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ARTICLE INFO ABSTRACT

Keywords: Background and aims: Elevated triglycerides (TG) and low high-density lipoprotein cholesterol (HDL-C) define a
Triglycerides specific lipid profile associated with residual coronary artery disease (CAD) risk independently of total choles-
HDL-C terol and low-density lipoprotein cholesterol (LDL-C) levels. Aim of the present study was to assess whether

Coronary artery disease
Lipidomics
Coronary CTA

TG/HDL-C ratio, coronary atherosclerosis and their change over time are characterized by a specific lipidomic
profiling in stable patients with chronic coronary syndrome (CCS).

Methods: TG/HDL-C ratio was calculated in 193 patients (57.8 * 7.6 years, 115 males) with CCS characterized
by clinical, bio-humoral profiles and cardiac imaging. Patient-specific plasma targeted lipidomics was defined
through a high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) strategy. Pa-
tients underwent coronary computed tomography angiography (CTA) and an individual CTA risk score, combin-
ing extent, severity, composition, and location of plaques, was calculated. All patients entered a follow-up
(6.39 = 1.17 years), including clinical, lipidomics and coronary CTA assessments.

Results: Patients were divided in groups according to baseline TG/HDL-C quartiles: IQ (<1.391), IIQ
(1.392-2.000), ITIQ (2.001-3.286), and IVQ (>3.287). A specific pattern of altered lipids, characterized by re-
duced plasma levels of cholesterol esters, phosphatidylcholines and sphingomyelins, was associated with higher
TG/HDL-C both at baseline and follow-up (IVQ vs IQ). The CTA risk score increased over time and this lipid sig-
nature was also associated with higher CTA score at follow-up.

BM]I, Body mass index; CAD, Coronary artery disease; CCS, Chronic coronary syndrome; CE, Cholesterol ester; Cer, Ceramide; CTA, Computed tomography
angiography; CTA score, Comprehensive coronary atherosclerotic risk score; DMS, N,N-dimethylsphingosine (d18:1); FPG, Fasting plasma glucose; HDL-C, High-
density lipoprotein cholesterol; HPLC-MS/MS, High performance liquid chromatography-tandem mass spectrometry; LDL-C, Low-density lipoprotein cholesterol;
non-HDL-C, Non-high-density lipoprotein cholesterol; PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; PS, Phosphatidylserine; RCT, Reverse cholesterol
transport; SM, Sphingomyelin; SRM, Selected reaction monitoring; Total-C, Total-cholesterol; TG, Triglycerides
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Conclusions: In stable CCS, a specific lipidomic signature identifies those patients with higher TG/HDL- C ratio
and higher CTA score over time, suggesting possible molecular pathways of residual CAD risk not tackled by
current optimal medical treatments.

1. Introduction

Coronary artery disease (CAD), is a chronic and progressive disease,
characterized by atherosclerotic plaque accumulation in the epicardial
arteries. Despite the remarkable progress in pharmacological and inter-
ventional treatments, CAD remains a major cause of death [1] also due
to “residual risk” associated with specific cardiometabolic profiles,
which is not tackled by current treatments. High triglyceride and low
high-density lipoprotein cholesterol levels, as simplified by the TG/
HDL-C ratio, identify one of this emerging cardiometabolic risk profiles
characterized by insulin-resistance, obesity and metabolic syndrome
known to be associated with angiographically documented CAD [2-11]
and CAD related outcomes [12].

Besides classical lipid profile, lipidomics is a systems-based study of
all lipids. Specifically, lipidomics is able to quantify diverse molecular
lipid species across multiple lipid classes such as sphingolipids, phos-
pholipids, sterol esters and acylglycerols, many of which play an inte-
gral role in modulation of biological functions such as formation of cel-
lular membranes, energy storage and cell signaling [13]. Plasma
lipidomic profile assessed by mass spectrometry is gaining increasing
importance as a source of putative biomarkers of plaque composition
and vulnerability, which could acquire clinical relevance in the future.

Growing evidence suggests that specific lipid species could be pre-
dictors of CAD related risk and of adverse events [14-19]. Some reports
also support a close association between dysregulation of lipid species
and atherosclerotic lipid burden in patients on standard of care choles-
terol lowering treatment [15].

The aim of the present study was to use targeted lipidomics analysis
of CAD-related circulatory lipid species [20] to assess whether a spe-
cific lipidomic signature characterizes the cardiometabolic risk profile
identified by higher TG/HDL-C ratio and whether both are related to
coronary atherosclerotic risk evolution over time, as evaluated by re-
peated coronary computed tomography angiography (CTA) in a popu-
lation of stable patients with chronic coronary syndrome (CCS).

2. Materials and methods
2.1. Study design, patient population and ethical approval

The study population was identified within the SMARTool (Simula-
tion Modeling of coronary Artery disease: a tool for clinical decision
support) study [20-25]. In brief, stable patients with CCS undergoing
baseline coronary CTA as part of the EVINCI (Evaluation of Integrated
Cardiac Imaging for the Detection and Characterization of Ischemic
Heart Disease; FP7-222915) or ARTreat (FP7-224297) studies, were
prospectively enrolled in the SMARTool study and submitted to clinical,
molecular and coronary CTA re-evaluation at follow-up (interscan pe-
riod 6.39 * 1.17 y). For all patients, blood samples at fasting state
were collected before each coronary CTA exam and were stored in the
Clinical Physiology Institute Biobank.

