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ABSTRACT

Introduction: Cardiovascular disease (CVD) is
the leading cause of mortality in type 1 diabetes
(T1D). However, there is a need for daily prac-
tice tools for identifying those more prone to
suffer from these events. We aimed to assess the
relationships between nuclear magnetic reso-
nance (*HNMR)-based lipidomic analysis and
several CVD risk variables (including preclinical
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carotid atherosclerosis) in individuals with T1D
at high risk.

Methods: We included patients with T1D
without CVD, with at least one of the following:
age > 40 years, diabetic kidney disease, or
> 10 years of evolution with another risk factor.
The presence of plaque (intima-media thick-
ness > 1.5 mm) was determined by standard-
ized wultrasonography protocol. Lipidomic
analysis was performed by 'H NMR. Bivariate
and multivariate-adjusted  differences in
'H NMR lipidomics were evaluated.
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Results: We included n =131 participants
(49.6% female, age 46.4 + 10.3 years, diabetes
duration 27.0 £ 9.5 years, 47.3% on statins).
Carotid plaques were present in 28.2% of the
individuals (n = 12, with > 3 plaques). Glucose
(HbA1c), anthropometric (body mass index and
waist circumference), and insulin resistance-re-
lated (fatty liver index and estimated glucose
disposal rate) variables were those most associ-
ated with 'H NMR-derived lipidomic analysis
(p <0.01 for all). Regarding preclinical
atherosclerosis, sphingomyelin was indepen-
dently associated with carotid plaque presence
(for 0.1 mmol/L increase, OR 0.50 [0.28-0.86];
p =0.013), even after adjusting for age, sex,
hypertension, statin use, mean S-year HbAlc
and diabetes duration. Furthermore, linoleic
acid and -6 fatty acids remained indepen-
dently associated with higher plaque burden
(> 3 plaques) in multivariate models (0.17
[0.03-0.93] and 0.27 [0.07-0.97], respectively;
p < 0.0S for both).

Conclusion: In our preliminary study of indi-
viduals with T1D at high risk, several 'H NMR-
derived lipidomic parameters were indepen-
dently associated with preclinical atherosclero-
sis. Specifically, ©-6 fatty acids and linoleic acid
seem promising for identifying those with
higher plaque burden.

Keywords: Type 1 diabetes; Preclinical
atherosclerosis;  Vascular  ultrasonography;
Nuclear magnetic resonance; Lipidomic analysis

Key Summary Points

Why carry out this study?

Cardiovascular disease is the leading cause
of death among the type 1 diabetes
population. However, the tools available
in daily practice for identifying those
more prone to suffer from these events are
suboptimal.

This exploratory study aimed to assess the
relationships between nuclear magnetic
resonance-derived lipidomic variables and
several cardiometabolic traits (including
preclinical carotid atherosclerosis) among
these individuals.

What was learned from the study?

Several lipidomic variables were
independently associated with preclinical
carotid atherosclerosis, even after
adjusting for some confounders such as
age, sex, hypertension, statin use, mean
5-year HbAlc and diabetes duration.
Specifically, linoleic acid and o-6 fatty
acids seem promising in identifying those
with higher plaque burden (> 3 carotid
plaques).

Since the identification of individuals with
T1D at higher risk for developing future
CVD is challenging in daily practice, the
lipidomic analysis seems promising in this
field. Further studies with larger sample
size and/or longitudinal designs are
needed to confirm our preliminary results.

INTRODUCTION

Cardiovascular disease (CVD) is still the leading
cause of death among the type 1 diabetes pop-
ulation (T1D) [1, 2]. Although glycaemic con-
trol has been strongly associated with this
increased risk, even in those with glucose levels
meeting goals, cardiovascular death is threefold
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higher [3]. Thus, extra-glycaemic parameters are
probably involved in this accelerated
atherosclerosis. In addition to several conven-
tional [4] and non-conventional [5] cardiovas-
cular risk factors, circulating lipids are thought
to play an important role in CVD pathogenesis
[6, 7]. In fact, in a large cohort study, an
increase of 1 mmol/L of low density lipopro-
tein-cholesterol (LDL-cholesterol) was associ-
ated with a 35-50% greater risk of overall CVD
[8]. Further, our study group has recently shown
that individuals with T1D had some subtle
lipoprotein metabolism derangements that
could be associated with atherosclerosis pro-
gression [9].

