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Lipidomic analysis reveals metabolism alteration associated with subclinical carotid atherosclerosis in type 2 diabetes
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Abstract
Background
Disruption of lipid metabolism contributes to increased cardiovascular risk in diabetes.

Methods
We evaluated the associations between serum lipidomic profile and subclinical carotid atherosclerosis (SCA) in type 1 (T1D) and type 2 (T2D) diabetes, and in subjects without diabetes (controls) in a cross-sectional study. All subjects underwent a lipidomic analysis using ultra-high performance liquid chromatography–electrospray ionization tandem mass spectrometry, carotid ultrasound (mode B) to assess SCA, and clinical assessment. Multiple linear regression models were used to assess the association between features and the presence and burden of SCA in subjects with T1D, T2D, and controls separately. Additionally, multiple linear regression models with interaction terms were employed to determine features significantly associated with SCA within risk groups, including smoking habit, hypertension, dyslipidaemia, antiplatelet use and sex. Depending on the population under study, different confounding factors were considered and adjusted for, including sample origin, sex, age, hypertension, dyslipidaemia, body mass index, waist circumference, glycated haemoglobin, glucose levels, smoking habit, diabetes duration, antiplatelet use, and alanine aminotransferase levels.

Results
A total of 513 subjects (151 T1D, 155 T2D, and 207 non-diabetic control) were included, in whom the percentage with SCA was 48.3%, 49.7%, and 46.9%, respectively. A total of 27 unique lipid species were associated with SCA in subjects with T2D, in former/current smokers with T2D, and in individuals with T2D without dyslipidaemia. Phosphatidylcholines and diacylglycerols were the main SCA-associated lipidic classes. Ten different species of phosphatidylcholines were up-regulated, while 4 phosphatidylcholines containing polyunsaturated fatty acids were down-regulated. One diacylglycerol was down-regulated, while the other 3 were positively associated with SCA in individuals with T2D without dyslipidaemia. We discovered several features significantly associated with SCA in individuals with T1D, but only one sterol could be partially annotated.

Conclusions
We revealed a significant disruption of lipid metabolism associated with SCA in subjects with T2D, and a larger SCA-associated disruption in former/current smokers with T2D and individuals with T2D who do not undergo lipid-lowering treatment.
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Research Insights
	Atherosclerosis progression is accelerated in individuals with diabetes. However, the underlying mechanisms behind this are not fully understood.

	Through an untargeted lipidomics approach, we investigated lipids associated with subclinical carotid atherosclerosis (SCA) in subjects with type 1 diabetes (T1D), type 2 diabetes (T2D) and those without diabetes.

	We found 27 lipids associated with SCA in individuals with T2D, including former/current smokers with T2D and those with T2D who do not take lipid-lowering treatment.

	All lipids associated with SCA except one were annotated exclusively in subjects with T2D, potentially explaining the poorer outcome of atherosclerosis in T2D. Similarly, we found a more disrupted lipid metabolism in former/current smokers with T2D and subjects with T2D who do not take lipid-lowering treatment.
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Abbreviations
	SCA
	Subclinical carotid atherosclerosis

	T1D
	Type 1 diabetes

	T2D
	Type 2 diabetes

	UHPLC-ESI–MS/MS
	Liquid chromatography–electrospray ionization tandem mass spectrometry

	CV
	Cardiovascular

	HDL
	High-density lipoprotein

	LDL
	High-density lipoprotein

	TG
	Triglycerides

	LC–MS
	Liquid chromatography–mass spectrometry

	DLP
	Dyslipidaemia

	BMI
	Body mass index

	HbA1c
	Glycated haemoglobin

	QC
	Quality control

	FDR
	False discovery rate

	sBP
	Systolic blood pressure

	dBP
	Diastolic blood pressure

	DM
	Diabetes mellitus

	ALT
	Alanine aminotransferase

	MS/MS
	Tandem mass spectrometry

	PC
	Phosphatidylcholines

	LPC
	Lysophosphatidylcholines

	PE
	Phosphatidylethanolamines

	LPE
	Lysophosphatidylethanolamines

	DG
	Diacylglycerols

	TG
	Triacylglycerols

	Cer
	Ceramides

	SM
	Sphingomyelins

	CerPE
	Ceramide-phosphoethanolamine

	CE
	Cholesterol esters

	CAD
	Coronary artery disease




Introduction
Atherosclerosis is the leading cause of cardiovascular (CV) disease worldwide, which in turn is the leading cause of death [1]. Diabetes is an important risk factor for CV disease. Both type 1 (T1D) and type 2 (T2D) diabetes are associated with accelerated atherosclerosis and a higher incidence of CV complications [2]. Although the risk of CV death is twofold higher in subjects with T2D [3], and 2 to 4 times greater in subjects with T1D [4], the underlying molecular mechanisms linking diabetes with accelerated atherosclerosis are not fully understood [2]. Furthermore, in a T2D population, the Framingham risk score has been shown to underestimate the CV risk [5], while the United Kingdom Prospective Diabetes Study score has been shown to overestimate the CV risk [6]. Moreover, subclinical carotid atherosclerosis (SCA) has a higher predictive power than that of classic CV risk factors and its inclusion in CV risk equations improves the performance of risk prediction [7].
Hyperglycaemia is a determining factor for the progression and severity of the atherogenic process. Intensive treatment to achieve near normoglycemia in T1D was shown to reduce the risk of any CV event by 42 percent [8]. In addition, atheroma plaques from subjects with diabetes have larger necrotic cores, and are more inflammatory and more vulnerable than similar size plaques from non-diabetic subjects [9], thereby contributing to an increase in the risk of future CV events [2, 9]. Higher levels of free fatty acids in coronary lesions in people with diabetes compared to those without diabetes have also been identified, which could potentially stimulate local plaque inflammation [10].
The relationship between smoking and the development of CV disease has been widely confirmed in epidemiologic studies [11]. Age, blood pressure, total cholesterol, HDL cholesterol, and body mass index have been established as sex-independent long-term predictors of an increase in intima media thickness, while in women only triglyceride levels are predictors, and in men only low physical activity and smoking are predictors [12], showing potential sex differences in the evolution of the disease. Moreover, in another work, we have shown how sex can shape lipid alterations in diabetes mellitus [13], demonstrating the importance of considering sex-specific differences in lipidomics.
Lipids are crucial for cell function and serve a great variety of functions [14]. Disorders in cell lipid composition have been related to atherosclerosis. Nonetheless, conventional lipid biomarkers (total cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL) and triglycerides (TG)) may not reflect the complex alteration of lipid metabolism in diabetes driving CV risk. Lipidomics provides a powerful novel platform for the discovery of new lipid biomarkers associated with CV disease [15]. Lipid species and classes have been found to be associated with T1D [13, 16] and T2D [13, 17], coronary heart disease [18], acute or stable arterial disease and incident CV events [19], hence, lipids could provide useful biomarkers to diagnose SCA.
In the present study, we performed a lipidomic analysis using Ultra High-Performance Liquid Chromatography–Mass Spectrometry (UHPLC-ESI–MS/MS) to examine specific lipid species associated with SCA presence and burden in a population of individuals with T1D, T2D, and without diabetes. Furthermore, using contrast analysis, we uncovered risk-specific lipidic patterns associated with SCA, such as smoking habit, hypertension, dyslipidaemia (DLP), and sex.

Methods
Participants
This cross-sectional study included 536 participants, 156 with T1D, 159 with T2D, and 221 without diabetes and matched by sex and body mass index (BMI). They were selected from the University Hospitals Arnau de Vilanova (Lleida, Spain), Germans Trias i Pujol (Badalona, Spain), Clinic (Barcelona, Spain), and the Primary Care Center Mollerussa (Lleida, Spain) from previous studies [20–23] (Additional File 1—Figure S1). The inclusion criteria for all groups were an age range of 20–85 years, absence of established chronic kidney disease (defined as calculated glomerular filtration rate < 60 mL/min and/or urine albumin/creatinine ratio > 299 mg/g), and absence of known clinical cardiovascular events or associated revascularization procedures, including coronary heart disease, cerebrovascular disease, or peripheral vascular disease (including the diagnosis of diabetic foot disease).
Age, sex, tobacco exposure, and pharmacological treatment were recorded. Subjects were considered to have hypertension or dyslipidaemia if they were under anti-hypertensive or lipid-lowering treatment, respectively. Diabetes duration was extracted from the medical records. Anthropometric data, weight, height, waist circumference, and blood pressure were obtained using standard methods. The standard biochemical analysis included glucose and glycated haemoglobin (HbA1c), lipid profile, and estimated glomerular filtration rate calculated according to the Chronic Kidney Disease Epidemiology Collaboration equation [24].
Blood samples were collected in the fasting state, and blood tests were performed using standard laboratory methods [21]. Urine tests were performed in subjects with diabetes following standard laboratory methods. The American Diabetes Association criteria (HbAc1 < 6.5% or fasting plasma glucose < 126 mg/dL) [25] was used to classify subjects without diabetes. Blood samples for the lipidomic analyses were collected in the fasting state with EDTA tubes, processed immediately after extraction, and stored at − 80 °C at the biobanks of the participant centres until determination.
From the 536 samples, 23 were discarded due to technical problems, thus 513 participants including 151 with T1D, 155 with T2D, and 207 without diabetes were used for the analysis.

Ethics statement
Protocols of this study were approved by the local ethics committees of the University Hospital Germans Trias i Pujol (PI-15-147), which followed the Declaration of Helsinki. All participants provided written informed consent.