Among 263 patients undergoing follow-up coronary CTA, 193 had
also baseline and follow-up blood samples, which allowed lipidomics
analyses and were included in the current sub-study.

The SMARTool study was conducted according to the Declaration of
Helsinki and its later amendments. It was coordinated by the Clinical
Physiology Institute in Pisa and included 7 European countries
(Clinicaltrial.gov Identifiers NCT0444869). The protocol was approved
by the Coordinating Center Ethical Committee and all local Ethical
Committees. All patients included in the study signed a written in-
formed consent.

2.2. Clinical and bio-humoral characteristics

Information on cardiovascular risk factors, including age, gender,
symptoms, family history of CAD, smoking status, diabetes, dyslipi-
demia, hypertension, obesity, medication use and bio-humoral profiles,
was collected at baseline and follow-up in all patients. Diabetes was de-
fined as fasting plasma glucose (FPG) > 126 mg/dL or treatment with
glucose lowering medications; dyslipidemia as low-density lipoprotein
cholesterol (LDL-C)>120 mg/dL, high-density lipoprotein cholesterol
(HDL-C) <40 mg/dL for men or <50 mg/dL for women, triglycerides
(TG) > 150 mg/dL or current treatment with lipid-lowering medica-
tion; hypertension as systolic and diastolic pressure >140/90 mmHg or
treatment; obesity as body mass index (BMI) > 30 kg/m2 and/or waist
circumference >102 cm for men or >88 cm for women.

Biochemical markers associated with glucose and lipid metabolism
were determined at baseline and follow-up in all 193 patients. FPG, to-
tal-cholesterol (total-C), TG, and HDL-C levels (mg/dL) were evaluated
using standard methods and ranges of normality previously reported
[26-28]. LDL-C was calculated using the Friedewald formula [29].

Non-high-density lipoprotein cholesterol (non-HDL-C) was calcu-
lated as total-C minus HDL-C. The TG/HDL-C ratio was calculated as TG
level divided by HDL-C level. Clinical, imaging and lipidomic variables
were analysed according to TG/HDL-C cut-off values defined according
to baseline TG/HDL-C quartiles.

2.3. Coronary computed tomography angiography

Coronary CTA scans were obtained using >64-slice scanners and
were in line with the technical requirements defined in the SMARToo0l
Study to ensure optimal image quality. All CTA images were analysed
blinded to clinical data by a separate Core Laboratory (Leiden Univer-
sity Medical Center) and coronary arteries were assessed according to
the modified 17-segment American Heart Association classification
[30].

Obstructive CAD was defined in the presence of >50% stenosis in at
least one major coronary vessel. Non obstructive CAD, minimal CAD
and no CAD were defined in the presence of 30-50% stenosis, < 30%
stenosis and no stenosis, respectively [31].

Each segment of the AHA 17-coronary segment model was assessed
for interpretability, and interpre Supplementary Table segments were
evaluated for the degree of stenosis of the coronary artery and plaque
composition. If a plaque was present, plaque composition was visually
determined (calcified, non-calcified, and mixed). Only one type of
plaque composition could be assigned to a single segment. A compre-
hensive coronary atherosclerotic risk score (CTA score), previously vali-
dated as a predictor of adverse events (all cause death or non-fatal MI)
in patients without known CAD, was derived from CTA scans by inte-
gration of all data on the location, severity and composition (calcified,
non-calcified, and mixed plaque) of coronary plaques [32]. All patients
with interpretable CTA scan both at baseline and follow-up were classi-
fied into 3 groups (low, intermediate and high) using CTA score sever-
ity thresholds (<5, 5-20 and >20), as previously reported [33]. Addi-
tionally, patients were stratified matching the CTA score groups of be-
longing at baseline (low, intermediate and high) with those at follow-
up (low, intermediate and high), thus identifying patients without mod-
ifications of CTA score group from baseline to follow-up (low-low, in-
termediate-intermediate, high-high); patients, who developed CTA pro-
gression, with the shift from CTA score groups at baseline to the more
severe group at follow-up (from low to intermediate, from intermediate
to high); and patients (n = 5) who showed a regression of the disease


http://clinicaltrial.gov/

(3 from hoow CTA score group), who were excluded from the analysis,
since their small number would not have allowed a rigorous statistical
evaluation. Finally, considering also the severity of disease, 5 categories
of CTA score group combinations were ordered from the low to the high
CAD risk: low-low, low-intermediate, intermediate-intermediate, inter-
mediate-high, high-high.

2.4. Plasma sample preparation and HPLC-MS/MS targeted lipidomics
analysis

Plasma samples stored at —80 °C were thawed at room temperature
and immediately subjected to lipid extraction and analysis. Total lipid
extraction from an aliquot of plasma was performed according to Folch
procedure [34]: 50 pl of sample were put in a 1.5 ml microcentrifuge
tube and diluted with 100 pl of 150 mM NaCl aqueous solution and
600 pl of 0.0625 pM N,N-dimethylsphingosine (d18:1) (DMS) in
MeOH/CHCI3 1/2 v/v. The biphasic solution thus formed was incu-
bated at 25 °C for 30 min at 1000 rpm in a Thermomixer Compact (Ep-
pendorf, Hamburg, Germany) and then centrifuged at 13,000 rpm for
10 min at 10 °C in a Microcentrifuge Heraeus Biofuge Fresco (Thermo
Scientific, MA, USA). From each sample, the lower phase was trans-
ferred into glass vials for the subsequent high performance liquid chro-
matography-tandem mass spectrometry (HPLC-MS/MS) analysis. Lipid
species absolute concentrations were obtained using a selected reaction
monitoring (SRM)-based HPLC-MS/MS method, as previously reported
in Michelucci, E. et al. and related Supplementary Information [20].

