and hemodynamic patterns to address their relevance to cardiovascular risk.

Subgroup differences of the associations between AGEs and IMT
The association of SAF with IMT showed subgroup differences. It was stronger in people who had diabetes or CKD and was insignificant in those without and was seen in men but not women, arguing for a more pronounced impact of AGEs on IMT in diabetes or CKD, and in men.
Diabetes and CKD are two major risk factors for AGE accumulation and CVD. Our observation may indicate that AGE accumulation is involved in arterial wall thickening and further contributes to an elevated CVD risk in diabetes or CKD. In line with our finding, a study in people with type 1 diabetes showed that, compared to regular glucose management, 6.5 years of intensive glucose management resulted in a lower IMT [13] 6 years after the intervention and the levels of skin AGEs and IMT correlated [12]. Likewise, we observed a larger association between SAF and PWV in people with diabetes than in those without but the large time gap between measurements limits the interpretation of results.
Sex differences in the association between SAF and IMT suggest that SAF is more relevant for IMT in men. This difference may be attributed to the better risk profile of women. Moreover, women generally have a lower IMT than men before menopause potentially due to a lower grade of chronic inflammation [56], protection from estrogen [57], or a better risk profile [58]. The sex disparity diminishes gradually afterward [59]. Although all participants in our study were postmenopausal, the long half-life of skin AGEs (median 15 years) may capture associations of skin AGEs and IMT from earlier life stages, i.e., a potential absence of association in women before menopause. Similarly, we observed an association of SAF with severe plaque burden only in men. Future longitudinal studies could investigate whether these differences translate to sex disparities in CVD risk [39]. Our results shed light on how subclinical cardiovascular pathological changes in relation to SAF might develop differently in men and women and individuals with or without diabetes or CKD.

Strengths and limitations
Strengths of our study include the analysis in a well-characterized and densely phenotyped general population with well-defined outcomes, allowing for investigating multiple CVD-related endophenotypes within one general population of adequate sample size and controlling for multiple confounders. SAF, as a marker for long-term AGEs accumulation, can capture the accumulated AGE burden in tissues during a longer period than circulating markers.
Several limitations are also present in the current study. Our results were restricted to the older Dutch population and the generalization of results needs caution. The small group of participants with diabetes or CKD and CAC data also limits the power for statistical inference. Further, we were not able to rule out influences from survival selection and were only able to investigate the association of SAF with a history of non-fatal MI as the clinical outcome of fatal MI before SAF measurement was automatically precluded. Nevertheless, in both cases, selection would likely have biased the associations toward the null. In addition, reverse causation might have biased the estimations because some outcomes were assessed before SAF measurement although SAF showed a slow yearly progression [5]. For this reason, we repeated our analyses in participants without a history of MI as a sensitivity analysis. In addition, progression in endophenotypes measured earlier was not accounted for, which may have concealed some of the associations. Studies in CKD patients showed that one year increase in SAF was predictive of cardiovascular events and all-cause mortality [27, 60]. Future studies with repeated measurement of SAF and longitudinal data on CVD incidence may investigate if changes in SAF are related to cardiovascular risk in the general population. Although we were able to control for many risk factors, given the intertwined relationship of SAF with many risk factors, residual confounding could not be ruled out completely. Finally, the cross-sectional design does not allow for the interpretation of causality.


Conclusions
To conclude, we observed associations between skin AGEs and the extent of several endophenotypes of CVD, suggesting that AGEs may contribute to CVD by being involved in processes like atherosclerosis and arterial stiffness but not hypertension in this general population of older adults. The study also provides more data on the inconclusive association between SAF and hypertension and suggests that inconsistent observations may arise from varied age ranges of study populations. As a marker of metabolic memory, a higher SAF may signal vascular aging and subclinical cardiovascular changes beyond traditional risk factors, especially in men and individuals with diabetes or CKD. Future risk modeling studies may investigate whether and in which groups of the population measuring SAF will benefit CVD risk prediction in clinical practice. As AGEs accumulate even in children, life-course management of AGEs may benefit cardiovascular health. Prospective studies using a longitudinal design are warranted to confirm our cross-sectional findings and evaluate if AGEs are also involved in pathological changes at later stages of CVD.
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