Lipidomic analysis is a new technique that
identifies a broad range of lipid species, which
could uncover some variables potentially asso-
ciated with chronic complications in this pop-
ulation [10]. Preliminary data from our group
also showed that some dietary-related lipid
parameters could identify individuals with T1D
more prone to suffer from CVD [11, 12]. How-
ever, the information regarding lipidomic-re-
lated variables with preclinical atherosclerosis,
especially in Mediterranean countries, is scarce.
Against this background, in this exploratory
analysis, we aimed to assess the relationships
between nuclear magnetic resonance (*H NMR)
lipidomics and several CVD risk variables (in-
cluding preclinical carotid atherosclerosis), in
primary prevention individuals with T1D at
high risk.

METHODS

Study Participants

We performed a cross-sectional study in indi-
viduals with T1D followed at the diabetes unit
of a tertiary hospital. All subjects were recruited
from January 2016 to November 2018. We
included participants with no previous history
of CVD (coronary artery disease, ischemic
stroke, peripheral artery disease and/or heart
failure) and high CVD risk according to the
main CVD prevention guidelines, as previously
stated [13-15]: (a) age > 40 years; (b) presence
of any stage of diabetic kidney disease; (c) or

> 10 years of diabetes duration and at least one
additional CVD risk factor. The following CVD
risk factors were considered: family history of
premature CVD (defined as < 55 years in men
and < 65 years in women [16]), active smoking
habit, hypertension, low high density lipopro-
tein-cholesterol (HDL-cholesterol) levels
(< 40 mg/dL in men, < 45 mg/dL in women),
high triglycerides levels (> 150 mg/dL), being
already on statins, a former episode of
preeclampsia/eclampsia, the presence of dia-
betic retinopathy, impaired hypoglycaemia
awareness or a previous episode of severe
hypoglycaemia in the last 2 years. Patients with
clinical suspicion of latent autoimmune dia-
betes in adults (LADA), monogenic diabetes or
prior pancreatic diseases (pancreatitis, surgery)
were excluded.

The study protocol was conducted according
to the principles of the Declaration of Helsinki
and approved by the hospital Research Ethics
Committees (HCB/2017/0977). Patients were
included after giving their written informed
consent.

Clinical and Laboratory Measures

Clinical data such as age, gender, family history
of premature CVD in first-degree relatives,
smoking habit (never, former or active), the
presence of hypertension, as well as the use of
certain medications (antihypertensive, lipid-
lowering or antiplatelet) were registered. T1D-
specific clinical information was also recorded:
diabetes duration (years), current insulin ther-
apy (continuous subcutaneous insulin infusion
[CSII] or multiple daily insulin injection ther-
apy [MDI]), presence of retinopathy and/or
nephropathy, and history of severe hypogly-
caemia or impaired hypoglycaemia awareness
(Clarke test score > 3 points [17, 18]).
Anthropometric measures including height,
weight, waist and hip circumference were also
recorded and obtained with standard methods.
Body mass index (BMI) was calculated as weight
in kilograms divided by square height in metres.
Blood pressure was registered using a blood
pressure monitor after a few minutes of rest.
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Laboratory data were obtained in the local
laboratory using standardized assays to measure
serum creatinine, urinary albumin-to-creatinine
ratio (ACR), glycated haemoglobin (HbAlg;
high-performance liquid chromatography and
expressed in National Glycohemoglobin Stan-
dardization Program/Diabetes Control and
Complications Trial units), fasting glucose and
lipid profile (total cholesterol, triglycerides and
HDL-cholesterol by direct methods; LDL-c-
holesterol by the Friedewald formula). The
estimated glomerular filtration rate (eGFR) was
obtained by the Chronic Kidney Disease-Epi-
demiology Collaboration equation (CKD-EPI)
[19]. The HbAlc wvalues available for each
patient were used to calculate the mean HbAlc
in the last 5 years. Insulin sensitivity was eval-
uated with the estimated glucose disposal rate
(eGDR) formula, a well-validated score in T1D
expressed in mg/kg/min [16, 20] and calculated
as follows: 24.31 —  12.22 x waist-to-hip
ratio — 3.29 x hypertension (0 = no,
1 =yes) — 0.57 x HbAlc (in %). Lastly, the
fatty liver index (FLI) was calculated as descri-
bed previously [21].

Diabetic kidney disease was considered if
ACR was > 30 mg/g or eGFR was < 60 ml/min/
1.73m? or the use of angiotensin-converting
enzyme inhibitors (ACEi) or angiotensin II
receptor blockers (ARB), with no history of
hypertension or CVD. The diagnosis of diabetic
retinopathy was obtained from medical records
and was always verified by an ophthalmologist.
Hypertension was defined as consecutive
determinations of systolic blood pres-
sure > 140 mmHg and diastolic blood pres-
sure > 90 mmHg or being treated with
antihypertensive drugs (except those on ACEi/
ARB for diabetic nephropathy).

