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Abstract
Patients with type 1 diabetes (T1D) present increased risk of cardiovascular disease (CVD).

The aim of this study is to improve the assessment of lipoprotein profile in patients with

T1D by using a robust developed method 1H nuclear magnetic resonance spectroscopy

(1H NMR), for further correlation with clinical factors associated to CVD. Thirty patients with

T1D and 30 non-diabetes control (CT) subjects, matched for gender, age, body composition

(DXA, BMI, waist/hip ratio), regular physical activity levels and cardiorespiratory capacity

(VO2peak), were analyzed. Dietary records and routine lipids were assessed. Serum lipopro-

tein particle subfractions, particle sizes, and cholesterol and triglycerides subfractions were

analyzed by 1H NMR. It was evidenced that subjects with T1D presented lower concentra-

tions of small LDL cholesterol, medium VLDL particles, large VLDL triglycerides, and total

triglycerides as compared to CT subjects. Women with T1D presented a positive associa-

tion with HDL size (p<0.005; R = 0.601) and large HDL triglycerides (p<0.005; R = 0.534)

and negative (p<0.005; R = -0.586) to small HDL triglycerides. Body fat composition repre-

sented an important factor independently of normal BMI, with large LDL particles presenting

a positive correlation to total body fat (p<0.005; R = 0.505), and total LDL cholesterol and

small LDL cholesterol a positive correlation (p<0.005; R = 0.502 and R = 0.552, respec-

tively) to abdominal fat in T1D subjects; meanwhile, in CT subjects, body fat composition

was mainly associated to HDL subclasses. VO2peak was negatively associated (p<0.005;

R = -0.520) to large LDL-particles only in the group of patients with T1D. In conclusion,

patients with T1D with adequate glycemic control and BMI and without chronic complica-

tions presented a more favourable lipoprotein profile as compared to control counterparts.

In addition, slight alterations in BMI and/or body fat composition showed to be relevant to

provoking alterations in lipoproteins profiles. Finally, body fat composition appears to be a

determinant for cardioprotector lipoprotein profile.
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Introduction
Dyslipidemia is one of the most important risk factors involved in cardiovascular disease
(CVD) [1] in addition to cigarette smoking, hypertension, family history of premature coro-
nary heart disease, age and diabetes. CVD is the leading cause of mortality in patients with type
1 diabetes (T1D) [2–4]. Early observations of lipids and lipoprotein profile in patients with
T1D, revealing pro-atherogenic features such as hypercholesterolemia and hypertriglyceride-
mia, were particularly associated with poor glycemic control [5,6] and nephropathy [7,8]. In
the nineties, studies from Europe and US identified similar rates of cardiovascular disease in
T1D subjects, but with different pattern of dyslipidemia: low high density lipoprotein choles-
terol (HDL-C) in EURODIAB and hypertriglyceridemia in the US group [8].

Considering the well-known evidences that intensive treatment for glycemic control in T1D
patients prevents and/or delays micro and macrovascular complications [9,10], international
guidelines of diabetes care were designed mainly to establish goals of good glycemic control
[11]. Nowadays, with the optimization of insulin treatment, it has been possible to corroborate
a decrease in chronic complications related to T1D and also a reduction in cardiovascular mor-
tality [10,12–14]. Furthermore, current epidemiological data have shown evidences that lipids
and lipoprotein profiles are optimal in T1D subjects when they exhibit good glycemic control
in absence of microalbuminuria or clinical nephropathy [7,15].

In parallel, the role of body composition in lipoprotein profile in T1D has been extensively
analyzed [16,17]. In the Diabetes Control and Complications Trial (DCCT) [16], T1D patients
receiving intensive insulin treatment showed greater weight gain than those with conventional
treatment. Excessive weight gain in the intensive treatment group was associated to insulin
resistance, higher blood pressure and worse lipid profile. The deterioration of these clinical
parameters was accompanied by an increase in total triglycerides, total cholesterol, LDL-C,
VLDL, IDL and denser LDL particles, and by a decrease in HDL-C. In the EURODIAB Pro-
spective Complications Study, an increase in triglycerides and total cholesterol was identified
along with a smaller improvement in HDL-C in the group that ameliorated glycemic control,
but in parallel gained more weight, when compared with the group that was not so successful
in glycemic control, but experienced less weight gain [17].

It is also well known that physical activity (PA) has protective effects on lipoprotein profile
in the general population [18,19]. PA is associated with the prevention of cardiovascular dis-
ease and improvements in lipoprotein profile. It is known that HDL and HDL2 (large) lipopro-
teins are firmly associated to protective factors for the risk of CVD in the non-diabetic
population [20]. Few studies have analyzed the effect of increased PA on lipoprotein subfrac-
tions in T1D patients, using conventional methods such as routine clinical biochemistry or
lipoprotein isolation by sequential ultracentrifugation. In T1D patients, an improvement in
HDL/LDL ratio and in ApoB and triglyceride levels [21] was observed after performing a
16-week program of aerobic exercise. Another report also demonstrated an increase in HDL-C
levels after implementing an exercise program in T1D patients [22].

Nuclear magnetic resonance spectroscopy (1H NMR) is, at present, a standard technique
for the determination of advanced lipoprotein profile in serum and/or plasma samples. 1H
NMR is able to measure the particle number and size of several subfractions of lipoproteins
[23], which has been helpful in demonstrating a wider spectrum of CV risk factors in different
populations [24]. Moreover, other 1H NMR approaches based on regression methods also
allow for the determination of the cholesterol and triglycerides concentrations of several lipo-
protein classes and subclasses [25]. Our group has, in the context of other pathologies, already
used this methodology [26,27]. Therefore, the aim of the present study was to analyze and
improve the knowledge of lipoprotein subclasses in T1D patients by using two complementary
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methods based on 1H NMR spectroscopy [28] and by comparing the obtained lipoprotein pro-
files with age-matched, non-diabetic counterparts. From these data, we have detected the clini-
cal factors with the largest correlations with lipoprotein profile in each population.

Participants, Material and Methods

Participants
Thirty patients with T1D, recruited by the Department of Endocrinology and Nutrition of the
Hospital Clinic de Barcelona, and 30 subjects without diabetes, recruited by the staff of the
IDIBAPS Diabetes and Obesity Research Laboratory, were enrolled in the study. Control (CT)
subjects were matched with T1D patients for gender, age, body mass index (BMI), body fat per-
centage by DXA (dual-energy X-ray absorptiometry) and for similar physical activity and fit-
ness levels (VO2peak). The experimental protocol was approved by the Research and Ethics
committees of the Hospital Clínic de Barcelona, in accordance to the Declaration of Helsinki.
Written informed consent was obtained from all subjects prior to participation (CEIC Register
n°: 2009/4933).

