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Abstract 

Context: High-density lipoproteins (HDL) may be protective against type 2 diabetes (T2D) 
development, but HDL particles vary in size and function, which could lead to differential 
associations with incident T2D. A newly developed nuclear magnetic resonance (NMR)-
derived algorithm provides concentrations for 7 HDL subspecies.
Objective: We aimed to investigate the association of HDL particle subspecies with 
incident T2D in the general population.
Methods: Among 4828 subjects of the Prevention of Renal and Vascular End-Stage 
Disease (PREVEND) study without T2D at baseline, HDL subspecies with increasing size 
from H1P to H7P were measured by NMR (LP4 algorithm of the Vantera NMR platform).
Results: A total of 265 individuals developed T2D (median follow-up of 7.3 years). In Cox 
regression models, HDL size and H4P (hazard ratio [HR] per 1 SD increase 0.83 [95% CI, 0.69-
0.99] and 0.85 [95% CI, 0.75-0.95], respectively) were inversely associated with incident T2D, 
after adjustment for relevant covariates. In contrast, levels of H2P were positively associated 
with incident T2D (HR 1.15 [95% CI, 1.01-1.32]). In secondary analyses, associations with large 
HDL particles and H6P were modified by body mass index (BMI) in such a way that they were 
particularly associated with a lower risk of incident T2D, in subjects with BMI < 30 kg/m2.

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/106/6/1761/6132446 by U
niversity of G

roningen user on 23 June 2021



1762  The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 6

Conclusion: Greater HDL size and lower levels of H4P were associated with a lower risk, 
whereas higher levels of H2P were associated with a higher risk of developing T2D. In 
addition, large HDL particles and H6P were inversely associated with T2D in nonobese 
subjects.

Key Words: HDL cholesterol, HDL particles, HDL subspecies, type 2 diabetes mellitus, obesity

The prevalence of type 2 diabetes (T2D) as one of the most 
common metabolic disorders is rapidly increasing (1). 
A better understanding of the pathophysiology of the con-
dition will help to prevent or delay the onset of T2D by 
various interventions (2). It is established that high-density 
lipoprotein cholesterol (HDL-C) is inversely associated 
with risk of developing T2D as described previously in 
different ethnic groups (3-6). However, HDL particles are 
heterogeneous and vary in composition, size, and function, 
which may lead to differential associations with incident 
T2D (7, 8). Larger and smaller HDL particles have been 
reported to relate differently to lipid transport, as well as 
to anti-inflammatory and antioxidative functions (9-12). In 
previous size-based HDL particle analyses, lower levels of 
large HDL particles and higher levels of smaller HDL par-
ticles were more likely to be associated with insulin resist-
ance and the development of T2D; however, associations of 
medium and small HDL particles with incident T2D have 
been inconsistently reported (13-19).

A newly developed nuclear magnetic resonance (NMR)-
derived algorithm called LP4 provides concentrations for 7 
HDL subspecies and categorizes HDL particles into small, 
medium, and large HDL more specifically (20-22). This al-
lows for additional HDL subspecies interrogation which 
may help to improve prediction of new-onset T2D com-
pared with the use of HDL-C and other measures of HDL 
particle characteristics.

Of further relevance, HDL composition and function 
is likely to be disturbed in the context of obesity and the 
metabolic syndrome (23, 24), making it relevant to discern 
whether the association of HDL particle parameters with 
incident T2D varies according to obesity and insulin resist-
ance. It is also noteworthy that HDL-C and larger sized 
HDL particles are increased in women (25, 26), coinciding 
with lower diabetes incidence (27).

The current study was initiated to explore the associ-
ations of HDL variables, namely, HDL-C, HDL particle 
concentration (HDL-P), large, medium, and small HDL 
particles, HDL size, and 7 HDL subspecies with inci-
dent T2D in the general population. Second, we aimed to 
examine the influence of obesity, insulin resistance, and 
sex on the association between these HDL parameters and 
newly developed T2D.