2.5. Statistical analysis

Continuous variables are presented as mean * standard deviation
(SD), categorical variables as numbers and relative percentages. Kol-
mogorov-Smirnov and Shapiro-Wilk tests were used to assess how close
the data were to a normal distribution. For descriptive purpose, when
baseline and follow-up were considered, means were compared using
Wilcoxon rank sum test. Alternatively, means were compared across
multiple groups using Kruskal-Wallis test, followed by two-tailed Mann
Whitney U-test with Bonferroni correction only for the variables re-
sulted significantly different (Kruskal-Wallis p-value < 0.05). Specifi-
cally, Mann Whitney U- test allowed to compare extreme groups. Per-
centages were compared between groups using Chi-square test or Fish-
er's exact test for small-sized categories. Clinical data were analyzed us-
ing SPSS Statistics software (IBM, version 26).

Quantitative data of 51 lipid species from targeted lipidomics analy-
ses were compared among groups defined by TG/HDL-C or CTA score
cut-off values. For each lipid species differences in plasma levels were
evaluated as fold change (FC), defined by ratio of mean plasma concen-
tration in different groups to that of the reference group (lower TG/
HDL-C or CTA score). As the data were not normally distributed (p-
values <0.05), two-tailed Mann Whitney U-test was performed to con-
sider the significant differences in lipid levels. p-values were corrected
using the Benjamini-Hochberg procedure to minimize any type I error
and thus the occurrence of false positives. Lipids differences were con-
sidered statistically significant with a corrected p-value lower than 0.05
for all analysis. Lipidomics experimental data were analyzed using R
software (version 3.6.3).

To examine conditional correlations (r > 0.25) between lipid
species and traditional CAD lipid biomarkers, partial correlation coeffi-
cients were calculated for each of 51 lipid species and conventional
lipids at baseline and follow-up. Respective visualizations were gener-
ated in Cytoscape software (version 3.8.0).
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3. Results
3.1. Study population at baseline and follow-up
Clinical characteristics, treatments, bio-humoral profiles, coronary

CTA results and CTA risk score at baseline and after 6 year follow-up
are summarized in Table 1. Prevalence of dyslipidemia, hypertension,

Table 1
Features of patient population at baseline and follow-up.
Baseline Follow-up p-value
N 193 193 -
Age (yrs) 57.8 + 7.6 64.1 + 7.7 **% <0.001
Males 115 (59.6%) 115 (59.6%) -

Risk factors
Family history
Smoking®

91 (47.2%)
32 (16.6%)
41 (21.2%)

91 (47.2%) -
21 (10.9%) 0.139

Diabetes mellitus® 54 (28.0%) 0.156

Dyslipidemia® 119 (61.7%) 146 (75.6%) **0.004
Hypertension® 119 (61.7%) 142 (73.6%) *0.017
Obesity” 37 (19.2%) 49 (25.4%) 0.178
Medications

Statin 99 (51.3%) 128 (66.3%) ** 0.004
Antidiabetics 33 (17.1%) 50 (25.9%) *0.048
Antihypertensives 97 (50.3%) 111 (57.5%) 0.184
Anti-ischemics 89 (46.1%) 92 (47.7%) 0.838
Antiplatelets 125 (64.8%) 110 (57.0%) 0.144
Calcium antagonists or nitrates 40 (20.7%) 52 (26.9%) 0.189
Anticoagulants 1 (0.5%) 10 (5.2%) *0.011
Glucose and lipid profile

FPG (mg/dL) 107.8 £ 25.7 106.0 = 24.1  0.495
Total cholesterol (mg/dL) 184.1 + 49.0 179.5 = 45.3 0.170
LDL-C(mg/dL) 109.7 + 40.7 95.3 + 38.6 **% <0.001
HDL-C(mg/dL) 52.1 = 16.4 57.0 = 17.3 * <0.001
non-HDL-C (mg/dL) 132.1 + 43.6 1225 = 39.0 ** 0.006
Triglycerides (mg/dL) 1149 + 56.5 138.2 = 73.0 *** <0.001
TG/HDL-C ratio 25+ 1.8 2.8 £ 23 0.085

CAD at CTA

No® 43 (22.3%) 30 (15.5%) 0.128
Minimal® 65 (33.7%) 58 (30.1%) 0.528

Non-obstructive?® 32 (16.6%) 56 (29.0%) *0.011

Obstructive® 48 (24.9%) 45 (23.3%) 0.756

CTA score 10.8 = 9.6 13.0 = 9.4 **¥% <0.001
CAD-related events

AMI 1 (0.5%) 0 (0.0%) 1.000

PCI” 2 (1.0%) 28 (14.5%) **x < 0.001
CABG” 1 (0.5%) 9 (4.7%) *0.020

*p < 0.05, **p < 0.01, ***p- < 0.001.