Subclinical carotid atherosclerosis ascertainment
High-resolution B-mode carotid artery ultrasonography was performed using a LOGIQ® E9 (General Electric, Wauwatosa, WI 53226, USA) equipped with a 15-MHz linear array probe or a Sequoia 512 (Siemens, North Rhine, Westphalia, Germany) equipped with a 15-MHz linear array probe used to explore the common and internal carotid territories and the bifurcation from the left and right carotid arteries. A standardized protocol to evaluate the presence of carotid plaques by ultrasound has been previously described [21]. Briefly, the presence of carotid plaques was defined according to the Mannheim consensus as follows: a focal structure that encroaches into the arterial lumen of at least 0.5 mm or 50% of the surrounding carotid intima-media thickness value or demonstrates a thickness of 1.5 mm, as measured from the media-adventitia interference to the intima-lumen surface [26].

Sample preparation
Samples were randomly assigned to one of 6 batches. The sample order within each batch was randomized before sample preparation to reduce the impact of technical factors, and then again prior to measurement of the lipid profile by UHPLC-ESI–MS/MS. All serum samples were thawed on ice, and 50 µL aliquots were taken from each sample to form a pooled quality control (QC) sample that represented all samples included in the study. The pooled QC was vortexed, further aliquoted (50 µL), and stored at − 80 °C until the analysis of each of the 6 batches of QC samples. Lipid extraction involved combining 50 µL of the biological sample or QC with 150 µL of isopropanol (LC–MS grade), vortexed for 20 s, and centrifuged at 22,000 g for 20 min at 4 °C. 120 µL of the supernatant was transferred to a low recovery vial and transferred to the LC sample manager at 4 °C.

Ultra-high-performance liquid chromatography–mass spectrometry
Samples were kept at 4 °C and analysed using UHPLC–MS methods with a Dionex UltiMate 3000 Rapid Separation LC system (Thermo Fisher Scientific, MA, USA) coupled with a heated electrospray Q Exactive Focus mass spectrometer (Thermo Fisher Scientific, MA, USA). Non-polar extracts were analysed on a Hypersil GOLD column (100 × 2.1 mm, 1.9 µm; Thermo Fisher Scientific, MA, USA).
Mobile phase A was a solution containing 10 mM ammonium formate and 0.1% formic acid in 60% acetonitrile/water, while mobile phase B was composed of 10 mM ammonium formate and 0.1% formic acid in 90% propan-2-ol and water. The flow rate was maintained at 0.40 mL/min with the following gradient profile: t = 0.0, 20% B; t = 0.5, 20% B; t = 8.5, 100% B; t = 9.5, 100% B; t = 11.5, 20% B; t = 14.0, 20% B. All changes occurred linearly with curve = 5. The column temperature was set to 55 °C, and the injection volume was 2μL. Data acquisition was conducted separately in positive and negative ionization modes within the mass range of 150–2000 m/z at a resolution of 70,000 (FWHM at m/z 200). Ion source parameters were: sheath gas = 50 arbitrary units, Aux gas = 13 arbitrary units, sweep gas 3 arbitrary units, spray voltage 3.5 kV (positive ion mode) and 3.1 kV (negative ion mode), Capillary temp = 263 °C, and Aux gas heater = 425 °C. Data dependent MS2 in ‘Discover mode’ was applied for the MS/MS spectral acquisition with the following configuration: resolution at 17,500 (FWHM at m/z 200), isolation width 3.0 m/z, stepped normalized collision energy at 20, 50 and 80%. Spectra were acquired at three mass ranges: 200–400 m/z, 400–700 m/z and 700–1500 m/z on the pooled QC samples. Thermo ExactiveTune (2.8 SP1 build 2806) software was used to control the instrument in both cases, with data acquired in profile mode.
At the beginning of each run, QC samples were obtained using both profile and dependent scan modes (i.e., 7 QCs MS1 only, 3 QCs with MS2). Then, every seventh injection included two QC samples at the end of the analytical batch. Preparation blank samples were analysed between the 5th and 6th QCs and at the conclusion of the analytical batch.

Mass spectrometry raw data processing
The raw data obtained in each analytical batch underwent conversion from the instrument-specific format to the mzML file format utilizing the open-access ProteoWizard (version 3.0.11417) msconvert tool [27]. Deconvolution was conducted using the R package XCMS (version 1.46.0) [28], within the Galaxy workflow environment. To optimize XCMS peak picking parameters, Isotopologue Parameter Optimization (IPO—version 1.0.0) was employed [29]. Subsequently, a data matrix containing metabolite features (m/z-retention time pairs) versus samples was generated, with peak areas provided.

Assessment of data quality and peak matrix filtering
The initial five quality control samples in each batch were utilized to stabilize the analytical system and consequently were excluded before data processing and analysis. Data matrices underwent correction for run-order drift in intensity for each lipid feature individually using the Quality Control-Robust Spline Correction algorithm [30] using the sbcms [31] R package. Principal Component Analysis was employed to detect and eliminate suspected outlier samples (identified through PCs 1 and 2, Hotelling T2 p < 0.05) within each batch, ensuring reliable correction. At the beginning and end of each run, blank samples were employed to eliminate features originating from non-biological sources. Any feature exhibiting an average intensity across QC samples less than 20 times the average intensity of the blank samples was subsequently excluded. Any sample with > 20% missing values was excluded from further analysis. Metabolite features with a relative standard deviation of the QC samples > 30% and present in less than 90% of the QC samples were deleted from the dataset. Features with a < 50% detection rate over all samples were also removed. No imputation was performed on missing values.

Statistical analysis
For the clinical data of participants, continuous variables were summarised as mean (standard deviation), and categorical data as frequency (percentage) using the compareGroups R package [32].
Prior to the statistical analysis, Probabilistic Quotient Normalization [33], using the mean of the QC samples as a reference, was applied. The natural logarithm of the metabolite features was computed to reduce skewness and the data were scaled and centred.
Multiple linear regression models were used to assess the association of each metabolite feature with the presence of SCA and the number of atherosclerotic plaques (SCA burden) in subjects with T1D, T2D, and those without diabetes separately. All models were adjusted for sample origin and classical atherosclerotic and diabetic risk factors, including sex, age, hypertension, dyslipidaemia, BMI, waist circumference, smoking habit, HbA1c, and glucose. Diabetes duration was included in the T1D and T2D models, while antiplatelet and alanine aminotransferase levels, were considered in the T1D model due to their significant association with SCA in this population. Total triglycerides were excluded to prevent masking relevant lipid-related signals. False Discovery Rate (FDR) was controlled using the R package qvalue [34] (q < 0.05).
In addition, a contrast analysis incorporating interaction terms was implemented to determine lipids significantly associated with presence and burden of SCA within risk groups, defined by five categorical variables (smoking habit, hypertension, dyslipidaemia and antiplatelet use) significantly associated with SCA in our study population, as well as sex.
Individuals with any type of diabetes were analysed together. Models were adjusted for sample origin, sex, age, hypertension, dyslipidaemia, BMI, waist circumference, smoking habit, HbA1c, and glucose. Diabetes duration was included when analysing individuals with diabetes, as well as antiplatelet use and alanine aminotransferase levels. Again, total TG were excluded to prevent masking relevant lipid-related signals.
FDR was controlled using the R package q-value. In the Methods section of the Supporting Information, a detailed explanation of the steps implemented in the contrast analysis is provided, as well as a detailed description of the analyses performed in Table S1 (Additional File 1).
Significant features containing tandem mass spectrometry (MS/MS) data were manually annotated.


Results
Clinical and biological characteristics
Clinical and anthropometrical characteristics of the study groups according to the presence of SCA are shown in Table 1. Briefly, subjects with SCA were older, and had high systolic blood pressure in the three groups (T1D, T2D, and non-diabetic controls). Further, subjects with T1D and SCA exhibited higher levels of triglycerides and alanine aminotransferase, and lower levels of HDL cholesterol than subjects with T1D without SCA. Moreover, higher proportions had tobacco exposure and had received antiplatelet treatment than their counterparts without SCA.Table 1Clinical characteristics of individuals with type 1 diabetes (T1D), type 2 diabetes (T2D), and without diabetes (Control) by the presence of subclinical carotid atherosclerosis


	 	Control
	T1D
	T2D

	No plaque
	Plaque
	P-value
	No plaque
	Plaque
	P-value
	No plaque
	Plaque
	P-value

	N = 110
	N = 97
	N = 78
	N = 73
	N = 78
	N = 77

	Sex (Men)
	56 (50.9%)
	58 (59.8%)
	0.253
	38 (48.7%)
	42 (57.5%)
	0.357
	40 (51.3%)
	46 (59.7%)
	0.369

	Age (Years)
	52.4 (11.9)
	57.4 (11.8)
	0.003
	44.8 (6.78)
	52.8 (9.56)
	 < 0.001
	56.5 (9.05)
	62.1 (8.52)
	 < 0.001

	BMI (kg/m2)
	26.3 (3.88)
	27.0 (4.05)
	0.203
	25.7 (4.09)
	26.6 (3.88)
	0.2
	31.5 (5.58)
	31.1 (5.37)
	0.645

	Waist (cm)
	95.1 (11.9)
	97.5 (11.4)
	0.145
	89.0 (11.7)
	91.9 (12.4)
	0.146
	105 (12.3)
	105 (13.4)
	0.901