'"H NMR Lipidomic Analysis

'"HNMR lipidomic analysis was performed as
previously stated [12]. Lipophilic extracts were
obtained from two 100-uL aliquots of freshly
thawed plasma using the BUME method [22]
with slight modifications. BUME was optimized
for batch extractions with diisopropyl ether
(DIPE) replacing heptane as the organic solvent.

This procedure was performed with a BRAVO
liquid-handling robot which can extract 96
samples at once. The upper lipophilic phase was
completely dried in Speedvac until evaporation
of organic solvents and frozen at — 80 °C until
"HNMR analysis. Lipid extracts were reconsti-
tuted in a solution of CDCIl3/CD3;0D/D,O
(16:7:1, v/v/v) containing tetramethylsilane
(TMS) at 1.18 mM as a chemical shift reference
and transferred into 5-mm NMR glass tubes.
"H NMR spectra were measured at 600.20 MHz
using an Avance III-600 Bruker spectrometer. A
90° pulse with water presaturation sequence
(zgpr) was used. Quantification of lipid signals
in '"H NMR spectra was carried out with LipSpin
[23], in-house software based on Matlab
(MATLAB. version 7.10.0 (R2010a); Natick,
Massachusetts: The MathWorks Inc.; 2010.).
Resonance assignments were based on values in
the literature [24].

Carotid B-mode Ultrasound Imaging

Bilateral carotid artery B-mode ultrasound
imaging was performed following a standard-
ized protocol, as described previously [14, 15].
Acuson X300 and Acuson X700 (Siemens)
ultrasound systems equipped with a linear
transducer (frequency range 5-10 MHz) were
used. Carotid intima-media thickness (IMT) was
measured offline by semiautomatic software by
the same experienced researcher (A.J.A.). The
plaque was visualized using B-mode and colour
Doppler examinations in both longitudinal and
transverse planes to evaluate the presence of
circumferential asymmetry. Carotid (bulb,
internal or common carotid) plaque was defined
as focal wall thickening encroaching into the
arterial lumen by at least 50% of the surround-
ing IMT value or with a thickness of at least
1.5 mm measured from the media adventitia
interphase to the intima-lumen surface [25].
The mean and the mean-maximum of all the
carotid territories were recorded, as well as the
maximum height of the carotid plaque. When
plaque was present, the maximum IMT equalled
the highest plaque height.
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Statistical Analysis

Sample size could not be calculated before the
analyses because of the absence of previous data
on the distribution of lipidomic parameters. As
a post hoc analysis, we calculated the sample
size to achieve an absolute difference of 10%
between groups for the lipidomic parameters.
Assuming a two-tailed alpha error of 0.025, we
obtained a statistical potency of 91%.

Data are presented as mean + standard
deviation, median (interquartile range) or
number (percentage). The normal distribution
of continuous variables was assessed by the
Kolmogorov-Smirnov test. Differences in clini-
cal and laboratory variables according to pre-
clinical carotid atherosclerosis status were
assessed with appropriate parametric and non-
parametric  tests.  Relationships between
'HNMR lipidomic variables and several
dichotomous cardiometabolic traits, as well as
carotid atherosclerosis, were assessed with the
Mann-Whitney U test. Spearman correlation
analyses were further used to assess relation-
ships between 'H NMR-related variables and
continuous cardiometabolic parameters.

As an exploratory analysis, we assessed the
independent relationships between 'H NMR
lipidomics and carotid atherosclerosis (presence
of at least one plaque; presence of > 3 plaques;
dependent variables). To this end, logistic bin-
ary regression models were constructed (and
odds ratios [OR] and 95% confidence interval
were reported, accordingly). Different models
were assessed: (a) model 1: age- and sex-ad-
justed; (b) model 2: model 1 + presence of
hypertension and statin use; and (c) model 3:
model 2 + mean HbAlc in the last 5 years and
T1D duration. The level of significance was set
at p <0.05. All the analyses were performed
with the SPSS 26.0 statistical package (Chicago,
IL).

RESULTS

Subject Characteristics

A total of 131 participants were included in the
study. Overall, the proportion of men and

women was similar, the mean age was
46.4 years and the mean diabetes duration was
27.0 years. Regarding CVD risk factors, 27.5%
were active smokers, 29% had hypertension and
47.3% and 33.6% were on statins and ACEi/
ARB, respectively. Microvascular complications
were present in 43.5% of the participants
(37.4% had retinopathy and 13.7% had diabetic
kidney disease). The characteristics are sum-
marised in Table 1.