Continuous variables are presented as mean * standard deviation (SD), cate-
gorical variables as numbers and relative percentages. For descriptive purpose,
means were compared using Wilcoxon rank sum test, while percentages were
compared using Chi-square test or Fisher's exact test for small-sized categories.
AM]I, acute myocardial infarction; CABG, coronary artery bypass graft; CTA
score, comprehensive atherosclerotic risk score based on non-invasive CCTA
coronary imaging; FPG, fasting plasma glucose; HDL-C, high density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; PCI, percutaneous coro-
nary intervention; TG, triglycerides; TG/HDL-C ratio, triglyceride to high-
density lipoprotein cholesterol ratio.

a Clinical variables are defined as follow: Smoking, current smoking; diabete
mellitus, Fasting plasma glucose >126 mg/dL and/or GHbAlc > 6.5% or
under treatment; dyslipidemia, LDL-C > 120 mg/dL, HDL-C < 40 for man or
<50 for woman, triglycerides >150 mg/dL or under specific treatments;
hypertension, systolic and diastolic pressure >140/90 mmHg or under
treatment; Obesity, BMI Kg/m?2 > 30 and/or waist circ >102 c¢m for man or >
88 cm for woman. Obstructive, non obstructive, minimal and no CAD were
defined in the presence of >50% stenosis, 30-50% stenosis, < 30% stenosis
and no stenosis respectively.

b Patients with coronary revascularization were included in the study only if
PCI or CABG occurred more than 6 months from their enrolment.



use of statins, antidiabetics, anticoagulants and frequency of coronary
revascularization (either by PCI or CABG) increased from baseline to
follow-up. The classical lipid profile showed a significant increase of
TGs (p-values < 0.001) with a borderline increase in TG/HDL-C ratio
(p = 0.066) from baseline to follow-up. HDL-C increased while non-
HDL-C and LDL-C significantly decreased, without differences in Total-
C. The prevalence of obstructive CAD remained stable at around 24% as
well as that of minimal CAD, while the prevalence of no CAD decreased
from 22.3% to 15.5% and that of non-obstructive CAD showed a signifi-
cant increase from 16.6% to 29.0% (p-values 0.011). As shown in Fig. 1,
CTA score at follow-up was positively correlated with CTA at baseline
(r = 0.90, p-value < 0.001) and significantly increased from
10.8 = 9.6 at baseline to 13.0 = 9.4 at follow-up (p-value < 0.001).
The progression of disease according to change of CTA score groups
from baseline to follow-up is reported in Fig. 1. Out of the 62 patients in
the Low CTA group at baseline, 21 (32.3%) suffered from a worsening
of disease, changing respectively from Low to Intermediate CTA score
group. Again, out of the 90 patients in the Intermediate CTA group at
baseline, 15 (16.7%) shifted from Intermediate to High CTA score
group. Almost all patients (31/34, 91.2%) with High CTA score at base-
line remained patients at high risk. Overall, while only 2.6% of the pop-
ulation showed an improvement in CAD status, 19% showed a progres-
sion of CAD.

3.2. TG/HDL-C, bio-humoral and CTA characteristics
In the overall study population, the mean baseline value of TG/HDL-

C ratio was 2.5 * 1.8 (mean = SD) and thresholds for TG/HDL-C
groups were defined as follows: TG/HDL-C < 1.391 (I Quartile); TG/

BCTA s-:arrle.
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HDL-C 1.392-2.000 (II Quartile); TG/HDL-C 2.001-3.286 (III Quartile);
TG/HDL-C > 3.287 (IV Quartile).

According to TG/HDL-C ratio cut-offs, the baseline and follow-up
clinical characteristics and biochemical parameters of patients are
listed in Table 2. Male gender and diabetes were more frequent in the
IVQ as compared with the IQ group of TG/HDL-C ratio. Obesity dis-
played a significant trend to increase across TG/HDL-C groups at fol-
low-up.

Both at baseline and follow-up, the different TG/HDL-C groups were
characterized by progressively higher TG and progressively lower HDL-
C (p-values < 0.001). Total-C and LDL-C did not show a progressive
trend at baseline while were progressively lower among TG/HDL-C
groups at follow-up. Non-HDL-C showed a significant difference across
TG/HDL-C groups at baseline but did not show consistent trend at fol-
low-up.

At baseline, CAD was present in 36.7% of patients in the IQ TG/
HDL-C group with a significant decrease across TG/HDL-C groups. The
prevalence of obstructive CAD was not different among TG/HDL-C
groups while the CTA score increased across TG/HDL-C groups both at
baseline and follow-up (p-values = 0.012 and 0.017 respectively, refer
to Supplementary Fig. S1 for details).

3.3. TG/HDL-C and targeted lipidomics

Data analysis of 51 lipid species encompassing seven lipid classes
and subclasses (cholesterol ester [CE], ceramide [Cer], phosphatidyl-
choline [PC], phosphatidylethanolamine [PE], phosphatidylserine
[PS], sphingomyelin [SM], triacylglycerol [TG]) was performed with
the aim of identifying lipid molecules associated with cardio-metabolic
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Fig. 1. Plot showing the positive correlation (r = 0.90, p < 0.001) between follow-up and baseline CTA score in our population.