	Former/Current Smoker
	47 (42.7%)
	52 (53.6%)
	0.154
	32 (41.0%)
	49 (67.1%)
	0.002
	29 (37.2%)
	38 (49.4%)
	0.172

	sBP (mmHg)
	122 (14.9)
	128 (14.8)
	0.004
	127 (17.3)
	134 (17.2)
	0.011
	134 (18.7)
	140 (17.0)
	0.03

	dBP (mmHg)
	77.1 (9.46)
	78.9 (9.32)
	0.184
	74.5 (10.1)
	73.3 (10.7)
	0.49
	79.9 (11.3)
	79.1 (9.95)
	0.664

	Hypertension (Yes)
	14 (12.7%)
	35 (36.1%)
	 < 0.001
	10 (12.8%)
	42 (57.5%)
	 < 0.001
	37 (47.4%)
	52 (67.5%)
	0.018

	Dyslipidaemia (Yes)
	30 (27.3%)
	35 (36.1%)
	0.225
	30 (38.5%)
	53 (72.6%)
	 < 0.001
	38 (48.7%)
	42 (54.5%)
	0.572

	Antiplatelet (Yes)
	–
	–
	–
	17 (21.8%)
	35 (47.9%)
	0.001
	19 (24.4%)
	24 (31.2%)
	0.443

	HbA1c (%)
	5.45 (0.33)
	5.49 (0.40)
	0.382
	7.53 (0.80)
	7.65 (1.00)
	0.413
	7.78 (1.57)
	7.65 (1.79)
	0.625

	HbA1c IFCC
	36.1 (3.76)
	36.6 (4.47)
	0.428
	58.8 (8.71)
	60.2 (10.9)
	0.406
	61.5 (17.1)
	60.1 (19.6)
	0.627

	Triglycerides (mg/dL)
	113 (53.0)
	109 (50.1)
	0.575
	68.5 (28.3)
	86.4 (54.8)
	0.014
	136 (80.1)
	149 (84.6)
	0.303

	Total cholesterol (mg/dL)
	205 (35.4)
	210 (32.3)
	0.298
	184 (26.4)
	178 (31.8)
	0.233
	185 (38.7)
	187 (44.2)
	0.777

	HDL cholesterol (mg/dL)
	57.7 (13.0)
	57.9 (14.5)
	0.907
	66.2 (17.1)
	61.5 (15.4)
	0.075
	49.1 (13.1)
	49.2 (13.1)
	0.979

	LDL cholesterol (mg/dL)
	125 (30.1)
	131 (29.6)
	0.185
	104 (20.8)
	101 (27.8)
	0.461
	110 (33.3)
	109 (36.4)
	0.86

	DM duration (years)
	–
	–
	–
	22.8 (9.77)
	24.5 (11.7)
	0.331
	6.10 (7.05)
	6.68 (8.14)
	0.637

	Retinopathy (Yes)
	–
	–
	–
	32 (41.6%)
	41 (56.9%)
	0.087
	20 (29.4%)
	28 (39.4%)
	0.287

	ALT
	22.2 (14.8)
	21.5 (19.3)
	0.792
	18.8 (8.86)
	22.8 (10.5)
	0.012
	32.6 (23.8)
	28.9 (14.1)
	0.247


Plaque and No plaque columns indicate the individuals with and without atherosclerotic plaques, respectively. The P-value column shows the significance of the association between each clinical variable and the presence of plaque. Statistically significant values are highlighted in bold. BMI, body mass index; sBP, systolic blood pressure; dBP, diastolic blood pressure; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein; DM, diabetes mellitus; ALT, alanine aminotransferase levels




Lipids associated with subclinical carotid atherosclerosis presence and burden
Untargeted LC–MS was performed using 513 serum samples (151 T1D, 155 T2D, and 207 controls). The lipidomic study detected 6015 and 3264 LC–MS features in positive and negative acquisition modes. From which 980 were annotated with LipidSearch in positive acquisition mode and 208 in negative mode. After filtering, 5397 and 3098 features remained in positive and negative modes, respectively.
Tables S2 and S3 summarise the relative abundance of lipids annotated using LipidSearch for positive and negative ionization modes, respectively. The mean (standard deviation) lipid abundances are provided for the overall population, as well as for individuals without diabetes, and those with T1D and T2D.
From the remaining features, 68 were significantly associated with SCA burden in subjects with T1D, 26 with SCA presence in subjects with T2D, and 2 with SCA burden in subjects without diabetes.
Regarding the interaction analyses, in smokers with T1D and T2D, 20 and 181 unique features, respectively, were significantly associated with the presence and burden of SCA. In subjects with T1D without hypertension, 8 features were significantly associated with SCA, while only 1 was significant in those with hypertension. In subjects without dyslipidaemia, 16 and 55 unique features were significantly associated with the presence or burden of SCA in T1D and T2D, respectively, whereas in individuals with dyslipidaemia, only 1 feature was significantly associated with SCA in T1D. In subjects with T1D who did not take antiplatelet agents, 33 features were significantly associated with SCA, while only 1 feature was significant in those taking antiplatelet drugs. Regarding sex, 1 and 6 SCA-associated features were found in men with T1D and T2D, respectively, while 34 and 4 were found in women with T1D and T2D, respectively. In subjects without diabetes, 3 features were significantly associated with SCA in smokers and 4 in subjects with hypertension.
A total of 27 unique lipid species belonging to glycerophospholipid, glycerolipid, sphingolipid and sterol lipid families were annotated from the SCA-associated features (Tables 2 and 3). The most altered lipidic family was glycerophospholipids, representing 58.97% of the significant lipid species. From these, phosphatidylcholines (PC) were the main class, accounting for 65.22%, followed by lysophosphatidylcholines (LPC, 17.39%), phosphatidylethanolamines (PE, 8.70%) and lysophosphatidylethanolamines (LPE, 8.70%). Glycerolipids represented 20.51% of the significant lipids, diacylglycerols (DG) 62.5%, and triacylglycerols (TG) 37.5%. Sphingolipids represented 12.82%, from which ceramides (Cer) represented 60% and sphingomyelins (SM) and ceramide-phosphoethanolamine (CerPE) represented both 20%. Sterol lipids (7.69%) were the least represented lipidic family, with two cholesterol esters (CE) and one sterol lipid with chemical formula C29H50O.Table 2Lipids significantly associated with SCA presence. All lipids were manually annotated using MS/MS data


	mz
	rt
	Lipids
	q-value
	Beta
	n
	Analysis

	1289.1869
	597.06
	Dimer(CE(18:2):CE(16:1)) + NH4
	0.037; 0.048
	0.84 [0.45,1.23]; 0.68 [0.34,1.03]
	285; 144
	T2D no DLP; T2D

	502.2925
	107.44
	LPE(O-20:5);(O) + H
	0.036
	0.81 [0.39,1.24]
	285
	Smokers with T2D

	504.3084
	130.8
	LPE(20:3) + H
	0.033
	0.88 [0.44,1.31]
	282
	Smokers with T2D

	524.2746
	107.19
	PE(20:4) + Na
	0.036
	0.82 [0.38,1.26]
	285
	Smokers with T2D

	572.3709
	153.57
	LPC(22:4) + H
	0.033
	0.79 [0.42,1.17]
	285
	Smokers with T2D

	578.5869
	517.93
	Mix Cer(38:1);
O − main Cer(m18:1/20:0) + H
	0.042
	0.59 [0.27,0.92]
	264
	Smokers with T2D

	601.5185
	601.59
	DG(18:1_18:2) − H2O + H
	0.048
	− 0.69 [− 1.06,− 0.32]
	139
	T2D

	640.6023
	596.54
	CE(16:1) + NH4
	0.036; 0.044; 0.037
	0.8 [0.38,1.22]; 0.74 [0.38,1.1]; 0.92 [0.51,1.33]
	244; 135; 244
	Smokers with T2D; T2D; T2D no DLP

	732.5531
	459.75
	PC(32:1) + H
	0.036
	0.72 [0.33,1.1]
	285
	Smokers with T2D

	748.5472
	427.64
	PC(32:1);O + H
	0.036
	0.79 [0.39,1.19]
	285
	Smokers with T2D

	820.5834
	461.35
	PC(39:6) + H
	0.046
	− 0.75 [− 1.16,− 0.33]
	285
	Smokers with T2D

	838.6313
	499.04
	PC(40:4) + H
	0.033
	0.84 [0.43,1.26]
	285
	Smokers with T2D

	846.5993
	428.71
	PC(41:7) + H
	0.036
	− 0.89 [− 1.34,− 0.44]
	259
	Smokers with T2D

	866.6634
	514.92
	PC(42:4) + H
	0.033
	0.85 [0.43,1.27]
	279
	Smokers with T2D

	884.7695
	587.96
	TG(18:2_17:1_18:2) + NH4
	0.038
	− 0.8 [− 1.24,− 0.37]
	285
	Smokers with T2D

	886.7851
	597.06
	TG(18:2_18:2_17:0) + NH4
	0.048; 0.048
	− 0.67 [− 1.02,− 0.31]; − 0.78 [− 1.22,− 0.34]
	144; 285
	T2D; Smokers with T2D

	886.7851
	597.06
	TG(18:2_18:1_17:1) + NH4
	0.048; 0.048
	− 0.67 [− 1.02,− 0.31]; − 0.78 [− 1.22,− 0.34]
	144; 285
	T2D; Smokers with T2D


m/z, mass-to-charge ratio value; rt, retention time; q-value, list of corrected p-values for each analysis where the lipid is considered to be significant, the p-values are obtained from the student’s t-tests performed in linear models; Beta, list of linear regressors for each significant analysis with their 95% confidence interval between brackets; n, number of observations in each model; Analysis, analysis where the lipid is considered significant (subjects with T2D—T2D, subjects with T2D without dyslipidemia—T2D no DLP, and smokers with T2D—Smokers with T2D). All lipids were acquired in positive acquisition mode