Methods

Study Design and Participants

This study was conducted within the framework of the 
Prevention of Renal and Vascular ENd-stage Disease 
(PREVEND) study, a prospective Dutch cohort study in 
a general population among inhabitants, aged from 28 to 
75 years, of the city Groningen, the Netherlands. The details 
of the study design and recruitment have been described be-
fore (28). Briefly, after exclusion of individuals using insulin 
and pregnant women, 7768 subjects with urinary albumin 
concentration ≥10 mg/L and 2592 individuals with urinary 
albumin concentration <10 mg/L were invited to partici-
pate in the study. The PREVEND study initially included 
8592 subjects who completed the study screening program 
(1997-1998). The second screening was the starting point of 
the current study (2001-2003) and included 6892 subjects. 
Individuals with missing data on diabetes and follow-up 
and those with missing NMR or covariate data at baseline 
were excluded, leaving 308 subjects with preexisting dia-
betes and 4828 subjects without diabetes at baseline of the 
present study.

The PREVEND study was approved by the local med-
ical ethics committee, University Medical Center Groningen 
(approval number: MEC96/01/022) and was performed 
according to the principles outlined in the Declaration of 
Helsinki. All participants gave written informed consent.

Clinical and Laboratory Measurement

Participants attended 2 outpatient visits during which base-
line data were collected on demographics, lifestyle param-
eters, anthropometric measurements, parental history of 
T2D, medical history, and medication use. Information 
on medication use was combined with information from 
a pharmacy-dispensing registry, which had complete in-
formation on the drug usage of >95% of subjects in the 
PREVEND study (29). Smoking status as well as alcohol 
use, calculation of body mass index (BMI), and measure-
ment of blood pressure, have been described previously (30). 
Hypertension was defined by self-reported physician diag-
nosis, use of antihypertensive medication, or blood pressure 
≥140/90 mmHg. Homeostatic model assessment of insulin 
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resistance (HOMA-IR) was calculated as fasting plasma in-
sulin (mU/L) × fasting plasma glucose (mmol/L)/22.5 (31).

Fasting venous plasma and serum samples were taken 
from participants after an overnight fast. Fasting plasma 
glucose (FPG) was measured by dry chemistry (Eastman 
Kodak, Rochester, NY, USA). EDTA-anticoagulated plasma 
samples were stored at −80 °C. Insulin was measured with 
an immunoturbidometric assay (Diazyme Laboratories, 
Poway, CA, USA). High-sensitivity C-reactive protein 
(hs-CRP) was assayed by nephelometry (Dade Behring 
Diagnostic, Marburg, Germany). Serum creatinine and 
cystatin C measurement have been described previously 
(32). Urinary albumin was measured by nephelometry 
(Dade Behring Diagnostic, Marburg, Germany). Estimated 
glomerular filtration rate (eGFR) was estimated using the 
Chronic Kidney Disease Epidemiology Collaboration 
(CKD-EPI) combined creatinine–cystatin C equation.

Lipoprotein parameters were measured by NMR 
spectroscopy at LabCorp (Morrisville, NC, formerly 
LipoScience) using an optimized version of the NMR 
LipoProfile test (LP4 algorithm) on plasma EDTA spe-
cimens (20, 22, 33). Total cholesterol, triglycerides, and 
HDL cholesterol (HDL-C) were measured using Vantera 
Clinical NMR Analyzer platform using Partial Least-
Squares (PLS) regression models. Low-density lipoprotein 
cholesterol (LDL-C) was calculated using the Friedewald 
equation. Small, medium, and large HDL particles and 
HDL subspecies (H1P to H7P; see below) were quanti-
fied using the amplitudes of their spectroscopically dis-
tinct lipid methyl group NMR signals (34). Total HDL 
particles (HDL-P) was calculated by the sums of the con-
centrations of small, medium, and large HDL particles. 
Mean HDL size was calculated using the weighted aver-
ages derived from the sum of the diameters of small, me-
dium, and large HDL particles multiplied by its relative 
mass percentage. Estimated ranges of particle diameter 
for the subclasses and subspecies were as follows: small 
HDL, 7.4 to 8.0 nm; medium HDL, 8.1 to 9.5 nm; large 
HDL, 9.6 to 13  nm; H1P, 7.4  nm; H2P, 7.8  nm; H3P, 
8.7 nm; H4P, 9.5 nm; H5P, 10.3 nm; H6P, 10.8 nm; and 
H7P, 12.0  nm. Small HDL comprises H1 and H2, me-
dium HDL, H3 and H4, and large HDL, H5 to H7.