T1D subjects participating in the study had diabetes for a mean of 11.9 ± 10.1 years,
undetectable C-peptide levels and acceptable glycemic control, as determined by glycated
hemoglobin A1c (7.05% ± 1.1). Estimated glucose disposal rate (eGDR), an indicator of insulin
resistance in T1D patients, was calculated (taking into account HbA1c, waist/hip ratio and
presence of hypertension) [29,30]. Patients with chronic complications related to diabetes were
excluded, except for five who presented incipient retinopathy. All patients presented microal-
buminuria values below 30 mg/L. Peripheral neurologic evaluation, assessed by clinical explo-
ration and biothesiometry (Bio-thesiometer, Bio-Medical Instrument Company, Newbury,
OH, U.S.), was normal in all subjects. In addition, all of them presented a normal cardiac evalu-
ation, assessed by electrocardiogram (ECG) at rest and during bicycle ergometry test. Hyper-
tension (systolic blood pressure� 135 mmHg and/or diastolic blood pressure� 85) and active
smoking were registered. Patients with T1D were following multiple daily injections (MDI)
regimens. None of the participants was using lipid-lowering drugs or any other medication.

Material and Methods
All subjects were invited to the Diabetes Research Clinical Unit of IDIBAPS/Hospital Clínic de
Barcelona to perform the tests. Clinical history and baseline clinical characteristics, such as
height, weight, BMI and total body composition, were obtained. Each subject was required to
complete an evaluation of current physical activity using the Short-form of the International
Physical Activity Questionnaire [31], estimating energetic expenditure for vigorous, moderate,
and walking activities, expressed as METs-min/week. They were also classified as sedentary or
physically active, defined as routinely performing three or more sessions of moderate and/or
intense exercise (of one or more hours per session) per week. Participants were questioned
regarding dietary habits using a four-day dietary at-home record (3 workdays and 1 non-work-
day) and the results were analyzed by the program PCN 1.0, CESNID-University of Barcelona
[32].

Total body composition was measured by densitometry using DXA (Lunar iDXA body
composition, GE Healthcare). Maximal oxygen uptake (VO2peak) was determined by using a
maximal progressive incremental exercise test on a friction-braked cycle-ergometer (Monark
828E, Monark Sweden). After a 3 min warm-up period at a power output of 25-W, workload
was increased by 25-W each minute until exhaustion. Oxygen uptake was monitored during
exercise using a computerized, open circuit gas-collection system (Vmax Spectra, version
v12.0, Sensor Medics Corp, VIASYS Healthcare Inc, Yorba Linda, CA, U.S.), and VO2peak was
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determined at the point of highest oxygen consumption over a 15-s period. VO2peak was con-
firmed using established physiological criteria, including a respiratory exchange ratio above
1.15, oxygen uptake reaching a plateau despite an increased work rate, and a heart rate near
95% of the age-predicted maximum value.

Blood determinations. Fasting blood samples were obtained for analysis. Glycemia (glu-
cose-oxidase method, Advia 2400 Siemens Diagnostics, Deerfield, IL, U.S.) and glycated hemo-
globin (high-performance liquid chromatography [HPLC]) were determined in the Hospital
Clinic laboratory. For the conventional determination of lipoproteins and metabolomic mea-
surements, serum was obtained once blood had been allowed to clot at room temperature for
30 min and after centrifugation at 4°C at 5000 rpm for 10 min. Samples were kept at -80°C
until further analysis. Standard laboratory methods were used to determine total cholesterol,
triglycerides and HDL cholesterol. LDL cholesterol was calculated by the Friedewald formula.
Remnant lipoprotein cholesterol (RLPc) was measured by immuno-affinity chromatography.

Serum lipoprotein profile. To obtain a comprehensive profile of lipid and lipoprotein
parameters in both groups of subjects, two different 1H NMRmethods were used. In the first
analysis, we obtained the distribution of lipoprotein subclasses as provided by the NMR Lipo-
Profile test commercialized by LipoScience, Inc. (Raleigh, USA). The procedure simultaneously
estimates the lipoprotein particle concentrations and the average particle size for every main
fraction. NMR was performed on plasma samples collected in EDTA tubes and stored at -80°C
[24]. The LipoProfile test measured 15 variables: (a) total VLDL and chylomicron particle con-
centrations (total VLDL-P) and chylomicron; large, medium and small VLDL-P (nmol/L); (b)
total LDL particle concentrations (total LDL-P); IDL particles (IDL-P); large LDL-P; total
small LDL-P (expressed by medium, small and very small LDL particles)–in (nmol/L); (c) total
HDL particle concentrations (total HDL-P); large, medium and small HDL-P particles–in
(μmol/L); and (d) mean particle sizes: VLDL, LDL and HDL size–in (nm).

In the second analysis, performed at the Metabolomics Platform (URV), 1H NMR spectros-
copy was employed to determine the concentrations of the cholesterol and triglycerides content
of 9 lipoprotein subclasses. For this purpose, partial least square (PLS) regression was used to
calibrate the regression models as proposed in published method [25]. NMR spectra were
acquired using the longitudinal eddy-current delay (LED) sequence, and cholesterol and tri-
glycerides concentrations were obtained using high performance liquid chromatography
(HPLC) as reference values. To calibrate these PLS regression models, 61 plasma samples were
used.

In addition, these analyses complemented the information provided by LipoProfile by offer-
ing another 20 determinations: (a) total LDL-C; large, medium and small LDL-C (mg/dL); (b)
total HDL-C; large, medium and small HDL-C (mg/dL); (c) total VLDL-TG (mg/dL); large,
medium and small VLDL-TG (mg/dL); (d) total LDL-TG; large, medium and small LDL-TG
(mg/dL); (e) total HDL-TG; large, medium and small HDL-TG (mg/dL).

Remnant lipoprotein cholesterol (RLPc) was measured in plasma using the method
described by Nakajima et al., using RLP-Cholesterol Assay Kits (Jimro-II, Japan Immuno
research Laboratories, Japan) [33]. The remnant lipoprotein particles were separated from
plasma by immuno-affinity chromatography with a gel containing monoclonal antibodies
raised against epitopes of apoB100 and apoA1.

Statistical analysis. A comprehensive profile of 40 lipid and lipoprotein parameters (20
measured by PLS regression, 15 measured by LipoProfile, and another 5 conventional determi-
nations and remnant lipoprotein cholesterol) were studied in the 60 subjects (30 T1D subjects
and 30 age-matched control subjects).

A linear model analysis of variance (ANOVA) adjusted for 6 covariates (age, gender, active
smoking habits, waist/hip ratio, percentage of total body fat and VO2peak) was used to
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compare lipoprotein abundance between T1D versus control subjects. Lipoproteins with p-
values< 0.05 were considered significant.

Pearson Correlation and Networks. To determine the relationship between lipoprotein
abundance and clinic variables, or diet components, Pearson correlations were computed at p-
value< 0.005 in patients and controls separately. In the case of diet components, variable cor-
relations were analyzed in only 19 patients and 19 controls.