Table 3Lipids significantly associated with SCA burden. All lipids were manually annotated using MS/MS data


	mz
	rt
	Lipids
	q-value
	Beta
	n
	Analysis

	1289.1869
	597.06
	Dimer(CE(18:2):CE(16:1)) + NH4
	0.021
	0.4 [0.22,0.57]
	285
	T2D no DLP

	494.324
	88.44
	LPC(16:1) + H
	0.047
	0.35 [0.16,0.54]
	281
	T2D no DLP

	494.3241
	98.07
	LPC(O-16:2);O + H
	0.048
	0.34 [0.15,0.52]
	285
	T2D no DLP

	504.3084
	130.8
	LPE(20:3) + H
	0.03
	0.43 [0.22,0.64]
	282
	Smokers with T2D

	570.3558
	131.32
	LPC(22:5) + H
	0.046; 0.047
	0.38 [0.17,0.58]; 0.34 [0.15,0.53]
	245
	Smokers with T2D; T2D no DLP

	572.3709
	153.57
	LPC(22:4) + H
	0.041
	0.35 [0.17,0.54]
	285
	Smokers with T2D

	577.5182
	514.69
	DG(18:1_16:0)-H2O + H
	0.047
	0.3 [0.14,0.47]
	285
	T2D no DLP

	578.5869
	517.93
	Mix Cer(38:1);O − main Cer(m18:1/20:0) + H
	0.049; 0.047
	0.25 [0.11,0.39]; 0.29 [0.13,0.45]
	264
	T2D no DLP; Smokers with T2D

	608.5246
	479.45
	DG(16:1_18:2_0:0) + NH4
	0.047
	0.28 [0.13,0.44]
	285
	T2D no DLP

	612.556
	515.31
	DG(18:1_16:0_0:0) + NH4
	0.047
	0.29 [0.13,0.46]
	285
	T2D no DLP

	621.5448
	516.82
	DG(18:1_18:1) + H
	0.047
	0.31 [0.14,0.47]
	270
	T2D no DLP

	640.6023
	596.54
	CE(16:1) + NH4
	0.03; 0.013
	0.42 [0.21,0.63]; 0.44 [0.26,0.63]
	244
	Smokers with T2D; T2D no DLP

	648.6288
	539.32
	Cer(d18:1/24:1) + H
	0.047
	0.31 [0.14,0.48]
	285
	T2D no DLP

	732.5531
	459.75
	PC(32:1) + H
	0.042
	0.35 [0.17,0.54]
	285
	Smokers with T2D

	828.6096
	480.61
	PC(38:3);O + H
	0.041
	− 0.41 [− 0.62,− 0.19]
	285
	Smokers with T2D

	838.6313
	499.04
	PC(40:4) + H
	0.01; 0.047
	0.48 [0.28,0.68]; 0.33 [0.15,0.51]
	285
	Smokers with T2D; T2D no DLP

	846.5993
	428.71
	PC(41:7) + H
	0.01; 0.047
	− 0.5 [− 0.72,− 0.28]; − 0.35 [− 0.54,− 0.16]
	259
	Smokers with T2D; T2D no DLP

	866.6634
	514.92
	PC(42:4) + H
	0.022
	0.44 [0.23,0.64]
	279
	Smokers with T2D

	397.3826
	607.15
	Sterol lipid − C29H50O
	0.044
	− 0.37 [− 0.56, − 0.17]
	142
	T1D

	768.556
	496.59
	PE(18:0_20:3)-H
	0.048
	0.3 [0.12,0.49]
	269
	Smokers with T2D

	776.5454
	461.5
	Mix PC (32:1) − PC(16:1_16:0) + HCOO– & PC(18:1/14:0) + HCOO–
	0.018
	0.39 [0.2,0.59]
	269
	Smokers with T2D

	778.5611
	482.89
	PC(16:0/16:0) + HCOO–
	0.032
	0.39 [0.17,0.6]
	269
	Smokers with T2D

	802.5609
	465.5
	Mix PC(34:2) − PC(18:2_16:0) + HCOO– & PC(18:1_16:1) + HCOO–
	0.049
	0.34 [0.12,0.55]
	269
	Smokers with T2D

	804.5765
	484.96
	PC(18:1_16:0) + HCOO–
	0.048
	0.36 [0.14,0.57]
	269
	Smokers with T2D

	807.586
	484.96
	CerPE(39:1;O4) + HCOO-
	0.048
	0.36 [0.14,0.57]
	269
	Smokers with T2D

	815.6307
	497.13
	SM(d18:1/21:1) + HCOO–
	0.049
	− 0.3 [− 0.49,− 0.11]
	269
	Smokers with T2D

	836.5458
	439.16
	PC(15:0_22:6) + HCOO-
	0.05
	− 0.33 [− 0.55,− 0.12]
	267
	Smokers with T2D

	856.608
	494.63
	Mix PC(38:3) − main PC(18:2_20:1) + HCOO– & PC(18:1_20:2) + HCOO–
	0.049
	0.29 [0.11,0.47]
	269
	Smokers with T2D

	882.624
	500.35
	PC(22:4_18:0) + HCOO–
	0.049
	0.36 [0.14,0.58]
	269
	Smokers with T2D


m/z, mass-to-charge ratio value; rt, retention time; q-value, list of corrected p-values for each analysis where the lipid is considered to be significant, the p-values are obtained from the student’s t-tests performed in linear models; Beta, list of linear regressors for each significant analysis with their 95% confidence interval between brackets; n, number of observations in each model; Analysis, analysis where the lipid is considered significant (subjects with T1D–T1D, subjects with T2D–T2D, subjects with T2D without dyslipidemia—T2D no DLP, and smokers with T2D—Smokers with T2D). All lipids were acquired in positive acquisition mode except the ones with the adduct [M + HCOO–]



When analysing SCA presence and SCA burden, the general trends observed in lipid class associations remained consistent in individuals with T2D. PEs, PCs, LPEs, LPCs, ceramides and CEs were positively associated with SCA in multiple sub-analyses.
Conversely, polyunsaturated TGs and PCs enriched in highly polyunsaturated fatty acids, specifically PC(41:7), PC(39:6) and PC(15:0_22:6), were negatively associated with SCA across several groups. In individuals with T2D, DG(18:1_18:2) was negatively associated with the presence of plaque, however, a set of three DGs were significantly increased in individuals with SCA and without dyslipidaemia. In smokers with T2D, SM(d18:1/22:6) was negatively associated with SCA burden.
A dimer of CE(16:1) and CE(18:2), as well as CE(16:1) alone, was significantly increased in individuals with T2D and in individuals with T2D and without dyslipidaemia.
In individuals with T1D, several features were significantly associated with SCA burden across the analysed sub-groups; however, only one could be partially annotated. A sterol with the formula C29H50O obtained a q-value of 0.047 and a linear regressor of − 0.37.
Detailed data supporting these findings is provided in Tables 2 and 3 and Fig. 1.[image: ]
Fig. 1Bar plot of the linear regressors of lipids associated with SCA in six analyses. From left to right, the columns show lipids associated with: the burden of SCA in subjects with T1D, the presence of SCA in subjects with T2D, the presence of SCA in smokers with T2D, the presence of SCA in subjects with T2D and without dyslipidaemia, the burden of SCA in smokers with T2D and the burden of SCA in subjects with T2D and without dyslipidaemia. Colours differentiate lipid classes. Darker bars with the linear regressor value in white indicate significance. TG, triacylglycerol; SM, sphingomyelin; PE, phosphatidylethanolamine, PC, phosphatidylcholine; LPE, lysophosphatidylethanolamine; LPC, lysophosphatidylcholine, DG, diacylglycerol; CerPE, ceramide-phosphoethanolamine; Cer, ceramide; CE, cholesterol ester. Mix indicates an LC–MS feature that includes multiple lipid species with the same sum composition notation. For example, Mix PC(38:3) represents PC species containing a total of 38 carbon atoms and 3 double bonds


The lipids significantly associated with the presence/burden of SCA in subjects with T1D, T2D, in former/current smokers with T2D and individuals with T2D and without dyslipidaemia are shown in Fig. 1.
Figure 2 shows a boxplot of the log-transformed intensity of each lipid significantly associated with SCA presence in former/current smokers with T2D and individuals with T2D and without dyslipidaemia.[image: ]
Fig. 2Boxplots of the scaled and centred log-transformed intensity of each lipid significantly associated with the presence of SCA in smokers with T2D and in individuals with T2D without dyslipidaemia. All lipids shown correspond to LC–MS features acquired in positive ionization mode. The first 14 plots correspond to the smoking habit comparison, while the last 2 represent the dyslipidaemia comparison. Each plot title displays the lipid name and the number of observations. The x-axis labels indicate the sub-group of individuals analysed. The q-values for each comparison are displayed at the top of the plots. CE, cholesterol esters; Cer, ceramides; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; TG, triacylglycerols. Mix indicates an LC–MS feature that includes multiple lipid species with the same sum composition notation