On vascular ultrasonography, 37 (28.2%)
had at least one carotid plaque (n =12, with
three or more plaques). Those with plaques were
older 52.4 £9.7 s 44.1 + 9.6 years;
p <0.001), had an increased prevalence of
hypertension (43.2 vs. 23.4%; p=0.024), a
higher clinical systolic blood pressure
(132 £ 15 mmHg VS. 124 + 15 mmHg;
p=0.009) and a longer diabetes duration
(31.1 £ 11.5 vs. 25.4 + 8.2years; p = 0.008;
Table S1 in the supplementary material). The
same variables were also directly associated with
the number of carotid plaques (none, 1-2 pla-
ques, > 3 plaques; p for trend < 0.05 for all
comparisons), plus the use of ACEi/ARB (28.7
vs. 66.7%), and inversely associated with eGFR
(99 + 16 vs. 88 + 14 ml/min/1.73 m?) and LDL-
cholesterol (113 + 21 vs. 87 + 14 mg/dL; for
none vs. > 3 plaques; p for trend < 0.05 for all
comparisons; TableS2 in the supplementary
material).

'H NMR-Based Lipidomic Analysis
in Relation to Cardiometabolic Traits

Whereas no differences were observed con-
cerning age (Fig.1), several between-gender
differences were found: higher levels of 'H NMR
triglycerides and -9 fatty acids, and lower
levels of glycerophospholipids, phosphatidyl-
choline, sphingomyelin and ®-3 fatty acids were
observed among male participants (p < 0.05;
Table S3 in the supplementary material). Only
minor differences were found regarding hyper-
tension and smoking habit, whereas those on
statins showed lower levels of linoleic and ©-6
fatty acids, and higher levels of sphingomyelin
and arachidonic acid-eicosapentaenoic acid
(ARA-EPA) (p < 0.05, Table S3). Among other
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Table 1 Characteristics of the
(n = 131)

study  participants

Clinical characteristics
Female
Age (years)
Premature CVD in first-degree

relatives*
Active smoking habit
Cumulative smoking (pack-years)
Hypertension
SBP (mmHg)
DBP (mmHg)
BMI (kg/m?)
Waist circumference (cm)
Women
Men
T1D duration (years)
Diabetic kidney disease
Diabetic retinopathy
CSII therapy
Laboratory characteristics
Fasting plasma glucose (mg/dL)
Haemoglobin Alc (%)

Mean haemoglobin Alc in the last
S years (%)

Serum creatinine (mg/dL)

¢GFR (CKD-EPI; ml/min/1.73 m?)
ALT (UI/L)

Total cholesterol (mg/dL)
HDL-cholesterol (mg/dL)
LDL-cholesterol (mg/dL)
Triglycerides (mg/dL)

Non-HDL cholesterol (mg/dL)
Remnant cholesterol (mg/dL)

65 (49.6)
464 £ 103
25 (19.1)

36 (27.5)
0 (0-12.5)
38 (29.0)
126 + 16
80 + 8
259 + 4.1
90 + 12
85 + 11
95 + 11
270 £ 95
18 (13.7)
49 (37.4)
55 (42.0)

151 £ 66
7.5 £ 09
7.7 £09

0.82 =+ 0.17
97.8 + 15.9
22 4 11
188 + 32
60 + 16
111 + 24
70 (54-90)
128 + 28
14 (11-18)

Table 1 continued

Total cholesterol/HDL-cholesterol 3.30 £+ 0.89

ratio

Fatty liver index 24.8
(11.5-547)

eGDR (mg/kg/min) 8.92
(6.65-10.21)

Pharmacological treatment

Statins 62 (47.3)

ACEi/ARB 44 (33.6)

Antiplatelet drugs 8 (6.1)

Data are shown as 7 (percentage), mean £ SD or median
(QI-Q3)

ACEi angiotensin-converting enzyme inhibitor, ALT ala-
nine aminotransferase, ARB angiotensin receptor blocker,
BMI body mass index, CVD cardiovascular disease, CSII
continuous subcutaneous insulin infusion, DBP diastolic
blood pressure, ¢GDR estimated glucose disposal rate,
¢GFR estimated glomerular filtration rate, SBP systolic
blood pressure, 71D type 1 diabetes

*Defined as < 55 years in men and < 65 years in women

adipose-related variables, FLI showed the
strongest correlations with most of the 'H NMR-
related lipidomic parameters, especially with
'"H NMR triglycerides and »-9 fatty acids (r; >
0.4 for both; Fig. 1). Finally, white blood cell
count (as a marker of an inflammation-related
variable) was directly associated with 'H NMR
triglycerides, saturated fatty acids and ARA-EPA
(rs = 0.2-0.3).