Integration of datasets was accomplished with the Cytoscape tool (www.cytoscape.org),
which constructs and displays correlation networks between components (seen in Fig 1 with
thresholds–in p-value< 0.005, in R> ± 0.5 for clinical variables and R> ± 0.7 for lipoprotein-
lipoprotein variables). Besides, heatmaps were plotted for the correlations of all clinical and
lipid and lipoprotein variables using handmade software.

Results

Clinical and dietary data
Table 1 describes the clinical characteristics of the participants. As previously described, the
two groups were similar in terms of gender, age, BMI, physical activity habits (regular physical
activity or nonphysical activity expressed in METs-min/week) and cardiorespiratory fitness
(VO2peak). Moreover, there were no differences in the usual dietary habits of T1D and CT
groups concerning proteins, cholesterol, saturated or unsaturated fat intake. Only a higher
intake of total carbohydrates in the control group (p = 0.047), and a tendency of higher con-
sumption of simple carbohydrates and alcoholic beverages, also in the CT group, were
observed (Table 2).

Main differences between T1D and CT subjects
Certain variables were established as covariates in the ANOVA comparative statistical analysis
between T1D and CT subjects: age, gender, active smoking, waist/hip ratio, total fat percentage
by DXA, and VO2peak. Controlling for these covariates, a moderate number of lipid and lipo-
protein parameters were identified as significantly different between the two groups. T1D sub-
jects presented a lower concentration of small LDL-C, medium VLDL-P particles, large
VLDL-TG, and total triglycerides (p< 0.05) (Table 3). Using the Benjamini & Hochberg [34]
methodology for taking into account the multiple comparisons, no single variable was deemed
significant, as fdr was 0.389552 for all of them. The change in abundance levels was very low in
all cases; we are dealing with a dataset with no clear magnitude fingerprint, and this fact guided
us to search for a correlation signature.

Correlations between lipoprotein profile and clinical variables
Gender. The most important findings resulting from the correlation analysis between

lipoprotein profiles and clinical variables are presented in Tables 4 and 5. Women showed a
positive correlation with HDL size, in addition to a positive correlation to large HDL-TG con-
centration and a negative correlation to small HDL-TG concentration in the T1D group
(Table 4). The positive correlation between large HDL-TG concentration and the female gen-
der was also identified in the control group (Table 5).

Physical activity. Physical activity had a significant negative correlation with cardiorespi-
ratory capacity, as determined by VO2peak, and large LDL-P in the T1D group. There was no
evidence of correlations between physical fitness and other lipoprotein particles (Table 4).

Age. An increase in age showed a positive correlation with the concentration of small
HDL particle (small-HDL-P), only in the control group (Table 5).
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Body composition. The most important findings on lipoprotein profiles as related to
body composition are presented in Tables 4 and 5. In the T1D group, large LDL-P showed a
positive correlation with total body fat, as determined by DXA (R� 0.5 and p< 0.005); and
abdominal fat percentage (by DXA) presented a positive correlation to total LDL-C and small
LDL-C (Table 4).

In the control group, large HDL-P and HDL size presented a negative correlation with waist
and waist/hip ratio, while small HDL-P correlated positively with waist/hip ratio. A negative
correlation was also identified between waist and/or waist/hip ratio for the following lipopro-
tein parameters: total HDL-C; large HDL-C; medium HDL-C; large HDL-TG; and conven-
tional determination of HDL-C. The small HDL-TG presented a positive correlation with
waist/hip ratio (Table 5).

Dietary habits and other type 1 diabetes specific factors. It is worth noting that only 19
T1D patients and 19 controls completed the 4-day dietary record. Few differences in dietary
habits were identified between the two groups, mainly in total carbohydrates (g/day) (Table 2).
Associations between different dietary compounds and lipoproteins can be verified in the sup-
plemental tables (S1 and S2 Tables). In addition, neither the time elapsed, expressed as years of
diabetes progression, nor the incipient retinopathy present in five of the patients with T1D,
conditioned the lipoprotein profiles. Furthermore, indicators of diabetes control or insulin
resistance, represented by Hb1Ac and eGDR respectively, were not associated to any lipopro-
tein parameter in the present study.

Fig 1. Networkmodels of lipoproteins and clinical variables in control subjects and in T1D subjects. Control (1A) and T1D subjects (1B). Integration of
datasets was accomplished with the Cytoscape tool (www.cytoscape.org), which constructs and displays correlation networks between components (p-
value < 0.005 and thresholds R > ± 0.5 for clinical variables, and R > ± 0.7 for lipoprotein variables). Continuous lines represent positive correlations, and
dashed lines represent negative associations. Grey spheres represent clinical variables; in red, LDL related lipoproteins; in green, HDL lipoproteins; in blue,
VLDL lipoproteins; and in purple, total triglycerides. Orange circles mark the variables that are reduced in T1D subjects.

doi:10.1371/journal.pone.0136348.g001

Table 1. Clinical characteristics of subjects with type 1 diabetes and controls.

Type 1 diabetes (n = 30) Controls (n = 30)

Gender (women/men) 10 / 20 10 / 20

Age (years) 34.8 ± 9.6 35.8 ± 8.8

Body Composition

BMI (kg/m2) 23.7 ± 2.8 23.2 ± 2.4

Waist (cm) 81.5 ± 9.1 82 ± 8.4

Waist/hip ratio 0.82 ± 0.06 0.82 ± 0.08

Total body fat (%—by DXA) 24.7 ± 9.2 26 ± 8.8

Abdominal fat (%—by DXA) 27.1 ± 11.8 29.8 ± 10.4

Physical fitness

Physically active (yes) 15 21

METs (per week–SF-IPAQ) 3008 ± 2230 2115 ± 1728

VO2peak (mL/kg/min) 33.5 ± 11.3 33.1 ± 9.1

Other characteristics

Hypertension (yes) 5 3

Active smoking (yes) 8 4

Duration diabetes (years) 11.9 ± 10.1 -

Incipient retinopathy (yes) 5 -

HbA1c (%) 7.05 ± 1.1 -

MET: Metabolic Equivalent of Task. 1 MET = 3.5 ml O2�kg−1�min−1. No statistical differences between groups, based on Chi-square and Student T-test.

doi:10.1371/journal.pone.0136348.t001
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Network analysis
Network layouts of the significant (p< 0.005) relationships observed between the lipoproteins
(R> ± 0.7) and clinical variables (R> ± 0.5) (Tables 4 and 5) are presented in Fig 1, deter-
mined separately in control subjects (Fig 1A) and T1D subjects (Fig 1B).

In control subjects (Fig 1A), compact lattices corresponding to the main classes of variables
may be observed with large positive correlations inside the lipoprotein clusters. In the case of
T1D subjects (Fig 1B), lattices from the main classes lose density, especially in the case of LDL-
lipoproteins and clinical variables. A new sub-cluster of LDL-lipoproteins disconnected from
the rest of components may be observed.