Discussion
We measured serum lipid species in T1D, T2D, and subjects without diabetes with and without SCA. We found evidence that several lipids are related to the presence and burden of SCA in T2D, especially in former/current smokers and individuals without lipid-lowering treatment (without dyslipidaemia). To the best of our knowledge, this is the first lipidome–wide association study focused on determining associations between lipid species and SCA through an untargeted lipidomic serum profiling in a population composed of T1D, T2D, and subjects without diabetes and determining risk factor-specific differences.
Our work revealed lipid metabolism disruption in subjects with SCA. The analyses showed LC–MS features associated with the presence and burden of SCA in individuals with T1D and without diabetes. However, the majority of features that could be annotated were associated with SCA in subjects with T2D. These results might be linked with the accelerated progression of atherosclerotic lesions in diabetes, as well as the presence of larger necrotic cores in advanced atherosclerotic lesions of subjects with diabetes compared to subjects without diabetes [2].
In individuals with T1D, several features were significantly associated with SCA, but only one could be partially annotated as a sterol lipid with the formula C29H50O. This lipid was significantly reduced in individuals with SCA. However, due to the partial annotation, no conclusions can be drawn regarding its role in SCA and T1D. The lack of annotated lipids in the analysis of individuals with T1D may suggest a more favourable lipidomic profile associated with SCA in T1D compared to T2D, at least within our population. However, this contrasts with previous literature, as mentioned earlier [4]. Another possible explanation is the greater heterogeneity of our T1D population, as shown in Table 1. This could lead to increased variability in the confounding factors included in the models, amplifying their effects and potentially masking lipid signals associated with SCA.
Another finding of this study is the significant disruption of lipid metabolism associated with SCA in former/current smokers compared with non-smokers and in individuals without dyslipidaemia, as evidenced by the higher number of significant LC–MS features in these sub-groups in T1D and T2D (Additional File 1—Table S4). The lipids reported in this work may have biological implications in the underlying mechanisms behind the association between SCA and smoking habit [35, 36]. On the other hand, T2D is associated with dyslipidaemia, especially atherogenic dyslipidaemia. It is well known that these lipoprotein abnormalities are leading to an increased risk of CV disease [37]. Therefore, although in the current study we cannot relate the lipidomic alterations to specific lipoprotein abnormalities in T2D subjects, it is conceivable that, at least in part, some lipidomic features found in our study are originally part of the lipoprotein profile of T2D. In relation to this, lipid-lowering treatment has been shown to improve coronary artery disease [37]. In this study, dyslipidaemia is defined as the use of lipid-lowering treatment. Therefore, the lipid alterations associated with SCA in individuals without dyslipidaemia, compared to those with dyslipidaemia, may explain the beneficial effect of these treatments on SCA.
On the other hand, regarding sex-specific differences, Table S4 (Additional File 1) shows a more significant disruption of lipid metabolism associated with SCA in women with T1D than in their male counterparts. In contrast, in subjects with T2D, 5 features were significantly associated with SCA only in men. Although none of these features could be annotated, PC(42:4) and TG(18:2_17:1_18:2) had q-values of 0.051 in the analysis for men, while their q-values were 0.47 and 0.52, respectively, in women. PC(42:4) was positively associated with SCA in men with T2D, whereas TG(18:2_17:1_18:2) showed a negative association. The trends observed for these lipids were consistent across other subgroups, which may suggest a worse lipidomic profile associates to SCA in men with T2D compared to women with T2D. The role of sex in lipid metabolism and diabetes has been already shown in our previous work [13]. Further, it should be pointed out that other studies have demonstrated differences between men and women, with less plaque rupture and necrotic core in atherosclerosis in the latter [38]. The lipids identified in this study may help explain some of these phenomena.
Glycerophospholipids
Glycerophospholipids were the main altered lipidic family, with a high representation of phosphatidylcholines (PC), of which fourteen were associated with SCA in at least one of the analyses performed. We have found a general SCA-associated increase in PC species. It has been shown that increasing PC synthesis constitutes an adaptive response to the accumulation of free cholesterol in macrophages in atherosclerotic lesions. This response prevents a toxic free-cholesterol:phospholipid ratio, delaying macrophage death [39]. Additionally, macrophage necrosis increases the risk of plaque rupture, potentially leading to thrombosis-related cardiovascular events [40]. Since we included subjects without previous CV events, it is tempting to speculate that the characteristic metabolic patterns revealed in this study are indicative of the initial stages of atherosclerosis. In agreement with our findings, PC(32:0) has been previously associated with an increased risk of cardiovascular events [41] and coronary artery disease (CAD) mortality [42], while PC(32:1), with total mortality [42] and CV disease risk [19]. Moreover, PC(40:4) and PC(32:1) have been previously reported to be associated with smoking habits in men and women, respectively, with the authors discussing a possible link between smoking, these PCs, and the pathogenesis and prognosis of CV disease [43]. PC(34:1) and PC(34:2) have also been positively associated with CAD and total mortality [42], which agrees with our findings. On the other hand, several highly polyunsaturated PCs, such as PC(40:7) or PC(38:3), have been negatively associated with total mortality and CAD [42], which concurs with our findings since PC(41:7), PC(39:6), PC(15:0_22:6) and PC(38:3);O have been linked to the absence of SCA. Additionally, PCs containing long-chain polyunsaturated fatty acids were consistently elevated in surviving heart failure patients. PC(37:6) was one of the PCs significantly associated with heart failure survival [44].
Lysophosphatidylcholines (LPC) are generally involved in several proatherogenic mechanisms, such as endothelial dysfunction or macrophage proliferation. We have shown a positive association of LPC(22:4) with SCA presence and burden and LPC(22:5) with SCA burden in former/current smokers with T2D and individuals with T2D and without dyslipidaemia. Specifically, LPC(22:4) contains adrenic acid, which aggravates inflammation, and it has been positively associated with the initial stages of the development of atherosclerotic lesions in WHHLMI rabbits [45]. Additionally, LPC(22:5) has been linked to age in ApoE−/− mice and has been identified as a human atherosclerotic tissue marker [46]. We also found a positive association between LPC(O-16:2);O and LPC(16:1) and SCA in individuals with T2D who are not undergoing lipid-lowering treatment. A study demonstrated an increase in LPC(16:1) and other phospholipids in monocytes overexpressing long-chain fatty acyl-CoA synthetase 1 (ACSL1). ACSL1 is upregulated in both hyperlipidaemia and acute myocardial infarction. This research emphasized the role of ACSL1 in linking hyperlipidaemia to myocardial ischemia–reperfusion injury, particularly through phospholipids like LPC(16:1). They linked these findings with previous research showing that these phospholipids contribute to pathological processes associated with thrombosis [47]. Our findings align with these observations and may suggest a more favourable SCA-associated lipid profile in individuals receiving lipid-lowering treatment.
In the present study, two lysophosphatidylethanolamines (LPE) were positively associated with SCA in former/current smokers with T2D. LPE(20:3) was increased in mice developing atherosclerosis due to hepatic Plpp3 deletion [48]. To our knowledge, LPE(O-20:5);O, has not been previously associated with atherosclerosis. However, LPE(O-20:5);O, together with PC(32:1);O and LPC(O-16:2);O are glycerophospholipids containing an hydroxy fatty acid. The increase of hydroxy fatty acids has been previously associated with LDL oxidation stage, age [49], and atherosclerosis [50], which could explain the increase of these lipids in the population under study. In addition, two phosphoethanolamines (PE), PE(20:4) and PE(18:0_20:3), were positively associated with the presence and burden of SCA, respectively, in former/current smokers with T2D. PE(38:3) has previously been found to be significantly increased in HDL particles of patients with acute coronary syndrome compared to those with stable coronary artery disease [51]; this is in line with our findings. However, as far as we know, this is the first study reporting a significant association between PE(20:4) and SCA or other cardiovascular-related conditions.

Glycerolipids
Glycerolipids were also significantly modified, with diacylglycerols (DG) being the most altered class. We found DG(18:1_18:2) to be significantly reduced in subjects with SCA and T2D. Additionally, two polyunsaturated triacylglycerols (TG), TG(18:2_18:2_17:0) and TG(18:2_17:1_18:2), were negatively associated with the presence of SCA in subjects with T2D and smokers with T2D. Species of glycerolipids, such as the TGs and DGs containing 18:2 fatty acids, have been linked to a reduced risk of CV death [41]. Long-chain polyunsaturated fatty acids have also been previously associated with a protective effect in CV disease [42]. Furthermore, some studies have suggested that a reduction in Stearoyl Coenzyme Desaturase-1 (SCD-1) activity, which is responsible for the unsaturation of palmitate (16:0) and stearate (18:0), may contribute to atherosclerosis [42, 52]. This evidence could explain the observed reduction of TGs and DGs containing palmitoleate (16:1n-7), oleate (18:1n-9), and long polyunsaturated fatty acids in our study. However, we also found DG(18:1_18:1), DG(16:1_18:2), and DG(18:1_16:0) to be positively associated with SCA burden in individuals not undergoing lipid-lowering treatment, which could contradict the previous hypotheses. Therefore, further research is needed to clarify the role of DG species in SCA among individuals with T2D undergoing lipid-lowering treatment.