For both axes, dashed lines indicate CTA score values of 5 and 20, according to thresholds (<5, 5-20 and > 20) used to classify patients into Low, Intermediate and
High risk. Dots represent patients, which are in colour according to the stratification by the evolution of relative CTA score groups from baseline to follow-up in 5 cat-
egories [Low-Low (yellow), Low-Intermediate (light green), Intermediate-Intermediate (dark green), Intermediate-High (light blue), High-High (dark blue)]. Five pa-
tients who showed a regression of the disease (3 from High to Intermediate and 2 from Intermediate to Low CTA score group) are in grey. The relative composition of
categories is shown in the table below. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)



Table 2

Edit PDF

Patients features according to baseline TG/HDL-C ratio at both baseline and follow-up.

1 Q TG/HDL-C II Q TG/HDL-C 1.392-2.000 III Q TG/HDL-C 2.001-3.286 IV Q TG/HDL-C p-value IV vs I Q p value
<1.391 >3.287
N B 49 48 48 48 - -
FU 34 48 66 45 - -
Age (yrs) B 57.3 + 7.7 584 + 7.3 59.9 + 7.0 55.5 = 8.0 *0.040 n.s.
FU 638 =54 63.8 + 8.6 65.2 + 8.0 63.1 £ 7.7 0.557 -
Males B 23 (46.9%) 23 (47.9%) 30 (62.5%) 39 (81.2%) *0.001 s
<0.001
FU 15 (44.1%) 24 (50.0%) 44 (66.7%) 32 (71.1%) *0.028 *0.016
Family history B 24 (49.0%) 24 (50.0%) 23 (47.9%) 20 (41.7%) 0.846 -
FU 16 (47.1%) 26 (54.2%) 33 (50.0%) 16 (35.6%) 0.309 -
Smoking B 6 (12.2%) 7 (14.6%) 5 (10.4%) 14 (29.2%) 0.055 -
FU 1 (2.9%) 4 (8.3%) 9 (13.6%) 7 (15.6%) 0.255 -
Diabetes mellitus B 5 (10.2%) 15 (31.2%) 5 (10.4%) 16 (33.3%) **0.003  ** 0.006
FU 4 (11.8%) 11 (22.9%) 24 (36.4%) 15 (33.3%) *0.046 *0.026
Dyslipidemia B 27 (55.1%) 34 (70.8%) 30 (62.5%) 28 (58.3%) 0.417 -
FU 26 (76.5%) 34 (70.8%) 50 (75.8%) 36 (80.0%) 0.782 -
Hypertension B 24 (49.0%) 30 (62.5%) 29 (60.4%) 36 (75.0%) 0.072 -
FU 24 (70.6%) 35 (72.9%) 48 (72.7%) 35 (77.8%) 0.896 -
Obesity B 4 (8.2%) 8 (16.7%) 9 (18.8%) 16 (33.3%) *0.017 *0.002
FU 6 (17.6%) 7 (14.6%) 20 (30.3%) 16 (35.6%) 0.062 -
Statin users B 28 (57.1%) 23 (47.9%) 23 (47.9%) 25 (52.1%) 0.772 -
FU 20 (58.8%) 30 (62.5%) 46 (69.7%) 32 (71.1%) 0.579 -
FPG (mg/dL) B 100.4 + 18.3 113.7 * 26.0 104.0 = 23.4 113.0 = 31.3 **0.005 n.s.
FU 100.2 = 11.0 101.9 = 12.3 105.3 * 26.8 115.7 = 32.8 0.226 -
Total cholesterol (mg/dL) B 176.0 = 48.0 192.7 + 48.8 191.5 + 49.3 176.5 = 48.9 0.138 -
FU 198.3 = 46.3 185.9 * 50.3 173.8 = 42.8 167.0 = 37.4 *0.016 *0.020
LDL-C (mg/dL) B 98.9 + 40.0 117.7 = 37.8 120.6 * 41.0 101.9 * 40.8 **0.008 n.s.
FU 103.6 = 37.9 103.3 * 42.2 95.5 + 39.8 79.3 = 28.0 *0.017 *0.031
HDL-C (mg/dL) B 64.7 * 18.7 56.3 = 11.8 47.2 = 10.9 39.7 = 11.0 bk kel
<0.001 <0.001
FU 795 = 184 61.3 + 13.1 522 £ 9.1 424 + 9.1 o il
<0.001 <0.001
non-HDL-C (mg/dL) B 111.3 + 40.0 136.4 + 39.8 144.2 + 43.2 136.8 + 45.2 **0.001  *0.020
FU 118.8 + 385 124.6 * 43.9 121.6 * 40.0 124.6 * 33.0 0.831 -
Triglycerides (mg/dL) B 61.8 £ 16.7 94.3 £ 22.2 120.9 * 29.1 183.5 * 56.7 ok ki
<0.001 <0.001
FU 75.5 %= 20.0 102.8 + 20.5 131.8 + 26.0 232.7 = 889 ok el
<0.001 <0.001
CTA score B 8.4 =97 11.0 + 9.8 9.9 £ 9.2 13.8 = 9.0 *0.012 **0.007
FU 9.2 *38.1 12.1 = 10.0 13.9 = 89 15.6 = 9.6 *0.017 *0.017
CAD
No B 18 (36.7%) 12 (25.0%) 9 (18.8%) 4 (8.3%) *0.008 *0.001
FU 10 (29.4%) 7 (14.6%) 6 (9.1%) 7 (15.6%) 0.069 -
Minimal B 17 (34.7%) 10 (20.8%) 17 (35.4%) 21 (43.8%) 0.121 -
FU 11 (32.4%) 13 (27.1%) 24 (36.4%) 10 (22.2%) 0.415 -
Non-obstructive B 5 (10.2%) 13 (27.1%) 6 (12.5%) 8 (16.7%) 0.119 -
FU 6 (17.6%) 15 (31.2%) 18 (27.3%) 17 (37.8%) 0.259 -
Obstructive B 9 (18.4%) 13 (27.1%) 12 (25.0%) 14 (29.2%) 0.635 -
FU 7 (20.6%) 10 (20.8%) 17 (25.8%) 11 (24.4%) 0.906 -

*p < 0.05, **p < 0.01, ***p < 0.001.