TG is the only biochemical parameter appearing in the networks, and highly connected to
VLDL-lipoproteins in both groups.

For supplementary information about all the correlations of clinical, lipid and lipoprotein
profile, heatmaps are available as supplementary figures for control subjects (S1 Fig) and sub-
jects with T1D (S2 Fig).

Table 2. Diet components by dietary records in subjects with type 1 diabetes and controls.

Type 1 diabetes (n = 19) Controls (n = 19) p

Gender (women/men) 5 / 14 6 / 13 ns

Energy (kcal) 2215 ± 489 2430 ± 641 ns

Total proteins (g/day) 101.2 ± 22.1 100.1 ± 28.9 ns

Total lipids (g/day) 112 ± 27.1 112.5 ± 33.2 ns

Saturated fatty acids(g/day) 33.6 ± 10.3 35.4 ± 14.5 ns

Monounsaturated fatty acids (g/day) 52.4 ± 13.7 51.3 ± 13.5 ns

Polyunsaturated fatty acids (g/day) 15.8 ± 5.5 16.6 ± 5.3 ns

Cholesterol (mg/d) 327.1 ± 122.8 351.7 ± 175.3 ns

Total carbohydrates (g/day) 193.2 ± 61.9 238.1 ± 72.4 0.047

Simple carbohydrates (sugars) (g/day) 83.6 ± 32.3 103.4 ± 37.2 ns (0.089)

Total fiber (g/day) 21.9 ± 7.1 22.2 ± 10.3 ns

Alcohol (g/day) 3.7 ± 7 9 ± 10 ns (0.069)

No statistical differences between groups, based on Student T-test, except for total carbohydrate intake.

doi:10.1371/journal.pone.0136348.t002

Table 3. Statistical analysis of covariance contrasting lipid and lipoprotein data from subjects with
type 1 diabetes and control subjects.

Lipoprotein FC * p-value

Medium VLDL-P (medium VLDL particles) a -1.44 0.0216477

Small LDL-C (small LDL cholesterol) b -1.26 0.0289017

Large VLDL-TG (large VLDL, fraction triglyceride) b -1.21 0.0327273

TG (triglyceride) c -1.06 0.0490274

a lipoprotein subfraction determined by LipoProfile
b lipoproteins subfraction determined PLS regression
c lipoprotein determined by conventional determinations

Covariates considered: age, gender, active smoking, waist/hip ratio, total fat percentage by DXA and

VO2peak

* FC: Fold change. Negative values correspond to lower concentrations found in T1D.

doi:10.1371/journal.pone.0136348.t003
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Discussion
In the present study, we aim to improve the characterization of lipoprotein particles in patients
with T1D by using two complementary methods based on 1H NMR spectroscopy, in order to
find a better correlation of lipid and lipoprotein parameters with clinical phenotype. In the cur-
rent context of improving diabetes care, patients with T1D selected to participate presented
an adequate metabolic control and BMI, and no developed chronic complications related to
diabetes or other drug except insulin. The subjects with T1D were paired with carefully selected
subjects without diabetes, as control subjects, with the intention of matching their clinical char-
acteristics within the extent possible. Matching was performed concerning gender, age, BMI,
body fat percentage, physical activity and cardiorespiratory fitness, to avoid any interference by
these factors in the differences in lipoproteins between the two groups. Nevertheless, some of

Table 4. Association of clinical characteristics and lipoproteins features in subjects with type 1 diabetes (T1D).

Clinical variables R Gender (+ for women) BMI (kg/m2) Abdominal fat % (DXA) Total fat % (DXA) VO2peak (mL/kg/min)

LipoProfile

Large LDL-P - - - 0.505 -0.520

Large HDL-P - -0.627 - - -

HDL size 0.601 - - - -

PLS regression

Total LDL-C - - 0.502 - -

Small LDL-C - - 0.552 - -

Large HDL-TG 0.534 - - - -

Small HDL-TG -0.586 - - - -

Conventional

HDL-C - -0.564 - - -

Summary of the main clinical variables and lipoprotein features that reached R � ± 0.5 and p value < 0.005. Other clinical variables did not reach R � ±

0.5: age, physically active profile, METs, active smoking, HbA1c or eGDR.

doi:10.1371/journal.pone.0136348.t004

Table 5. Association of clinical characteristics and lipoproteins in control subjects.

Clinical variables R Age (years) Gender (+ for women) Waist (cm) Waist/Hip ratio

LipoProfile

Large HDL-P - - -0.525 -0.724

Small HDL-P 0.517 - - 0.500

HDL size - - -0.570 -0.719

PLS regression

Total HDL-C - - -0.554 -0.683

Large HDL-C - - -0.600 -0.737

Medium HDL-C - - -0.583 -0.711

Large HDL-TG - 0.524 -0.598 -0.680

Small HDL-TG - - - 0.595

Conventional

HDL-C - - - -0.656

Summary of the clinical variables and lipoprotein features that reached R � ± 0.5 and p value < 0.005. Other clinical variables did not reach R � ± 0.5:

Physically active profile, METs, VO2peak, active smoking, BMI, total fat percentage (DXA), abdominal fat (DXA).

doi:10.1371/journal.pone.0136348.t005
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these variables were identified as intrinsically significant covariates for analysis, requiring spe-
cial attention in the proper evaluation of the lipoprotein profiles.

The main findings of this study were attributed to having diabetes, whereas the effect of
physical activity per se in each population was independent of this status. We observed that the
concentration of small LDL cholesterol subfraction was reduced in T1D as compared to con-
trols. However, this finding is controversial, as it may depend on the method used and the clin-
ical characteristics of the population under study. As noticed, Guy and colleagues [35]
identified that young T1D patients presented higher levels of small LDL particles than subjects
without diabetes, independent of their glycemic control. Different findings were described by
Alberts and cols., in which poor glycemic control was related to more dense LDL particles [36].
On the other hand, Caixàs et al. observed that, after intensification of insulin treatment for the
optimization of glycemic control in patients with T1D, VLDL particles, triglycerides, total
LDL-C and HDL-C reached the levels of the control group, while the pattern of small LDL-C
was also similar to that of the non-diabetic group, with no changes after optimization [37].
Regarding VLDL lipoproteins, we also identified that in T1D subjects the concentration of
medium VLDL-P and large VLDL-TG were reduced as compared to the control group. A pos-
sible explanation could be attributed to treatment with insulin. Patients with T1D were using
subcutaneous insulin treatment, thus hyperinsulinemia pharmacologically induced by insulin
must be taken into consideration. It is known that insulin has an anti-lipolytic action, promot-
ing the storage of triglycerides in the adipocytes while reducing the release of free fatty acids
from adipose tissue into the circulation [5]. Insulin reduces VLDL production by diminishing
circulating free fatty acids, which are substrates for VLDL, but also by a direct inhibitory effect
on the liver [5]. Our patients presented a better glycemic control than those described in other
studies. Furthermore, they exhibited lower levels of triglycerides, which can be explained by the
effect of insulin, as this hormone is a potent activator of lipoprotein lipase, which promotes the
catabolism of triglyceride-rich lipoproteins and reduces plasma triglyceride levels [5].