Sphingolipids
Regarding sphingolipids, we found that one sphingomyelin (SM), SM(d18:1/21:1), was negatively associated with SCA burden in former/current smokers with T2D. Additionally, two ceramides (Cer) were positively associated with SCA across several groups, and one ceramide-phosphoethanolamine (CerPE) was positively associated with SCA burden specifically in smokers with T2D. Cer(m18:1/20:0) was significantly increased with SCA in smokers with T2D and in individuals with T2D and without dyslipidaemia, and Cer(d18:1/24:1) in individuals with T2D without dyslipidaemia. An increase in plasma Cer(m18:1/20:0) has been previously linked to epicardial adipose tissue volume, which has been described to be associated with coronary artery disease [53]. Moreover, plasma ceramides—specifically Cer(d18:1/24:1)—have been shown to predict high atherosclerotic burden in patients with ST-segment elevation myocardial infarction [54]. Moreover, a high ratio of Cer(d18:1/24:1) to Cer(d18:1/24:0) has been associated with the severity of coronary artery stenosis [55]. The association that we have found between Cer(d18:1/24:1) and SCA exclusively in individuals with T2D who are not receiving lipid-lowering treatment may reflect the beneficial effect of this therapy on the lipid profile. We have also found a positive association between SCA burden and CerPE(39:1;O4). To the best of our knowledge, this is the first study reporting a significant association between this lipid and SCA or other cardiovascular-related conditions.

Sterol lipids

                           Our findings revealed two cholesterol esters (CE) positively associated with SCA. CE(16:1) was associated with SCA presence and burden in subjects with T2D and former/current smokers with T2D, and CE(18:2) was associated with SCA presence in subjects with T2D. Consistent with these results, CE(16:1) has been used as a biomarker to improve risk classification for CV disease [19] and has been associated with acute coronary syndrome [56] and, together with CE(18:2), with incident myocardial infarction [57].

                           This study has several strengths. First, it includes an appropriate sample size (n = 513) for statistical analysis. Secondly, the population comprises subjects without diabetes, with T1D and with T2D, enabling the evaluation of SCA-associated changes in metabolism in a diabetes-specific way. Moreover, the contrast analyses show differences due to tobacco exposure and the use of lipid-lowering treatment. Finally, a comprehensive set of variables to minimize confounding is used. However, it also has some limitations. First, SCA burden variable is not balanced, probably weakening the signal and increasing the rate of false negatives. Secondly, the observational nature of our study does not allow us to make causal inferences; thus, the biochemical mechanisms presented herein cannot be fully elucidated. Third, we acknowledge that annotation using MS/MS technology may introduce errors; therefore, further research is needed to confirm the annotated lipids. Finally, validation of the current findings in an independent cohort is very relevant to confirm the association of the annotated lipids with SCA.


Conclusions

                        In conclusion, this is the first study to reveal specific lipids significantly associated with SCA in subjects with T1D, T2D, and without diabetes without known previous CV events, together with risk factors-specific lipid differences associated with SCA. Moreover, we have demonstrated greater SCA-related disruption in lipid metabolism in subjects with T2D compared to those with T1D or without diabetes, as well as more pronounced disruption in former or current smokers and individuals not undergoing lipid-lowering treatment. Our findings demonstrate the power of lipidomics to discover new biomarkers for preventive medicine in cardiovascular research. However, validating the annotated lipids found in this work in an independent cohort is required to confirm them as potential SCA biomarkers.

Acknowledgements
We want to particularly acknowledge the participants, and the IGTP-HUGTP (B.0000643) and IRBLleida Biobank (B.0000682) integrated in the PLATAFORMA BIOBANCOS (PT20/00050 and PT20/00021, respectively). The authors are also thankful to the COST Action EpiLipidNET, CA19105—Pan-European Network in Lipidomics and EpiLipidomics. The first author gratefully acknowledges the Universitat Politècnica de Catalunya and Banco Santander for the financial support of her predoctoral grant. We would like to thank Minerva Granado-Casas for her feedback during the revision process. The authors acknowledge Amanda Prowse (Lochside Medical Communications Ltd.) for support in editing the paper.

Author contributions
DM, NA and EC conceived and designed the study; EO, WD, CW, MH, MF, JF, OY, JC participated in data acquisition, RW and GL participated in lipidomic data processing; MB and AP conducted the statistical analysis and the design of figures and tables; AJ annotated lipid features; MB, EC and JR drafted the manuscript; DM, AP, EC, MB, JR, RW and GL contributed to expert review, data interpretation and literature review; DM, AP and EC supervised the study; DM, EC, NA contributed with funding acquisition. All authors have reviewed and agree to the published version of the manuscript. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript. D.M. is the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis.

Funding
This work was funded by Spanish Ministry of Health, Instituto de Salud Carlos III (Madrid, Spain) grants PI15/0625 (to DM and EC), PI17/01362 (to NA), PI18/0328 (to DM), FEDER “Una manera de hacer Europa”, and by Fundació La Marató de TV3 2016 (303/C/2016) (201602.30.31) (to NA). This work was supported by the Grant PID2021-122952OB-I00 funded by AEI https://​doi.​org/​10.​13039/​501100011033 and by ERDF A way of making Europe (to AP). This research was supported by Biomedical Research Networking Center in Diabetes and Associated Metabolic Disorders (CIBERDEM–CB15/00071) (to DM) and Biomedical Research Networking Center in Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN), initiatives of Instituto de Investigación Carlos III (ISCIII); ISCIII (grant AC22/00035) (to AP); and the CERCA Programme / Generalitat de Catalunya. B2SLab is certified as 2021 SGR 01052. Institut de Recerca de l'Hospital de la Santa Creu i Sant Pau is accredited by the Generalitat de Catalunya as Centre de Recerca de Catalunya (CERCA).

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
This study was approved by the local ethics committee of the University Hospital Germans Trias i Pujol (PI-15-147), following the principles of the Declaration of Helsinki. All participants provided written informed consent.

Consent for publication
Not applicable.

Competing interests
Prof. Mauricio is a co-author of this study and an Editorial Board member of the Cardiovascular diabetology journal. He was not involved in handling this manuscript during the submission and the review processes.


[image: Creative Commons]Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​.

References
	1.
World Health Organization. Global atlas on cardiovascular disease prevention and control. World Health Organization in collaboration with the World Heart Federation and the World Stroke Organization; 2011. p. 155.


	2.
Bornfeldt KE, Tabas I. Insulin resistance, hyperglycemia, and atherosclerosis. Cell Metab. 2011;14:575–85.PubMedPubMedCentral


	3.
Sarwar N, Gao P, Kondapally Seshasai SR, Gobin R, Kaptoge S, Di Angelantonio E, et al. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: a collaborative meta-analysis of 102 prospective studies. The Lancet. 2010;375(9733):2215–22.


	4.
Lind M, Svensson AM, Kosiborod M, Gudbjörnsdottir S, Pivodic A, Wedel H, et al. Glycemic control and excess mortality in type 1 diabetes. N Engl J Med. 2014;371(21):1972–82.PubMed


	5.
Coleman RL, Stevens RJ, Retnakaran R, Holman RR. Framingham, SCORE, and DECODE risk equations do not provide reliable cardiovascular risk estimates in type 2 diabetes. Diabetes Care. 2007;30(5):1292-3.


	6.
Van Dieren S, Peelen LM, Nöthlings U, Van Der Schouw YT, Rutten GEHM, Spijkerman AMW, et al. External validation of the UK Prospective Diabetes Study (UKPDS) risk engine in patients with type 2 diabetes. Diabetologia. 2011;54(2):264–70.PubMed


	7.
Nambi V, Chambless L, Folsom AR, He M, Hu Y, Mosley T, et al. Carotid intima-media thickness and presence or absence of plaque improves prediction of coronary heart disease risk. The ARIC (Atherosclerosis Risk in Communities) Study. J Am Coll Cardiol. 2010;55(15):1600–7.PubMedPubMedCentral


	8.
Nathan DM, Cleary PA, Backlund JYC, Genuth SM, Lachin JM, Orchard TJ, et al. Intensive diabetes treatment and cardiovascular disease in patients with type 1 diabetes. N Engl J Med. 2005;353(25):2643–53.PubMed


	9.
Joon Hong Y, Ho Jeong M, Ha Choi Y, Suk Ko J, Goo Lee M, Yu Kang W, et al. Plaque characteristics in culprit lesions and inflammatory status in diabetic acute coronary syndrome patients. JACC Cardiovasc Imaging. 2009;2:339–49.


	10.
Moreno PR, Murcia AM, Palacios IF, Leon MN, Bernardi VH, Fuster V, et al. Coronary composition and macrophage infiltration in atherectomy specimens from patients with diabetes mellitus. Circulation. 2000;102:2180–4.PubMed


	11.
Johnson HM, Piper ME, Jorenby DE, Fiore MC, Baker TB, Stein JH. Risk factors for subclinical carotid atherosclerosis among current smokers. Prev Cardiol. 2010;13(4):166–71.PubMedPubMedCentral


	12.
Stensland-Bugge E, Bønaa KH, Joakimsen O, Njølstad I. Sex differences in the relationship of risk factors to subclinical carotid atherosclerosis measured 15 years later the Tromsø Study. Stroke. 2000;31:574–81.PubMed


	13.
Barranco-Altirriba M, Alonso N, Weber RJM, Lloyd GR, Hernandez M, Yanes O, et al. Lipidome characterisation and sex-specific differences in type 1 and type 2 diabetes mellitus. Cardiovasc Diabetol. 2024;23(1):109.PubMedPubMedCentral


	14.
Wenk MR. The emerging field of lipidomics. Nat Rev Drug Discov. 2005;4:594–610.PubMed


	15.
Alshehry ZH, Mundra PA, Barlow CK, Mellett NA, Wong G, McConville MJ, et al. Plasma lipidomic profiles improve on traditional risk factors for the prediction of cardiovascular events in type 2 diabetes mellitus. Circulation. 2016;134(21):1637–50.PubMed


	16.
Julve J, Genua I, Quifer-Rada P, Yanes Ó, Barranco-Altirriba M, Hernández M, et al. Circulating metabolomic and lipidomic changes in subjects with new-onset type 1 diabetes after optimization of glycemic control. Diabetes Res Clin Pract. 2023;1:197.