Regarding T1D-specific risk factors, there
were minor differences regarding diabetes
duration and retinopathy status. However,
HbAlc showed direct relationships with
'H NMR triglycerides, esterified cholesterol, m-6
and -9 fatty acids, and ARA-EPA (p < 0.05 for
all comparisons, Fig.1). Further, only weak
direct correlations were found with ACR (as a
marker of diabetic kidney disease; r; = 0.1-0.2);
and eGDR, as a marker of insulin sensitivity,
was strongly and inversely associated with
'"H NMR triglycerides (r, = — 0.415).

A\ Adis



Diabetes Ther (2023) 14:553-567 559
Age BMI e sep | Diabetes | yatc | eGFR | ALAT | ACR | WBC | eGDR FLI ¢
Triglycerides | 0053 | 0.340 0250 | 0570 | 0309 | 0250 | 0123 | 0176 | 0.267 - 08
;"‘f“ep’i:‘;"” 0056 | -0.160 | -0.008 | -0.075 | -0.070 | 0026 | -0094 | 0020 | 0165 | 0143 | 0.055 | 0262
Phosphati! | 0082 | oom | 0017 | 0066 | 0260 | 0003 | 010 | 002 | 0193 | 0142 | 0050 | 0225 o
Sphingomyelll 0093 | -0.035 | 0126 | -0.145 | 0011 | 0020 | 0168 | -0010 | 0003 | 0.039 | 0.165 | 0471 o
:{:;2:::?‘:’ 009 | -0161 | 0054 | 0061 | -0.104 | 0092 | 0033 | 0120 | 0043 | -0073 | 0052 | -0.018
e, | 0042 | 0027 | 0006 | 0026 | 0111 | 0212 | 0006 | 0040 | 0.140 | 0054 | 0.009 | 0.161 02
T terol | 0018 | 0083 | 0079 | 0030 | -0087 | 0013 | 0035 | -0042 | 0089 | 0045 | 018 | 0.162 g
Linoleic acid | -0.095 | 0005 | 0069 | 0099 | -0.132 | 0098 | 0051 | 0018 | 0192 | 0159 | -0.051 | 0229
;’;;"::f:s 0070 | 0048 | 0110 | 0083 | 0031 | 0036 | 0008 | 0051 | 0152 | 0221 | 0097 | 0245 s
i sl 0471 | 0133 | 0228 | 0095 | 0216 | 0112 | 0285 | 0139 | 0040 | 0140 | 0471 | -0.129 ot
poiing 0101 | 0119 | 0171 | 0065 | 0090 | 0192 | 0057 | 0004 | 0133 | oo0ss | 0112 | 0.349
it gl 0089 | 0020 | 0013 | 0030 | 0118 | 0045 | 0129 | 0028 | 0211 | 0152 | 0036 | 0172 06
b 0028 | 0177 | 0295 | 0133 | 0054 | 0193 | 0083 | 0068 | 0170 | 0.169 | -0.239 I-
DHA 0072 | 0009 | 0042 | 0035 | 0046 | 0044 | 0130 | 0008 | 0069 | 0.034 | -0.009 | 0.106 08
ARA-EPA 0034 | 0115 | 0183 | 0071 | -0161 | 0183 | 0037 | 0087 | 00s6 | 0261 | -0.144 | 0357 .

Fig. 1 Associations between NMR lipidomics and clinical
and laboratory parameters. Numbers in cells indicate
Spearman’s R correlation index and the colour of each cell
indicates the strength of association of that index accord-
ing to the colour code shown in the right column. ACR

'H NMR-Based Lipidomic Analysis
and Preclinical Carotid Atherosclerosis

Only levels of sphingomyelin were inversely
associated with the presence of at least one
carotid plaque (p < 0.05, Table 2), which main-
tained the statistical significance after adjusting
for confounders such as age, sex, presence of
hypertension, statin use, mean HbAlc in the
last Syears and diabetes duration (for
0.1 mmol/L increase, OR 0.50 [0.28-0.86];
p =0.013; Table 3). When other variables asso-
ciated with a higher plaque burden were asses-
sed (presence of >3 plaques), inverse
associations were found with esterified and free
cholesterol, linoleic acid and -6 fatty acids
(p < 0.05 for all comparisons; Table 2), which
remained statistically associated in fully adjus-
ted models (model 3; OR 0.055 (0.006-0.51),

albumin-to-creatinine ratio, ALAT alanine aminotrans-
ferase, BMI body mass index, ¢eGDR estimated glucose
disposal rate, eGFR estimated glomerular filtration rate,
FLI fatty liver index, SBP systolic blood pressure, WBC

white blood cells, WC waist circumference

0.009 (0.0-0.60), 0.17 (0.03-0.93) and 0.27
(0.07-0.97), for esterified cholesterol, free
cholesterol, linoleic acid and -6 fatty acids,
respectively; p < 0.05 for all; Table 3).