It is well established that physical activity is a protective factor for cardiovascular disease
and promotes beneficial effects on lipid and lipoprotein profiles in non-diabetic subjects. For
instance, cholesterol increases in the HDL2-C subfraction have been reported [38], also in T1D
subjects [22]. Concerning levels of LDL-C as measured by conventional methods, Rigla and
cols. [22] identified a decrease in LDL-C in T2D patients when they participated in a structured
aerobic exercise program. In the present study, we found a negative association of VO2peak,
indicator of physical fitness, with large LDL-P in the T1D group (Table 4). There is evidence
that small dense LDL (sdLDL) remain in circulation longer than large LDL before being cleared
by the LDL receptor; it is hypothesized [39] that the delayed catabolism results in modifications
of the lipid composition and size of the sdLDL particles triggered by the cholesteryl ester trans-
fer protein (CETP)-mediated exchange of cholesteryl ester and triglycerides between LDL and
VLDL and/or HDL. An interesting point of debate is whether CETP activity could be altered
by the effect of physical activity. Some studies showed an increased in reverse cholesterol trans-
port in athletes [40], while others demonstrated a decrease in CETP levels after an exercise pro-
gram [41], and even more others did not evidence any changes in CEPT levels with exercise
[42].

In the present study, increased age showed a positive association with small HDL-P, but
only in the control group. It has been described that ageing may affect the composition of HDL
lipoproteins and their ability to promote cholesterol efflux via reverse cholesterol transport,
which is linked to a loss of the potentially anti-atherogenic properties of HDL particles [43,44].

Increments in body weight, waist and/or waist-hip ratio are clinical characteristics of meta-
bolic syndrome and risk factors for CVD in populations general population [45]. The BMIs of
our groups were in the normal range (23.7 ± 2.8 kg/m2 in T1D subjects, and 23.2 ± 2.4 kg/m2
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in control ones). Despite this observation, we have detected some associations with anthropo-
metric and body composition measurements. In the group with diabetes, BMI was negatively
associated to large HDL-P and conventional HDL-C; abdominal fat percentage was found posi-
tively associated to total LDL-C and small LDL-C by 1H NMR. Analyzing total body fat per-
centage, large LDL-P showed a positive correlation in the group with T1D. It has been
described that a reduction in insulin sensitivity, assessed by hyperinsulinemic-euglucemic
clamps, was observed in young people and adults with T1D. These subjects presented higher
levels of triglycerides and a higher triglyceride/HDL ratio, while the younger group also pre-
sented lower levels of HDL [46]. Based on these results, with the goal of finding correlations
with lipoprotein subclasses and certain degrees of insulin resistance in our population, we cal-
culated the estimated glucose disposal rate (eGDR). Nevertheless, we did not find any correla-
tion in the present study, which might be explained by the small number of T1D patients
affected by hypertension and by the slight variation in HbA1c and in waist/hip ratio observed,
which represent the three clinical criteria needed for calculating eGDR. Interestingly, in our
study, the methods that evidenced the correlations of body fat composition with lipoproteins
were different for T1D and control groups: BMI and DXA were the better methods for the
T1D group and waist and waist/hip ratio for the control group. The subjects that participated
in this study presented adequate waist and waist/hip ratios, but probably slight alterations were
enough to modify lipoprotein profile.

As already cited before, HDL and HDL2 (large) lipoproteins are associated to protective fac-
tors for CVD [20]. However, the exact role of HDLs still must be investigated, as the direct clin-
ical effect of cardioprotection has been recently discussed, based, for example, on drugs that
increase HDL concentrations but fail to prove CV protection [47]. In the particular case of
patients with T1D, the expected protection effect of HDLs profile on patients carrying coronary
artery calcification was not so determinant as observed in control subjects [48]; nevertheless, in
a prospective study on T1D patients, an association of coronary artery disease with lower levels
of large HDL and higher levels of medium HDL particles was identified, measured by 1H NMR
[49]. Recent evidences are shedding light on HDL functionality, concerning its components
and sizes [47,50]. In HDLs, particles of distinct molecule species of lipids have been identified,
as well as several proteins compounds, characteristics that confer antioxidative, anti-inflamma-
tory, cytoprotective, vasodilatatory, antithrombotic and anti-infection actions [50,51]. These
aspects are raising new concepts and opening new fields of research and could better explain
the association of lipoprotein profile and cardiovascular disease in patients with T1D.

Correlation networks constructed in our study helped in the integration of lipid, lipoprotein
and clinical data and in the visualization of the global interconnections among them, similar to
the way in which physical networks have helped in the understanding of the global intercon-
nections of omics variables [52]. The FinnDiane Study also used similar features to explain the
complex correlation between clinical, lipoprotein and other biochemical variables and diabetic
kidney disease [53]. Overall, CT subjects show highly coordinated modules corresponding to
the three main lipoprotein groups (VLDL, LDL and HDL) and connected to the clinical vari-
ables (mainly through HDL group components). T1D subjects, however, show a partial uncou-
pling of the LDL group and new interrelations between clinical variables and its components,
particularly in the case of large LDL-P, small LDL-C, and the absence of IDL-P correlations
(see Fig 1B). Other studies, for example, identified that, in nondiabetic subjects, lower average
HDL particle size, lower LDL size, and higher VLDL size were associated with coronary calcifi-
cation, but this association between particle size and calcification in T1D patients was not so
clear [48]. It could be speculated that a reduction in certain variables that are usually associated
with atherogenesis (small LDL-C, medium VLDL-P, large VLDL-T and TG) [48], in the case
of T1D subjects identified in our study, could lead to a perturbation in the interconnection of
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LDL lipoproteins and clinical variables, opening up new approaches to be explored in future
studies.

From the comprehensive results obtained through 1H NMR techniques, we conclude that
patients with T1D present a lipoprotein profile classically associated to cardio-protection com-
pared to control counterparts. Nevertheless, slight alterations in BMI and/or body fat composi-
tion may be enough to establish alterations in lipoprotein profile, especially concerning HDL
and its subfractions. Improved body composition, in terms of waist, waist/hip ratio, BMI and
body fat values, is a determinant for a more favorable lipoprotein profile, and prospective stud-
ies in this model of patients will help elucidate the role of this lipoprotein profile.