Continuous variables are presented as mean =+ standard deviation (SD), categorical variables as numbers and relative percentages. Means were compared across mul-
tiple groups using Kruskal-Wallis test, followed by a or two-tailed Mann Whitney U-test with Bonferroni correction only for the variables resulted significantly differ-
ent (Kruskal-Wallis p-value < 0.05). Specifically, Mann Whitney U-test allowed to compare the extreme group of subjects (IV Q) with respect to the control group (I
Q). Percentages were compared between groups using Chi-square test or Fisher's exact test for small-sized categories.

risk represented by TG/HDL-C ratio. The baseline and follow-up
lipidomic profiles are compared among groups defined by TG/HDL-C
cut-off values (Fig. 2). At baseline 20 lipid species were significantly al-
tered in the IV Quartile vs the I Quartile of TG/HDL-C ratio: plasma lev-
els of 8 SMs [SM(34:1), SM(36:2), SM(38:2), SM(38:1), SM(40:2), SM
(41:2), SM(42:4), SM(42:3)1, 3 CEs [CE(16:0), CE(18:0), CE(18:1)) and
3 PCs [PC(38:2), PC(36:1e)/PC(36:0p), PC(36:2e)/PC(36:1p)] were de-
creased, with FC values between 0.6 and 0.9, while plasma levels of all
TG species analysed [TG(50:1), TG(50:2), TG(52:2), TG(52:3), TG
(54:2), TG(54:3)] were increased, with FC values between 1.7 and 3.6.
While increased plasma levels of TGs were already evident, even if with
lower FC, comparing II and III vs I Quartile, decreased lipid species
were only evident in the IV vs the I Quartile (Fig. 2A, Supplementary
Table 1). At follow-up, 21 lipid species were significantly altered in the

IV Quartile vs the I Quartile: plasma levels of 8 SMs [SM(36:2), SM
(38:2), SM(40:2), SM(41:2), SM(41:1), SM(42:4), SM(42:3), SM(42:1)]1,
3 CEs [CE(16:0), CE(18:0), CE(18:1)], PE(38:1) and 2 PCs [PC(38:2),
PC(36:2e)/PC(36:1p)] were decreased, with FC values between 0.6 and
0.9, while plasma levels of PS(36:1) and all TG species analysed were
increased, with FC values between 1.7 and 5.3. As compared with base-
line, increased plasma levels of TGs and decreased plasma levels of SM,
CE and PC lipid species were more evident, reaching significance also in
lower quartiles and showing higher between-group differences (Fig. 2B
and Supplementary Table 1).
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Fig. 2. Lipid profiling based on TG/HDL-C ratio groups at baseline (A) and follow-up (B). Volcano plots show lipids with altered plasma levels (adj. p-value thresh-
old = 0.05) in groups with higher TG/HDL-C ratio as compared with the group with lower ratio (I Quartile). Axes x and y report respectively degrees of variation
evaluated as log2 transformed fold change (logFC) and statistical significance as negative log10 transformed adjusted p-value (adj.P.Val). Lipid species are colored
according to lipid class (CE, Cer, PC, PE, PS, SM, TG). The boxes on the left report in details lipid species, which were significantly altered in contrasts.

3.4. Partial correlations of lipidomic species with conventional lipid
biomarkers

To investigate the correlation between lipidomic profile and tradi-
tional lipid biomarkers, partial correlation coefficients among the 51
lipid species and Total-C, LDL-C, HDL-C and triglycerides were assessed
at baseline and follow-up and displayed as networks (Supplementary
Figs. S2 and S3), which indicated that lipid species were mainly inde-
pendent of conventional lipid biomarkers. At baseline, most of the 51
lipid species were related to each other in a single and interconnected
network, whereas their correlations with conventional lipid biomarkers
were feeble (r < 0.25), except for SM(36:2) and HDL-C (r = 0.27). At

follow-up, the strong interconnection within most of 51 lipid species
persisted, and only some weak relationship was present with conven-
tional lipid biomarkers, including the negative relationship
(r —0.33) between LDL-C and PC(34:3), the negative relationship
(r = —0.30, - 0.28, —0.29) between triglycerides and TG(50:1), CE
(16:0), or CE(20:3) and, finally, the positive relationship (r = 0.44,
0.38) between triglycerides and TG(50:2), or TG(54:2). As expected,
both at baseline and follow-up, strong relationships were found among
all four conventional lipid biomarkers.