	17.
Meikle PJ, Wong G, Barlow CK, Weir JM, Greeve MA, MacIntosh GL, et al. Plasma lipid profiling shows similar associations with prediabetes and type 2 diabetes. PLoS ONE. 2013;8(9):e74341.PubMedPubMedCentral


	18.
Meikle PJ, Wong G, Tsorotes D, Barlow CK, Weir JM, Christopher MJ, et al. Plasma lipidomic analysis of stable and unstable coronary artery disease. Arterioscler Thromb Vasc Biol. 2011;31(11):2723–32.PubMed


	19.
Stegemann C, Pechlaner R, Willeit P, Langley SR, Mangino M, Mayr U, et al. Lipidomics profiling and risk of cardiovascular disease in the prospective population-based Bruneck study. Circulation. 2014;129(18):1821–31.PubMed


	20.
Carbonell M, Castelblanco E, Valldeperas X, Betriu À, Traveset A, Granado-Casas M, et al. Diabetic retinopathy is associated with the presence and burden of subclinical carotid atherosclerosis in type 1 diabetes. Cardiovasc Diabetol. 2018;17(1):1–10. https://​doi.​org/​10.​1186/​s12933-018-0706-z.Crossref


	21.
Alonso N, Traveset A, Rubinat E, Ortega E, Alcubierre N, Sanahuja J, et al. Type 2 diabetes-associated carotid plaque burden is increased in patients with retinopathy compared to those without retinopathy. Cardiovasc Diabetol. 2015;14(1):1–9.


	22.
Vilanova MB, Falguera M, Marsal JR, Rubinat E, Alcubierre N, Castelblanco E, et al. Prevalence, clinical features and risk assessment of pre-diabetes in Spain: the prospective Mollerussa cohort study. BMJ Open. 2017;7(6):e015158.PubMedPubMedCentral


	23.
Catalan M, Herreras Z, Pinyol M, Sala-Vila A, Amor AJ, de Groot E, et al. Prevalence by sex of preclinical carotid atherosclerosis in newly diagnosed type 2 diabetes. Nutr Metab Cardiovasc Dis. 2015;25(8):742–8. https://​doi.​org/​10.​1016/​j.​numecd.​2015.​04.​009.CrossrefPubMed


	24.
Levey AS, Stevens LA, Schmid CH, Zhang Y, Castro AF III, Feldman HI, et al. A new equation to estimate glomerular filtration rate. Ann Intern Med. 2009;9(150):604–12.


	25.
American Diabetes Association. Classification and diagnosis of diabetes. Diabetes Care. 2017;1(40):S11-24.


	26.
Touboul PJ, Hennerici MG, Meairs S, Adams H, Amarenco P, Bornstein N, Csiba L, Desvarieux M, Ebrahim S, Hernandez Hernandez R, Jaff M, Kownator S, Naqvi T, Prati P, Rundek T, Sitzer M, Schminke U, Tardif JC, Taylor A, Vicaut E, Woo K. Mannheim carotid intima-media thickness and plaque consensus (2004–2006–2011): an update. Cerebrovasc Dis. 2012;34(4):290–6.PubMed


	27.
Chambers MC, et al. A Cross-platform Toolkit for mass spectrometry and proteomics. Businesslive. 2012;30(10):1.


	28.
Smith CA, Want EJ, O’Maille G, Abagyan R, Siuzdak G. XCMS: processing mass spectrometry data for metabolite profiling using nonlinear peak alignment, matching, and identification. Anal Chem. 2006;78(3):779–87.PubMed


	29.
Libiseller G, Dvorzak M, Kleb U, Gander E, Eisenberg T, Madeo F, et al. IPO: a tool for automated optimization of XCMS parameters. BMC Bioinform. 2015;16(1):1–10.


	30.
Kirwan JA, Broadhurst DI, Davidson RL, Viant MR. Characterising and correcting batch variation in an automated direct infusion mass spectrometry (DIMS) metabolomics workflow. Anal Bioanal Chem. 2013;405(15):5147–57.PubMed


	31.
Computational metabolomics. R-package—Signal and Batch Correction for Mass Spectrometry (SBCMS). 2019. Available from: https://​github.​com/​computational-metabolomics/​sbcms


	32.
Subirana I, Héctor C, Cresib S, Vila J. Building bivariate tables: The compareGroups Package for R. JSS J Stat Softw. 2014;57:1–16.


	33.
Dieterle F, Ross A, Schlotterbeck G, Senn H. Probabilistic quotient normalization as robust method to account for dilution of complex biological mixtures. Application in1H NMR metabonomics. Anal Chem. 2006;78(13):4281–90.PubMed


	34.
Storey JD, Bass AJ, Dabney A, Robinson D. qvalue: Q-value estimation for false discovery rate control. R package version 2.30.0, http://​github.​com/​jdstorey/​qvalue. 2022.


	35.
Wang D, Jackson EA, Karvonen-Gutierrez CA, Elliott MR, Harlow SD, Hood MM, et al. Healthy lifestyle during the midlife is prospectively associated with less subclinical carotid atherosclerosis: the study of women’s health across the nation. J Am Heart Assoc. 2018;7(23):e010405.PubMedPubMedCentral


	36.
Weber F. Risk factors for subclinical carotid atherosclerosis in healthy men. Neurology. 2002;59(4):524–8.PubMed


	37.
Krauss RM. Lipids and Lipoproteins in Patients With Type 2 Diabetes [Internet]. 2004. Available from: http://​diabetesjournals​.​org/​care/​article-pdf/​27/​6/​1496/​646043/​zdc00604001496.​pdf


	38.
Trivedi B, Desai R, Mishra K, Hechanova LA, Abolbashari M. Role of sex in atherosclerosis: Does sex matter? Curr Cardiol Rep. 2022;24:1791–8.PubMed


	39.
Tabas I, Marathe S, Keesler GA, Beatini N, Shiratori Y. Evidence that the initial up-regulation of phosphatidylcholine biosynthesis in free cholesterol-loaded macrophages is an adaptive response that prevents cholesterol-induced cellular necrosis. Proposed role of an eventual failure of this response in foam cell necrosis in advanced atherosclerosis. J Biol Chem. 1996;271(37):22773–81.PubMed


	40.
Tabas I. Macrophage apoptosis in atherosclerosis: consequences on plaque progression and the role of endoplasmic reticulum stress. Antioxid Redox Signal. 2009;11(9):2333–9.PubMedPubMedCentral


	41.
Mundra PA, Barlow CK, Nestel PJ, Barnes EH, Kirby A, Thompson P, et al. Large-scale plasma lipidomic profiling identifies lipids that predict cardiovascular events in secondary prevention. JCI Insight. 2018;3(17):e121326.PubMedPubMedCentral


	42.
Sigruener A, Kleber ME, Heimerl S, Liebisch G, Schmitz G, Maerz W. Glycerophospholipid and sphingolipid species and mortality: the Ludwigshafen risk and cardiovascular health (LURIC) study. PLoS ONE. 2014;9(1):e85724.PubMedPubMedCentral


	43.
Xu T, Holzapfel C, Dong X, Bader E, Yu Z, Prehn C, et al. Effects of smoking and smoking cessation on human serum metabolite profile: results from the KORA cohort study. BMC Med. 2013;11(1):1–14.


	44.
Kvasnička A, Kotaška K, Friedecký D, Ježdíková K, Brumarová R, Hnát T, et al. Long-chain polyunsaturated fatty acid-containing phosphatidylcholines predict survival rate in patients after heart failure. Heliyon. 2024;10(21):e39979.PubMedPubMedCentral


	45.
Shiomi M, Takeda H, Irino Y, Kimura N, Yamada S, Kuniyoshi N, et al. Identification of novel serum markers for the progression of coronary atherosclerosis in WHHLMI rabbits, an animal model of familial hypercholesterolemia. Atherosclerosis. 2019;1(284):18–23.


	46.
Khamehgir-Silz P, Gerbig S, Volk N, Schulz S, Spengler B, Hecker M, et al. Comparative lipid profiling of murine and human atherosclerotic plaques using high-resolution MALDI MSI. Pflugers Arch. 2022;474(2):231–42.PubMed


	47.
Jiang S, Lin X, Chen B, Chen G, Kwan KJS, Liu J, et al. ACSL1 aggravates thromboinflammation by LPC/LPA metabolic axis in hyperlipidemia associated myocardial ischemia-reperfusion injury. Adv Sci. 2025;12:2406359.


	48.
Busnelli M, Manzini S, Hilvo M, Parolini C, Ganzetti GS, Dellera F, et al. Liver-specific deletion of the Plpp3 gene alters plasma lipid composition and worsens atherosclerosis in apoE−/− mice. Sci Rep. 2017;14:7.


	49.
Jira W, Spiteller G, Schramm A. Increase in hydroxy fatty acids in human low density lipoproteins with age. Chem Phys Lipids. 1996;84:165–73.PubMed


	50.
Jira W, Spiteller G, Carson W, Schramm A. Strong increase in hydroxy fatty acids derived from linoleic acid in human low density lipoproteins of atherosclerotic patients. Chem Phys Lipids. 1998;91:1–11.PubMed


	51.
Lee JH, Yang JS, Lee SH, Moon MH. Analysis of lipoprotein-specific lipids in patients with acute coronary syndrome by asymmetrical flow field-flow fractionation and nanoflow liquid chromatography-tandem mass spectrometry. J Chromatogr B Anal Technol Biomed Life Sci. 2018;1(1099):56–63.