Supporting Information
S1 Fig. Clinical and lipoproteins variables correlation heatmap in control subjects.
(TIF)

S2 Fig. Clinical and lipoproteins variables correlation heatmap in subjects with type 1 dia-
betes.
(TIF)

S1 Table. Association of lipoproteins and dietary habits in subjects with type 1 diabetes.
(DOC)

S2 Table. Association of lipoproteins and dietary habits in control subjects.
(DOC)

Acknowledgments
We are grateful to the support of the Sarda Farriol Research Programme and to Kimberly Katte
of the Spanish Biomedical Research Center in Diabetes and Associated Metabolic Disorders
(CIBERDEM) for the editorial assistance. We are indebted to the Bioinformatics Core Facility
of the IDIBAPS for the use of its software resources.

Author Contributions
Conceived and designed the experiments: LB RM JR XC AN. Performed the experiments: LB
RMMV SMMG JCV. Analyzed the data: RM LB JR TC SGK. Contributed reagents/materials/
analysis tools: LB RM JR MV SMMG JCV. Wrote the paper: LB RM JR AN.

References
1. American Hearth Association. Third report of the National Education Program (NCEP) Expert Panel on

Detection, Evaluation, and Treatment of High Bloos Cholesterol in Adults (Adult Treatment Panell III)
Final Report. Circulation. 2002; 106:3143–3421. PMID: 12485966

2. Laing SP, Swerdlow AJ, Slater SD, Burden AC, Morris A, Waugh NR et al. Mortality from heart disease
in a cohort of 23,000 patients with insulin-treated diabetes. Diabetologia. 2003; 46:760–5. PMID:
12774166

3. Soedamah-Muthu SS, Fuller JH, Mulnier HE, Raleigh VS, Lawrenson RA, Colhoun HM. All-cause mor-
tality rates in patients with type 1 diabetes mellitus compared with a non-diabetic population from the
UK general practice research database, 1992–1999. Diabetologia. 2006; 49:660–6. PMID: 16432708

4. Lind M, Garcia-Rodriguez LA, Booth GL, Cea-Soriano L, Shah BR, Ekeroth G et al. Mortality trends in
patients with and without diabetes in Ontario, Canada and the UK from 1996 to 2009: a population-
based study. Diabetologia. 2013; 56:2601–8. doi: 10.1007/s00125-013-3063-1 PMID: 24114114

5. Vergès B. Lipid disorders in type 1 diabetes. Diabetes Metab. 2009; 35:353–60. doi: 10.1016/j.diabet.
2009.04.004 PMID: 19733492

Lipoprotein Profile in T1D by 1H NMR Spectroscopy

PLOS ONE | DOI:10.1371/journal.pone.0136348 August 28, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136348.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136348.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136348.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0136348.s004
http://www.ncbi.nlm.nih.gov/pubmed/12485966
http://www.ncbi.nlm.nih.gov/pubmed/12774166
http://www.ncbi.nlm.nih.gov/pubmed/16432708
http://dx.doi.org/10.1007/s00125-013-3063-1
http://www.ncbi.nlm.nih.gov/pubmed/24114114
http://dx.doi.org/10.1016/j.diabet.2009.04.004
http://dx.doi.org/10.1016/j.diabet.2009.04.004
http://www.ncbi.nlm.nih.gov/pubmed/19733492


6. Patti L, di Marino L, Maffetone A, Romano G, Annuzzi G, Riccardi G et al. Very low density lipoprotein
subfraction abnormalities in IDDM patients: any effect of blood glucose control? Diabetologia. 1995;
38:1419–1424. PMID: 8786015

7. Jenkins AJ, Lyons TJ, Zheng D, Otvos JD, Lackland DT, McGee D et al. Lipoproteins in the DCCT /
EDIC cohort : associations with diabetic nephropathy. Kidney Int. 2003; 64:817–828. PMID: 12911531

8. Orchard TJ, Stevens LK, Forrest KY, Fuller JH. Cardiovascular disease in insulin dependent diabetes
mellitus: similar rates but different risk factors in the US compared with Europe. Int J Epidemiol. 1998;
27:976–983. PMID: 10024191

9. The Diabetes Control and Complications Trial Research Group. The effect of the intensive treatment of
diabetes on the development and progression of long-term complications in insulin-dependent diabetes
mellitus. N Engl J Med. 1993; 329:977–986. PMID: 8366922

10. Nathan DM, Cleary PA, Backlund JY, Grenuth SM, Lachin JM, Orchard TJ et al. Intensive diabetes
treatment and cardiovascular disease in patients with type 1 diabetes. N Engl J Med. 2005; 353:2643–
2653. PMID: 16371630

11. American Diabetes Association. Glycemic Targets—Position Statment. Diabetes Care. 2015; 38(Sup-
plement_1):S33–S40.

12. Nordwall M, Bojestig M, Arnqvist HJ, Ludvigsson J. Declining incidence of severe retinopathy and per-
sisting decrease of nephropathy in an unselected population of Type 1 diabetes-the Linköping Diabetes
Complications Study. Diabetologia. 2004; 47(7):1266–72. PMID: 15235773

13. Hovind P, Tarnow L, Rossing K, Rossing P, Eising S, Larsen N et al. Decreasing incidence of severe
diabetic microangiopathy in type 1 diabetes. Diabetes Care. 2003; 26(4):1258–64. PMID: 12663607

14. Lind M, Svensson A-M, Kosiborod M, Gudbjörnsdottir S, Pivodic A, Wendel H et al. Glycemic Control
and Excess Mortality in Type 1 Diabetes. N Engl J Med. 2014; 371:1972–1982. doi: 10.1056/
NEJMoa1408214 PMID: 25409370

15. Lehmann R, Kaplan V, Bingisser R, Bloch KE, Spinas G. Impact of Physical Activity on Cardiovascular
Risk Factors in IDDM. Diabetes Care. 1997; 20:1603–1611. PMID: 9314643

16. Purnell JQ, Hokanson JE, Marcovina SM, Steffes MW, Cleary PA, Brunzell JD. Effect of Excessive
Weight Gain With Intensive Therapy of Type 1 Diabetes on Lipid Levels and Blood Pressure. JAMA.
1998; 280:140–146. PMID: 9669786

17. Ferriss JB, Webb D, Fuller JH, The EURODIAB Prospective Complications Group. Weight gain is asso-
ciated with improved glycaemic control but with adverse changes in plasma lipids and blood pressure
in Type 1 diabetes. Diabetes Med. 2006; 23:557–564.

18. Paulweber B, Valensi P, Lindström J, Lalic NM, Greaves CJ, McGee M et al. A European evidence-
based guideline for the prevention of type 2 diabetes. HormMetab Res. 2010; 42 Suppl 1:S3–S36. doi:
10.1055/s-0029-1240928 PMID: 20391306

19. World Health Organization. Global Strategy on Diet, Physical Activity and Health. 2004;(May). Avail-
able: http://www.who.int/dietphysicalactivity/strategy/eb11344/strategy_english_web.pdf.