3.5. CTA score and targeted lipidomic profile

Lipidomic profiles at baseline and follow up were compared among
groups with low, intermediate and high CTA risk score (Fig. 3). Baseline
lipidomic profile was not statistically different comparing patients with
intermediate or high risk score with respect to patients with low risk
score (Fig. 3A). In contrast, at follow-up, 17 lipid species were signifi-
cantly altered in the group with high as compared with the group with
low risk score (Fig. 3B, Supplementary Table 2). In particular: plasma
levels of 10 SMs [SM(36:2), SM(38:2), SM(38:1), SM(40:2), SM(40:1),
SM(41:2), SM(41:1), SM(42:4), SM(42:3), SM(42:1)], CE(18:0) and
2 PCs [(PC(38:2), PC(36:2e)/PC(36:1p)] were decreased, with FC val-
ues between 0.7 and 0.8, while plasma levels of 4 TGs [TG(52:2), TG
(52:3), TG(54:2), TG(54:3)] were increased, with FC values between
1.2 and 1.5.
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Moreover, for some of altered SMs [SM(36:2), SM(38:2), SM(40:2),
SM(42:4), SM(42:3)], and PC(38:2) plasma levels were significantly de-
creased, even if with lower FC, also in the group with intermediate as
compared with the group with low risk score (Fig. 3B and
Supplementary Table 2). Interestingly, 13 altered lipid species in the
group with high risk score at follow-up were also altered in the groups
with higher TG/HDL-C ratio both at baseline and follow-up (Fig. 4A).
For these lipids, decreasing levels of SMs, PCs and CE(18:0) showed
consistent differences with FC values around 0.6-0.8, while increasing
levels of TGs were more evident in higher TG/HDL-C ratio groups than
the high CTA score group.

Follow-up plasma levels of these 13 altered lipid species were com-
pared according to the combinations of CTA score groups at baseline
and follow-up used to assess CAD progression. Among them, CE(18:0),
PC(38:2), PC(36:2e)/PC(36:1p, SM(36:2), SM(38:2), SM(40:2), SM
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Fig. 3. Baseline lipid profile (A) and follow-up lipid profile (B) based on CTA score. Volcano plots showing lipids with altered plasma levels (adj. p-value thresh-
old = 0.05) among groups of patients with Intermediate (CTA score 5-20) and High (CTA score > 20) cardiovascular risk relative to those with Low cardiovascular
risk (CTA score <5). Axes x and y report respectively degrees of variation evaluated as log2 transformed fold change (logFC) and statistical significance as negative
log10 transformed adjusted p-value (adj.P.Val). Lipid species are colored according to lipid class (CE, Cer, PC, PE, PS, SM, TG). The boxes on the left report in details

lipid species, which were significantly altered in contrasts.
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< Fig. 4. Identification of altered lipid species in common among groups defined by highest TG/HDL-C ratio at baseline and follow-up (IVQ) and highest CTA score

at follow-up (CTA score >20) (A). A signature of 13 altered lipid species, included CE(18:0), PC(38:2), PC(36:2e)/PC(36:1p), TG(52:2), TG(52:3), TG(54:2), TG
(54:3), SM(36:2), SM(38:2), SM(40:2), SM(41:2), SM(42:4), SM(42:3), was identified in common with patients with higher CAD risk. Bar plots reporting plasmatic
concentration (uM) for 12 common altered lipid species across the categories assessing progression in combination with severity through changes from baseline to
follow-up CTA score groups (B). Bars and error bars represent means and standard deviations (SD), respectively. Plasmatic levels of these lipids were investigated
by pairwise comparisons using two-tailed Mann Whitney U-test and p-values were corrected using Benjamini-Hochberg procedure in order to minimize any type I
error and thus occurrence of false positives. Only statistically significant differences are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001,

wxxkp < 0.0001.

(41:2), SM(42:4) and SM(42:3) showed a significant decreasing trend
along the CAD score group combinations (Fig. 4). Conversely, TG
(52:2), TG(52:3) and TG(54:3) did not show a consistent trend, but in-
creased particularly in the combination Low- Intermediate with respect
to the others, and TG(52:2) increased in the two combinations showing
disease progression (Low-Intermediate and Intermediate-High) (Fig. 4).
Only TG(54:2) did not show any significant modification across pairs of
CTA score groups (Supplementary Table 3).

4, Discussion

In the present study, a specific lipid species signature associated
with high TG/HDL-C ratio was identified for the first time in plasma of
stable patients with CCS. This specific lipid species profile, character-
ized by mass spectrometry analysis, was independent of the classical
lipid biomarkers and was stable or even more evident after 6 years of
follow-up despite the use of lipid-lowering medications and consequent
reduction of Total-C, non-HDL-C and LDL-C levels. Very interestingly,
in this selected population of stable patients under medical treatment,
the coronary atherosclerotic risk, defined by CTA score, increased over
time and the lipid signature associated with a high TG/HDL-C ratio was
mirrored by a higher CTA risk score at follow-up.