DISCUSSION

In our non-targeted and exploratory 'H NMR
lipidomic analysis, we found several lipid spe-
cies that could be associated with adverse car-
diometabolic traits in individuals with T1D.
Besides between-gender differences, glycaemic
control (evaluated by HbAlc), anthropometric
(BMI and waist circumference) and insulin
resistance-related (i.e. FLI and eGDR) variables
were those most associated with NMR-assessed
lipidomic analysis. Furthermore, some of these
parameters (especially those related to o-6 fatty
acids) were also independently associated with
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Table 3 Associations between NMR lipidomics and carotid atherosclerosis: multiple regression analysis
Model 1* Model 2* Model 3*
OR (95% CI) pvalue OR (95% CI) pvalue OR (95% CI) p value
Presence of carotid plaque
Triglycerides 109 (0.73-1.63) 0674 109 (0.72-1.65)  0.693  1.09 (0.72-1.64)  0.697
Glycerophospholipids 0.65 (025-1.69) 0373 0.68 (0.26-1.80)  0.435  0.67 (0.25-1.79)  0.429
Phosphatidylcholine 0.64 (023-1.76) 0386  0.67 (0.24-1.86)  0.444  0.64 (0.23-1.79)  0.397
Sphingomyelin 0.52 (0.31-0.88)  0.015  0.51 (0.30-0.89)  0.018  0.50 (0.28-0.86)  0.013
Lysophosphatidylcholine  0.78 (0.02-40.42) ~ 0.903  0.97 (0.02-53.45)  0.989 129 (0.02-79.02)  0.904
Esterified cholesterol 0.89 (0.45-1.74)  0.734 091 (046-1.79)  0.787  0.92 (045-1.88)  0.824
Free cholesterol 0.50 (0.15-1.74) 0277 055 (0.16-1.94) 0352 0.54 (0.15-1.92)  0.338
Linoleic acid 0.91 (0.53-1.55)  0.721 092 (0.54-1.58)  0.767  0.94 (0.55-1.61)  0.814
Saturated fatty acids 091 (0.65-1.28)  0.584 091 (0.65-1.28)  0.580  0.90 (0.64-127)  0.552
-3 fatty acids 1.83 (0.03-964)  0.765  2.18 (0.04-120.0)  0.704  1.48 (0.02-97.4)  0.855
©-6 fatty acids 0.82 (0.50-1.35) 0435  0.81 (0.49-1.35) 0421  0.81 (0.49-1.35) 0.416
®-7 fatty acids 140 (0.88-223)  0.153 144 (0.90-231)  0.125 147 (0.92-2.35)  0.109
©-9 fatty acids 1.05 (0.87-1.28)  0.622  1.05 (0.87-1.28)  0.596  1.06 (0.87-1.28)  0.570
DHA 1.04 (0.94-1.14) 0443  1.05 (0.95-1.15) 0372  1.05 (0.95-1.16)  0.369
ARA-EPA 0.98 (025-3.89) 0981  1.06 (0.26-4.38) 0932  1.11 (0.26-4.70)  0.889
Presence of > 3 carotid plaques
Triglycerides 0.84 (0.27-2.66)  0.772 076 (021-2.75)  0.677 072 (0.15-3.40)  0.676
Glycerophospholipids 0.23 (0.03-1.62)  0.140 027 (0.04-1.93)  0.192  0.17 (0.01-2.32)  0.185
Phosphatidylcholine 0.16 (0.02-1.367)  0.094  0.17 (0.02-1.54)  0.114  0.14 (0.01-1.80)  0.130
Sphingomyelin 0.48 (0.21-1.10)  0.082  0.53 (0.21-1.32)  0.172  0.57 (0.20-1.59)  0.282
Lysophosphatidylcholine  0.96 (0.0-962.3) 0991  3.05 (0.0-4726) 0.766  0.73 (0.0-1380) 0.934
Esterified cholesterol 0.12 (0.02-0.59)  0.009  0.10 (0.02-0.58)  0.010  0.055 (0.006-0.51) 0.011
Free cholesterol 0.019 (0.001-0.39) 0.010  0.025 (0.001-0.56) 0.020  0.009 (0.0-0.60)  0.027
Linoleic acid 0.36 (0.11-1.18)  0.091  0.33 (0.93-1.20)  0.092  0.17 (0.03-0.93)  0.041
Saturated fatty acids 1.06 (0.63-1.80)  0.827  1.05 (0.60-1.81)  0.875 123 (0.66-2.28)  0.512
®-3 fatty acids 11 (0.0-71.7) 0.500  0.18 (0.0-189.8)  0.626  0.60 (0.0-724.8)  0.888
-6 fatty acids 0.38 (0.13-1.06)  0.063  0.38 (0.14-1.07)  0.068  0.27 (0.07-0.97)  0.045
-7 fatty acids 1.61 (0.73-351) 0236 177 (0.79-3.95)  0.165  1.89 (0.74-4.79)  0.181
®-9 fatty acids 0.68 (0.38-1.021)  0.192  0.69 (0.39-1.21)  0.194  0.63 (0.34-1.15)  0.132
DHA 0.99 (0.83-1.17)  0.881  0.98 (0.84-1.20) 0981  1.01 (0.83-1.23) 0911
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Table 3 continued