20. Salonen JT, Salonen R, Seppanen K, Rauramaa R, Tuomilehto J. HDL, HDL2, and HDL3 subfractions,
and the risk of acute myocardial infarction. A prospective population study in eastern Finnish men. Cir-
culation. 1991; 84:129–139. PMID: 2060089

21. Laaksonen DE, Atalay M, Niskanen LK, Mustonen J, Sen CK, Lakka TA et al. Aerobic exercise and the
lipid profile in type 1 diabetic men: a randomized controlled trial. Med Sci Sports Exerc. 2000; 32
(9):1541–8. PMID: 10994902

22. Rigla M, Sánchez-Quesada JL, Ordóñez-Llanos J, Prat T, Caixàs A, Jorba O et al. Effect of physical
exercise on lipoprotein(a) and low-density lipoprotein modifications in type 1 and type 2 diabetic
patients. Metabolism. 2000; 49:640–7. PMID: 10831176

23. Mallol R, Amigó N, RodríguezMA, Heras M, Vinaixa M, Plana N et al. Liposcale : a novel advanced lipo-
protein test based on 2D diffusion-ordered H NMR spectroscopy. J Lipid Res. 2015; 56:737–746. doi:
10.1194/jlr.D050120 PMID: 25568061

24. Jeyarajah EJ, Cromwell WC, Otvos JD. Lipoprotein Particle Analysis by Nuclear Magnetic Resonance
Spectroscopy. Clin Lab Med. 2006; 26:847–870. PMID: 17110242

25. Mihaleva VV, Schalkwijk DB, Graaf AA, van Duynhover J, van Dorsten FA, Vervoort J et al. A system-
atic approach to obtain validated partial least square models for predicting lipoprotein subclasses from
serum NMR spectra. Anal Chem. 2014; 86:543–550. doi: 10.1021/ac402571z PMID: 24319989

26. Gonzàlez M, Ribalta J, Vives G, Iftimie S, Ferré R, Plana N et al. Nuclear magnetic resonance lipopro-
tein subclasses and the APOE genotype influence carotid atherosclerosis in patients with systemic
lupus erythematosus. J Rheumatol. 2010; 37:2259–2267. doi: 10.3899/jrheum.091175 PMID:
20682673

Lipoprotein Profile in T1D by 1H NMR Spectroscopy

PLOS ONE | DOI:10.1371/journal.pone.0136348 August 28, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/8786015
http://www.ncbi.nlm.nih.gov/pubmed/12911531
http://www.ncbi.nlm.nih.gov/pubmed/10024191
http://www.ncbi.nlm.nih.gov/pubmed/8366922
http://www.ncbi.nlm.nih.gov/pubmed/16371630
http://www.ncbi.nlm.nih.gov/pubmed/15235773
http://www.ncbi.nlm.nih.gov/pubmed/12663607
http://dx.doi.org/10.1056/NEJMoa1408214
http://dx.doi.org/10.1056/NEJMoa1408214
http://www.ncbi.nlm.nih.gov/pubmed/25409370
http://www.ncbi.nlm.nih.gov/pubmed/9314643
http://www.ncbi.nlm.nih.gov/pubmed/9669786
http://dx.doi.org/10.1055/s-0029-1240928
http://www.ncbi.nlm.nih.gov/pubmed/20391306
http://www.who.int/dietphysicalactivity/strategy/eb11344/strategy_english_web.pdf
http://www.ncbi.nlm.nih.gov/pubmed/2060089
http://www.ncbi.nlm.nih.gov/pubmed/10994902
http://www.ncbi.nlm.nih.gov/pubmed/10831176
http://dx.doi.org/10.1194/jlr.D050120
http://www.ncbi.nlm.nih.gov/pubmed/25568061
http://www.ncbi.nlm.nih.gov/pubmed/17110242
http://dx.doi.org/10.1021/ac402571z
http://www.ncbi.nlm.nih.gov/pubmed/24319989
http://dx.doi.org/10.3899/jrheum.091175
http://www.ncbi.nlm.nih.gov/pubmed/20682673


27. Guardiola M, Plana N, Ibarretxe D, Cabré A, González M, Ribalta J et al. Circulating PCSK9 levels are
positively correlated with NMR-assessed atherogenic dyslipidemia in patients with high cardiovascular
risk. Clin Sci. 2015; 128:877–882. doi: 10.1042/CS20140832 PMID: 25649668

28. Mallol R, Rodríguez MA., Heras M, Vinaixa M, Cañellas N, Brezmes J et al. Surface fitting of 2D diffu-
sion-edited 1H NMR spectroscopy data for the characterisation of human plasma lipoproteins. Metabo-
lomics. 2011; 7:572–582.

29. Williams K V, Erbey JR, Becker D, Arslanian S, Orchard TJ. Can clinical factors estimate insulin resis-
tance in type 1 diabetes? Diabetes. 2000; 49(4):626–32. PMID: 10871201

30. Orchard TJ, Costacou T, Kretowski A, Nesto RW. Type 1 diabetes and coronary artery disease. Diabe-
tes Care. 2006; 29:2528–38. PMID: 17065698

31. International Physical Activity Questionnaire. Available: http://www.ipaq.ki.se/; https://sites.google.
com/site/theipaq/.

32. Centre D’Ensenyament Superior de Nutrició I Dietètica (CESNID). CESNID PCN 1.0. 2014. Available:
biblioteca.universia.net.

33. Nakajima K, Saito T, Tamura A, Suzuki M, Adachi M, Tanaka A et al. Cholesterol in remnant-like lipo-
proteins in human serum using monoclonal anti apo B-100 and anti apo A-I immunoaffinity mixed gels.
Clin Chim Acta. 1993; 223:53–71. PMID: 8143370

34. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. J R Stat Soc. 1995; 57:289–300.

35. Guy J, Ogden L, Wadwa RP, Hamman RF, Mayer-Davis EJ, Liese AD et al. Lipid and lipoprotein pro-
files in youth with and without type 1 diabetes: the SEARCH for Diabetes in Youth case-control study.
Diabetes Care. 2009; 32:416–20. doi: 10.2337/dc08-1775 PMID: 19092167

36. Albers JJ, Marcovina SM, Imperatore G, Snively BM, Stafford J, Fujimoto WY et al. Prevalence and
determinants of elevated apolipoprotein B and dense low-density lipoprotein in youths with type 1 and
type 2 diabetes. J Clin Endocrinol Metab. 2008; 93:735–42. PMID: 18089692

37. Caixàs A, Ordóñes-Llanos J, de Leiva A, Payés A, Homs R, Peréz A. Optimization of glycemic control
by insulin therapy decreases the proportion of small dense LDL particles in diabetic patients. Diabetes.
1997; 46:1207–1213. PMID: 9200657

38. Spate-Douglas T, Keyser RE. Exercise intensity: its effect on the high-density lipid profile. Arch Phys
Med Rehabil. 1999; 80:691–695. PMID: 10378497

39. Diffenderfer MR, Schaefer EJ. The composition and metabolism of large and small LDL. Curr Opin Lipi-
dol. 2014; 25:221–6. doi: 10.1097/MOL.0000000000000067 PMID: 24811298

40. Gupta A, Ross E, Myers J, Kashyap M. Increased reverse cholesterol transport in athletes. Metabolism.
1993; 42:684–690. PMID: 8510511

41. Seip RL, Moulin P, Cocke T, Tall A, Kohrt WM, Mankowitz K et al. Exercise training decreases plasma
cholesteryl ester transfer protein. Arterioscler, Thromb Vasc Biol. 1993; 13:1359–1367.