In our population, the specific pattern of altered lipids associated
with highest TG/HDL-C values (>3.287) was characterized by in-
creased levels of TG species, as expected, and reduced lipid species be-
longing to CE, PC and SM classes. These latter lipids are known to be
part of HDL particles cargo [35]. It is well-known that HDL-C is an im-
portant coronary protective factor with extensive evidence of an in-
verse relationship between its serum levels and risk of cardiovascular
disease [26,36] as well as with the presence and functional significance
of obstructive CAD [26,27]. The beneficial role attributed to HDL-C is
thought to reflect multiple cardioprotective properties of HDL particles,
which primarily include the reverse cholesterol transport (RCT) from
peripheral cells but may also involve antioxidative, anti-inflammatory,
anti-apoptotic, anti-thrombotic, and anti-diabetic activities [37]. Nev-
ertheless, it is not clear whether these protective functions are only re-
lated to the circulating levels of HDL-C. In fact, some hereditary condi-
tions associated with lower HDL-C concentration are not consistently
associated with higher cardiovascular risk and, on the contrary, genetic
abnormalities or treatments able to increase circulating levels of this
lipoprotein do not appear to confer additional prognostic benefits [38].
Indeed, current knowledge suggests that the biologic activity of HDLs
may not depend solely on their concentration, but also on their quality.
Alterations in various structural components of these lipoproteins lead
to a state of dysfunction independent of their serum concentration [38].
In this context, the cholesterol efflux capacity of HDL appears a more ef-
fective feature in predicting the cardiovascular disease risk than HDL-C
levels. PCs and SMs are reported to be the most abundant lipid compo-
nents in HDL particles [35,39] and, according to their surface distribu-
tion, play a key role on cholesterol efflux capacity. Dysfunctional acute-
phase HDL exhibit 25% less lipids per milligrams of protein, reflecting
lower contents of SM and PC, and a substitution of 50% of CE with TG
[40]. These lipid changes can alter antiatherogenic HDL assets, reduc-
ing their cholesterol efflux capacity and hindering RCT [38]. Moreover,
high levels of TG species have an additional role in the functionality of
HDLs. During the last phase of HDL particles metabolism, HDLs release
CEs directly to the liver and steroidogenic tissues, where CEs are then

metabolized into bile acid or neutral lipids [38]. The selective uptake of
CEs is mediated by the scavenger receptor class B type I (SR-BI). TGs,
like CEs, is a substrate for selective uptake by the SR-BI receptor. The
selection of CEs or TGs for transfer is related directly to the TG/CE con-
tent of HDL particles [41]. The ability of HDLs to donate cholesterol for
steroidogenesis or to promote RCT may be reduced when HDLs contain
a high TG/CE ratio, as it occurs in hypertriglyceridemia and non in-
sulin-dependent diabetes mellitus. Lastly, the alteration in TG/CE ratio
in HDLs is also fundamental for their antioxidant activity and circula-
tion [42], further confirming the role of elevated levels of TG in athero-
sclerosis.

Consistently with these mechanisms, the circulating lipid species
signature identified by highest TG/HDL-C ratio values in our popula-
tion included increase of TGs and decrease of CE, PC and SM classes
with only a weak relationship with HDL-C plasma levels. Such condi-
tion of modified HDL-C lipids components was significantly associated
with a higher CTA risk score at follow-up. These results suggest that the
dysregulation of particular lipid species, mainly involving the sphin-
gomyelin class, might specifically characterize a reduced functionality
of HDLs, better reflecting atherogenesis than the overall reduction in
HDL-C plasma levels.

More importantly, both this lipids pattern and coronary atheroscle-
rotic burden assessed by CTA increased over time in our population of
stable patients despite increased statin treatment and reduction in lipid
biomarkers currently associated with atherogenesis. Despite the grow-
ing interest in identifying alteration in lipid metabolism involved in car-
diovascular disease, the vast majority of lipidomics studies had focused
on molecular markers that predict cardiovascular events [19], and only
few studies focused on their exploitation as predictors of disease state.
From these previous studies, consistently with the present findings,
three HDL-associated phosphatidylcholines were identified as reduced
in patients with stable CAD [43].

Additionally, we have recently demonstrated that in statin users
CAD assessed by CTA is associated with specific circulating lipid species
among the classes of sphingomyelins and phosphatidilethanolamines
[20]. A common set of lipid biomarkers composed of 7 SMs and 3 PEs,
which discriminates between high risk CAD patients and controls, was
identified using three different CAD annotations considering CAD
stenosis, extension and composition [20].

From a clinical point of view, the results of our analyses highlight
the potentiality of measuring lipid species as new biomarkers of evolv-
ing atherosclerotic risk and to guide clinical management and target
specific treatments in patients with CCS. In these patients, the identifi-
cation of a specific condition of residual CAD risk not tackled by current
treatments is a relevant clinical unmet need [12,44] and a potential tar-
get of new treatments [12,45].

We recognize some limitations of the present study. The major limi-
tation is the observational design.

Furthermore, LDL-C was not determined directly but was calculated
with the Friedewald formula. The study population was well character-
ized but was relatively small and included only patients at intermedi-
ate-low risk. The study was based on two European multicenter popula-
tions of patients enrolled in the EVINCI and ARTreat European FP7 pro-
jects because of clinical symptoms suggestive of obstructive CAD.
Within these populations, only patients who were clinically stable over
time and in whom coronary CTA was repeated by protocol at follow-up
despite clinical stability were enrolled in the present study. Thus, it is



unknown whether our findings extend to a general population of
asymptomatic subjects with similar risk factors or to higher risk popula-
tions with progressive symptoms or with cardiac dysfunction and heart
failure.

In conclusion, results from this study extend the knowledge about
the association of high TG and low HDL-C with CAD risk, unveiling by
lipidomic analysis the potential involvement of underlying molecular
pathways, not tackled by current treatments. In particular, in a Euro-
pean multicenter population of stable patients with CCS, highest TG/
HDL-C ratio highlights a specific lipid species signature able to identify
patients with higher CAD risk. The research of new molecular pathways
has a pivotal importance in the fight against residual risk, and in devel-
opment of new targeted nutritional, lifestyle and drug strategies beyond
the established LDL-C lowering interventions [12,45].
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