Model 1*

Model 2*

Model 3*

OR (95% CI) p value

OR (95% CI)

p value OR (95% CI)

p value

ARA-EPA 1.13 (0.08-15.91)  0.930

1.49 (0.09-23.83)  0.776

242 (0.12-49.46)  0.565

Logistic regression model (OR and 95% confidence interval) is presented. All the data were expressed for increments of

1 mmol/L, except for sphingomyelin (0.1 mmol/L increase) and DHA (0.01 mmol/L increase)

ARA arachidonic acid, DHA docosahexaenoic acid, EPA cicosapentaenoic acid

*Model 1: age- and sex-adjusted; model 2: model 1 adjusted for age, sex, presence of hypertension and statin treatment;
model 3: model 2 + mean HbAlc in the last 5 years and diabetes duration

preclinical carotid atherosclerosis burden, a
surrogate of future CVD events [26, 27]. To the
best of our knowledge, this preliminary data
represents one of the first contributions of the
usefulness of 'H NMR-based lipidomics in the
assessment of CVD risk in Mediterranean indi-
viduals with T1D.

Identitfying the individuals with T1D more
prone to suffering from CVD is challenging.
Although there are several clinical scores vali-
dated for estimating such cardiovascular risk in
this population [28, 29], some of them often fail
when applied in daily practice [15]. To over-
come these limitations, the use of biomarkers
has gained attention in the last few years. Thus,
either imaging [30] or circulating biomarkers
[31-33] seem promising, especially in those
populations in which current tools perform
rather poorly (such as T1D). In this regard, high-
throughput lipidomic analysis could have the
potential to wunravel new pathways and
biomarkers in the field of CVD in T1D.

The role of various lipids in the pathogenesis
of T1D, their mediation in inflammation and
the complications of the entity are controver-
sial. Some, such as ®-3 fatty acids and their
derivatives, have been shown to reduce
inflammation and autoimmunity by different
mechanisms while others, such as ®-9 fatty
acids, show otherwise [34]. Sphingomyelin is
the most abundant sphingolipid in tissues and
blood and has an eminently structural function
in cell membranes. It has been associated with
an increase in proinflammatory cytokines and it
is even suggested that it could be pathophysio-
logically related to the formation and progres-
sion of atheromatosis [35]. In this sense, the

inverse and independent association between
sphingomyelin and the presence of carotid
plaque in our sample could seem contradictory.
Several reports have pointed out sphingomyelin
as a crucial factor for glomerular and endothe-
lial function [36]. In this sense, some previous
studies from the Scandinavian population
showed that this lipid variable was directly
associated with worse kidney [37-39] and
coronary heart disease outcomes [39]. Never-
theless, other studies using a more powerful
lipidomic analysis (which could identify up to
106 different molecular lipid species) showed
that several sphingomyelin subclasses were
associated with worse kidney outcomes and
cardiovascular mortality while other subclasses
were associated with better outcomes [10, 38].
Furthermore, no significant relationships were
found between any of the sphingomyelin sub-
classes and stroke [10]. Also, a prospection of
the Multi-Ethnic Study of Atherosclerosis
cohort [40], in the general population and pri-
mary prevention, found no association between
sphingomyelin levels and incident CVD, and
the association was even inverse in some mod-
els. In this regard, further studies should assess
the relationships between the in-depth lipi-
domic analysis with the different manifesta-
tions of atherosclerosis.

Although there has been a lot of controversy
regarding the role of »-6 fatty acids, especially
linoleic acid, in CVD prevention [41, 42], our
findings showing inverse associations of these
lipid species with atherosclerosis burden (> 3
carotid plaques) are reassuring. Our results are
aligned with three recent meta-analyses in the
general population; these include several
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biomarkers of dietary linoleic acid intake (adi-
pose tissue and blood) and report a strong
association of this fatty acid with CVD protec-
tion [43-45]. In this regard, our study group has
also shown that this lipid species (assessed
through means of gas chromatography) was
inversely associated with the prevalence of
symptomatic carotid artery disease in the gen-
eral population [46], as well as with carotid
atherosclerosis burden among the T1D popula-
tion [11]. These previous and our actual find-
ings concur with the recommendations released
by the American Heart Association (AHA) to
replace foods rich in saturated fatty acids with
those rich in -6 fatty acids to decrease CVD risk
[47], not only for the general population but
also for high-risk populations such as patients
with T1D.