42. Olchawa B, Kingwell BA, Hoang A, Schneider L, Miyazaki O, Nestel P et al. Physical fitness and
reverse cholesterol transport. Arterioscler Thromb Vasc Biol. 2004; 24:1087–1091. PMID: 15072992

43. Holzer M, Trieb M, Konya V, Wadsack C, Heinemann A, Marsche G. Aging affects high-density lipopro-
tein composition and function. Biochim Biophys Acta. 2013; 1831:1442–8. doi: 10.1016/j.bbalip.2013.
06.004 PMID: 23792422

44. Berrougui H, Isabelle M, Cloutier M, Grenier G, Khalil A. Age-related impairment of HDL-mediated cho-
lesterol efflux. J Lipid Res. 2007; 48:328–336. PMID: 17093293

45. National Cholesterol Education Program (NCEP) Expert Panel on Detection Evaluation and Treatment
of High Blood Cholesterol in Adults (Adult Treatment Panel III). Third report of the national cholesterol
education program (NCEP) expert panel on detection, evaluation, and treatment of high blood choles-
terol in adults (Adult Treatment Panel III) final report. Circulation. 2002; 106:3143–3421. PMID:
12485966

46. Maahs DM, Nadeau K, Snell-Bergeon JK, Schauer I, Bergman B, West NA et al. Association of insulin
sensitivity to lipids across the lifespan in people with type 1 diabetes. Diabetes Med. 2011; 28:148–155.

47. Hovingh GK, Rader DJ, Hegele RA. HDL re-examined. Curr Opin Lipidol. 2015; 26:127–132. doi: 10.
1097/MOL.0000000000000161 PMID: 25692348

48. Colhoun HM, Otvos JD, Rubens MB, Taskinen MR, Underwood SR, Fuller J. Lipoprotein subclasses
and particle sizes and their relationship with coronary artery calcification in men and women with and
without type 1 diabetes. Diabetes. 2002; 51:1949–1956. PMID: 12031985

49. Soedamah-Muthu SS, Chang Y-F, Otvos J, Evans RW, Orchard TJ. Lipoprotein subclass measure-
ments by nuclear magnetic resonance spectroscopy improve the prediction of coronary artery disease

Lipoprotein Profile in T1D by 1H NMR Spectroscopy

PLOS ONE | DOI:10.1371/journal.pone.0136348 August 28, 2015 14 / 15

http://dx.doi.org/10.1042/CS20140832
http://www.ncbi.nlm.nih.gov/pubmed/25649668
http://www.ncbi.nlm.nih.gov/pubmed/10871201
http://www.ncbi.nlm.nih.gov/pubmed/17065698
http://www.ipaq.ki.se/
https://sites.google.com/site/theipaq/
https://sites.google.com/site/theipaq/
http://biblioteca.universia.net
http://www.ncbi.nlm.nih.gov/pubmed/8143370
http://dx.doi.org/10.2337/dc08-1775
http://www.ncbi.nlm.nih.gov/pubmed/19092167
http://www.ncbi.nlm.nih.gov/pubmed/18089692
http://www.ncbi.nlm.nih.gov/pubmed/9200657
http://www.ncbi.nlm.nih.gov/pubmed/10378497
http://dx.doi.org/10.1097/MOL.0000000000000067
http://www.ncbi.nlm.nih.gov/pubmed/24811298
http://www.ncbi.nlm.nih.gov/pubmed/8510511
http://www.ncbi.nlm.nih.gov/pubmed/15072992
http://dx.doi.org/10.1016/j.bbalip.2013.06.004
http://dx.doi.org/10.1016/j.bbalip.2013.06.004
http://www.ncbi.nlm.nih.gov/pubmed/23792422
http://www.ncbi.nlm.nih.gov/pubmed/17093293
http://www.ncbi.nlm.nih.gov/pubmed/12485966
http://dx.doi.org/10.1097/MOL.0000000000000161
http://dx.doi.org/10.1097/MOL.0000000000000161
http://www.ncbi.nlm.nih.gov/pubmed/25692348
http://www.ncbi.nlm.nih.gov/pubmed/12031985


in Type 1 diabetes. A prospective report from the Pittsburgh Epidemiology of Diabetes Complications
Study. Diabetologia. 2003; 46:674–82. PMID: 12743701

50. Soran H, Hama S, Yadav R, Durrington PN. HDL functionality. Curr Opin Lipidol. 2012; 23:353–366.
doi: 10.1097/MOL.0b013e328355ca25 PMID: 22732521

51. Rached FH, Chapman MJ, Kontush A. HDL particle subpopulations: Focus on biological function. Bio-
Factors. 2015; 41:67–77. doi: 10.1002/biof.1202 PMID: 25809447

52. Malpique R, Figueiredo H, Esteban Y, Rebuffat SA, Hanzu FA, Vinaixa M et al. Integrative analysis
reveals novel pathways mediating the interaction between adipose tissue and pancreatic islets in obe-
sity in rats. Diabetologia. 2014; 57:1219–1231. doi: 10.1007/s00125-014-3205-0 PMID: 24633677

53. Mäkinen V-P, Forsblom C, Thorn LM, Wáden J, Kaski K, Ala-Korpela M et al. Network of vascular dis-
eases, death and biochemical characteristics in a set of 4,197 patients with type 1 diabetes (the Finn-
Diane Study). Cardiovasc Diabetol. 2009; 8:54. doi: 10.1186/1475-2840-8-54 PMID: 19804653

Lipoprotein Profile in T1D by 1H NMR Spectroscopy

PLOS ONE | DOI:10.1371/journal.pone.0136348 August 28, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/12743701
http://dx.doi.org/10.1097/MOL.0b013e328355ca25
http://www.ncbi.nlm.nih.gov/pubmed/22732521
http://dx.doi.org/10.1002/biof.1202
http://www.ncbi.nlm.nih.gov/pubmed/25809447
http://dx.doi.org/10.1007/s00125-014-3205-0
http://www.ncbi.nlm.nih.gov/pubmed/24633677
http://dx.doi.org/10.1186/1475-2840-8-54
http://www.ncbi.nlm.nih.gov/pubmed/19804653