	52.
Merino DM, Ma DW. Genetic variation in lipid desaturases and its impact on the development of human disease. Lipids Health Dis. 2010;9:1–14.


	53.
Leandro AC, Michael LF, Almeida M, Kuokkanen M, Huynh K, Giles C, et al. Influence of the human lipidome on epicardial fat volume in Mexican American individuals. Front Cardiovasc Med. 2022;6:9.


	54.
Pan W, Li L, Sun M, Wang C, Fang S, Yu B. Plasma ceramides are associated with coronary atherosclerotic burden in patients with ST-segment elevation myocardial infarction. Int J Cardiol. 2020;1(320):155–60.


	55.
Tu C, Xie L, Wang Z, Zhang L, Wu H, Ni W, et al. Association between ceramides and coronary artery stenosis in patients with coronary artery disease. Lipids Health Dis. 2020;19(1):151.PubMedPubMedCentral


	56.
Miller CD, Thomas MJ, Hiestand B, Samuel MP, Wilson MD, Sawyer J, et al. Cholesteryl esters associated with Acyl-CoA: cholesterol acyltransferase predict coronary artery disease in patients with symptoms of acute coronary syndrome. Acad Emerg Med. 2012;19(6):673–82.PubMedPubMedCentral


	57.
Öhrvall M, Berglund L, Salminen I, Lithell H, Arob A, Vessby B. The serum cholesterol ester fatty acid composition but not the serum concentration of alpha tocopherol predicts the development of myocardial infarction in 50-year-old men: 19 years follow-up. Atherosclerosis. 1996;127:65–71.PubMed




Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12933_2025_2701_Fig1_HTML.png
SCA burden - TID SCA presence - T2D [SCA presence - Smokers with T2D] [ SCA presence - T2D and no DLP | [ SCA burden - Smokers with T2D | [ SCA burden - T2D and no DLP

TG(18:2_18:2_17:0)
TG(18:2_17:1_18:2)

Sterol C29H500

= u | u L u
SMB:121:1)
PE(20:4)
PE(18:0_20:3)
| | [ os] | [_eu] |

PC(42:4)

PC(41:7) ||
PC0:4)

PC(96)

PC(38:3):0
PC(32:1):0

PC(32:1)
PC(22:4_18:0)
PC(18:1_16:0)
PC(16:1_16:0)
PC(16:0/16:0)
PC(15:0_22:6)

Mix PC(38:3)

Mix PC(34:2)
LPE(O-20:5)(0)
LPE(20:3)
LPC(0-16:2):0
LPC(22:5)

LPC(22:4)

LPC(16:1)
DG(18:1_18:2)
DG(18:1_18:1)
DG(16:1_18:2)
612.56_DG(18:1_16:0)
577.52_DG(18:1_16:0)
CerPE(39:1,04)

MixCer(38:1),0

Cer(d18:1/24:1)

Dimer(CE(18:

E(16:1)
CE(16:1)

B
&
s
8

05 1010 05

B

05 10-10 05

s
8

05 1010 05

B

05 10-10 05 05 10-10 05 00 05 10
regressor






OEBPS/navigation.xhtml

    
      Contents


      
        		Lipidomic analysis reveals metabolism alteration associated with subclinical carotid atherosclerosis in type 2 diabetes


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/css/cc-by.png
() _®





OEBPS/images/12933_2025_2701_Figa_HTML.png
Methods

6015 LC-MS features
o * >
1 ]iii[ —» UHPLC-M n=513 I I
....... Ul C-MS —>» nop= 151 1.1 1'1
Ny = 155 :
Experimental design and ey =207 Iy Inj
sample collection

Positive ionization

Negative ionization

3264 LC-MS features
—>
Iy g —>
Inq Ik Linear models and
contrast analysis

Main results

!

Plaque vs no plaque: smoker with T2D

Number of plaques: smoker with T2D

Number of plaques: T2D and no DLP

r s N N\
TG(18:2_18:2_17:0) o T SM(d18:1/21:1) ® PC(41:7) o
. PE(18:0_20:3) o PC
TG(18:2_18:1_17:1) [ ) TG P 4) o PC(40:4) Y
TG(18:2_17:1_18:2) [ ] PC(41:7) [ . T
T (4 LPC(0-16:2);0
PE(20:4) o PE PO@0:4) ° i b
) < PC(38:3),0 [) LPC(22:5) ) LPC
PC(42:4) [ ] PC(32:1) )
PC(417) o PC(22:4_18:0) [) LPC(16:1) [ ]
y PC(18:1/14:0) [ Fe DG(18:1_18:1 o T
PC(A0:4) [ J PC PC(18:1_16:0) [ ] (18:1_18:1)
PC(39:6) [ ] PC(16:1_16:0) [ ] DG(16:1_18:2) [ ]
® DG 0.00
PC(32:1);,0 [ ] °® 612.56_DG(18:1_16:0) [ ]
PCE21) [ 4 1 o 577.52_DG(18:1_16:0) )
LPE(0-20:5);(0) [ Mix PC(34:2) ) L 1
LPEQ20:3) PS LPE LPE(20:3) [ T LrE Mix Cer(38:)0 @ I
=0 = LPC(22:5) [ . Cer
LPC(22:4) [ ] LPC LPC(22:4) o LPC Cer(d18:1/24:1) [ ] L
MixCer(38:1);0 () T CerPE(39:1;04) [ J Dimer(CE(18:2):CE(16:1) [ ]
) L Cer Mix Cer(38:1);0 o CerPE CE
CE(16:1) [ ) [ce CE(16:1) ° Tce CE(16:1) [ ] 1
. \ .
TG - triacylglycerols; PE — phosphatidylethanolamine; PC - phosphatidylcholine; LPE - lysophosphatidylethanolamine; LPC - lysophosphatidylcholi
Cer, ceramides, CE - chol 1 esters; SM - sphi elins; CerPE - ide-phosphoethanol DG - diacylglycerol






OEBPS/css/sidebar.gif





OEBPS/images/12933_2025_2701_Fig2_HTML.png
log(intensity)

CE(16:1) (n = 145)

MixCer(38:1);0 - main Cer(m18:1/20:0) (n = 155)

LPC(22:4) (n = 155)

LPE(0-20:5);(0) (n = 155)

q=0523 q=0.036 q=0523 La=00a2 3 q=0.686 q=0.033 q=0.586 q=0.036
. ? .
. 2 .
. o ; §
b S . = 2 M P
-| ’ J - o 3 B ' V4 o |10
% 3 .|t > % J § S
K 213 = 1 3 1 - 2 . EY - | X
g1l e = sla < 0 po T
L4
¥ | 5% % o 4+ 9 % } d :
.
< ¢ il I o (= Ak
- £ - kS oo e ~ % . o | o
S ] - -~ - % -1 . - 18 = .
-~ P P . ». . e & 3 -2 . o %
* K o p- . & s e .
- g . 2 I :
. . .‘ .

No Smoker Former/Current Smoker No Smoker Former/Current Smoker No Smoker Former/Current Smoker No Smoker Former/Current Smoker
LPE(20:3) (n = 154) PC(E2:1) (n = 155) PC(32:1);0 (n = 155) PC(39:6) (n = 155)
q=0743 q=0033 q=0667 q=0036 4 q=0814 q=0036 s q=0559 4=0046

5 . : By
' .
e 2 iy i .
2 | % . ¢ | & ooy i x
. . .
2 | &
£ " ;A N 3 id
() LN ¥ 0.0 R >
» «&_
Ko | 9% <N y .’ )‘ ¥
*1 3 [ S 0 ¥ s & .
& s | =t R K s |4
3 Bx ; LA B 25 s
. " K 3 4
MR
2 . .
No Smoker Former/Current Smoker No Smoker Former/Current Smoker No Smoker Former/Current Smoker NoSmoker  Former/Current Smoker
PC(0:4) (n = 155) PC(41:7) (n = 143) PC(42:4) (n = 153) PE(20:4) (n = 155)
=055 q=0033 qa=0802, q=0.036 q=0545 q=0033 g=0712 q=0.036
2 . .
. 2
. | oo . 2 . St
- ] . Iy : - .
o NE e & s
2 5 y 0 5 -‘ﬂ- % |-
o
: 0 7 —i!' H 1 = o =
[ ) 2 . 4 e o |
-~ & .
=t. -1 MR G " -,: »
; 3 2 . 2 o> L] . -
Y e < N
2 . .
. . * . .
No Smoker Former/Current Smoker No Smoker Former/Current Smoker No Smoker Former/Current Smoker No Smoker Former/Current Smoker
TG(18:2_17:1_18:2) (n = 155) TG(18:2_18:2_17:0)-TG(18:2_18:1_17:1) (n = 155) Dimer(CE(18:2):CE(16:1) (n = 155) CE(16:1) (n = 145)
q=0545 q=0038 q=054 q=0048 4 q=0037 q=0565 B q=0037 q=055
B i) £ . .
3 . o . 2
< .' Y . .
. (A 2 .
03 " .® 1
> D e < b
_£ 0 3 L 3
K "o 0
5 5 1. I +
.| g 4 >
V) e S o a
. .o & . * r3 ¢
oo - . . ® . L4
. 2 . . . 2
3 . .
4
No Smoker Former/Current Smoker No Smoker Former/Current Smoker No dyslipidaemia Dyslipidaemia No dyslipidaemia Dyslipidaemia
Plaque * Noplaque « Plague