Several strengths and limitations should be
acknowledged. One of the main strengths is the
novelty in the population studied, as all the
previous reports came from Scandinavian
countries. Since Mediterranean individuals have
very different genetic and behavioural back-
grounds, the extrapolation of the existing
results could be difficult. Furthermore, instead
of intima-media thickness, we assessed the
presence of carotid plaque, a better predictor of
future CVD [26, 27]. Several strengths and lim-
itations should be acknowledged. One of the
main strengths is the novelty in the population
studied, as all the previous reports came from
Scandinavian countries. Since Mediterranean
individuals have very different genetic and
behavioural backgrounds, the extrapolation of
the existing results could be difficult. Further-
more, instead of intima-media thickness, we
assessed the presence of carotid plaque, a better
predictor of future CVD [26, 27]. Additionally,
in our research group, we are exploring the
clinical utility of multiple parameters deter-
mined with 'H NMR to identify those at higher
cardiovascular risk to then be able to individu-
alize the prevention strategy in each case. The
great advantage of this technology is that sev-
eral of these parameters can be simultaneously
determined with a single sample (lipidomics,
lipoprotein subclasses, inflammatory markers,
metabolomics etc.), being able to have a broad
perspective of various factors involved in the

pathophysiology of cardiovascular disease and
lowering costs. However, the study also has
limitations. First, causality cannot be estab-
lished because of the cross-sectional nature of
the study. Second, as a result of the limited
sample and the high number of comparisons,
the study must be considered preliminary data.
All the associations found should be confirmed
in future studies with a bigger sample and/or
with longitudinal follow-up. Third, given the
paucity of previous data about lipidomic anal-
yses in T1D, the sample size could not be cal-
culated beforehand. Fourth, the ankle-brachial
index, as a surrogate marker of cardiovascular
disease, would have been interesting to analyse
together with the other clinical variables and
their correlation with lipidomic parameters but,
unfortunately, the data was not available. Fifth,
some other studies have assessed various
parameters by 'HNMR such as lipoprotein
subclass disturbances [48], but investigations
analysing the use of this technique in lipidomic
variables are scarce. Sixth, since the recruitment
was mainly in 2017, the use of continuous
glucose monitoring (CGM) or hybrid closed
loop systems (HCL) was residual (< 5% for MCG
and 0% for HCL). The use of CSII (started in our
hospital in 2007-2008) improved glycaemic
control in our sample (HbAlc 7.47% vs. 7.8% in
multiple insulin dose group; t test p value 0.042
between groups), so on the basis of glycaemic
control (mean HbAlc over the last 5 years), an
overall improvement in the cardiovascular
profile is to be expected in our study and
therefore our findings should be interpreted
with caution as they cannot be extrapolated to
populations with lower use of this technology.
Seventh, the finding of several significant asso-
ciations has also been controversial for several
of the parameters, so their applicability in real
clinical practice should be analysed beforehand
in studies with a larger sample. Finally, because
of the aforementioned limitations, some of the
relationships should be interpreted with cau-
tion. In this regard, the inverse associations
between the free and esterified cholesterol with
high atherosclerosis burden (> 3 plaques) could
be misleading. On one hand, these two species
were highly correlated with total and LDL-c-
holesterol in our sample (rs > 0.3-0.4, data not
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shown), which in turn were lower in those
harbouring more carotid plaques (Table S2).
Although these associations persisted (but were
blunted) when including statin treatment in
multivariate models, selection bias cannot be
ruled out. On the other hand, this finding could
reflect the need for better biomarkers of CVD
than classical ones. Previous studies have
already shown that LDL-cholesterol is not the
best predictor of future CVD events in the set-
ting of high-risk patients with a high back-
ground cardioprotective treatment use [49].

CONCLUSION

In our exploratory study including individuals
with T1D at high CVD risk, some variables
obtained from the 'H NMR-derived lipidomic
analysis could be associated with preclinical
atherosclerosis.  Specifically, sphingomyelin
levels were inversely associated with carotid
plaques whereas the parameters related to ®-6
fatty acids, especially linoleic acid, could iden-
tify those individuals with a more advanced
atherosclerosis burden. While the causal effect
of these biomolecules in atherosclerosis should
be confirmed in future studies, lipidomic anal-
ysis has the potential to unravel new pathways
and biomarkers for CVD prevention among the
T1D population.
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