Outcome Ascertainment

Follow-up time was defined as the period between the base-
line measurement (second screening) and the date of ascer-
tainment of T2D. Follow-up time was censored at 7.3 years. 
In case a person moved to an unknown destination, census 
date was date of removal from the municipal registry. T2D 
was ascertained if one or more of the following criteria 
were met: (1) FPG ≥7.0 mmol/L (126 mg/dL); (2) random 

sample plasma glucose ≥11.1 mmol/L (200 mg/dL); (3) self-
report of a physician diagnosis of T2D; and (4) initiation of 
glucose-lowering medication use, retrieved from a central 
pharmacy registry.

Statistical Analyses

All analyses were conducted with the use of the statistical 
packages IBM SPSS (version 24.0.1; SPSS, Chicago, IL, USA) 
and STATA/SE (version 14; StataCorp, College Station, TX, 
USA). Continuous variables were compared by using one-way 
ANOVA or a Kruskal Wallis test for skewed variables with 
subsequent Bonferroni correction, and a X2 tests for categor-
ical variables to test for differences across participants with 
preexisting diabetes, and with and without incident T2D. 
Data were expressed as mean ± standard deviation (SD), me-
dian with interquartile range (IQR) or as numbers (percent-
ages). Univariate as well as multivariate Pearson correlation 
coefficients were estimated to assess the cross-sectional cor-
relations of HDL variables (HDL-C, HDL-P, large, medium, 
and small HDL particles, and HDL size) and HDL subspe-
cies (H1-H7) with participants’ characteristics and laboratory 
parameters. Variables with a skewed distribution were log 
transformed. Crude and multivariable Cox proportional haz-
ards regression analysis was performed to examine the associ-
ations between each predictor and incident T2D. In addition, 
hazards ratios (HR) with 95% confidence intervals (CIs) were 
calculated per 1 SD increment of predictors (log transformed 
for variables which were not normally distributed). The fol-
lowing 5 cumulative models were used for adjustment: age 
and sex (models 2); plus family history of diabetes (models 
3); plus other established T2D risk factors including smoking 
status, alcohol consumption, BMI, hypertension, hs-CRP, 
and use of lipid-lowering medication (models 4); plus FPG 
(models 5a) or HOMA-IR (models 5b); plus FPG, LDL-C, 
and triglycerides (models 6a) or plus HOMA-IR, LDL-C, and 
triglycerides (models 6b). We tested interactions to assess stat-
istical evidence of for effect modification by BMI, sex, and 
HOMA-IR in crude analyses. For predictors of which the 
interaction test was significant, we performed subgroup ana-
lyses in HRs across categories of prespecified subject char-
acteristics, including BMI (<30  kg/m2 vs ≥30  kg/m2), sex 
(men vs women), and HOMA-IR (continuous and < median 
vs ≥ median value) in all 5 adjusted models. Two-sided P 
values < 0.05 were considered statistically significant.

Results

Baseline Characteristics

Baseline characteristics of 308 subjects with preexisting 
diabetes and 4828 individuals without T2D at study start 

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/106/6/1761/6132446 by U
niversity of G

roningen user on 23 June 2021



1764  The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 6

are shown in Table 1. After a median follow-up period of 
7.3  years, 265 individuals developed T2D. People with 
preexisting diabetes and those who developed T2D were 
more likely to be men and to be older, and they were more 
likely to have a family history of diabetes when compared 
with people who did not develop T2D during follow-up. 
Individuals with preexisting diabetes consumed less alcohol 
compared with people who developed and who did not de-
velop T2D. People with preexisting diabetes and those who 
developed T2D had a higher BMI, a larger waist circum-
ference, higher systolic and diastolic blood pressure, and 
higher FPG, fasting insulin, HOMA-IR, and hs-CRP. In 
subjects with preexisting diabetes and who developed T2D, 
urinary albumin excretion was higher, and eGFR was lower. 
They used antihypertensive medications and lipid-lowering 
drugs more frequently. Total cholesterol was higher in those 
who developed T2D compared with those with preexisting 
diabetes and who did not develop T2D. Triglycerides and 
small HDL particles were higher, whereas HDL-C, HDL-
P, large and medium HDL particles, and HDL size were 
lower in people with preexisting diabetes and who devel-
oped T2D. Among HDL subspecies, H1P, H3P, H4P, H6P, 
and H7P levels were lower in subjects with preexisting dia-
betes and who developed T2D, but H2P levels were higher. 
No significant difference among the groups were found in 
their LDL-C and H5P levels.

Cross-Sectional Associations

As shown in Table S1 (35), we performed multivariable 
analyses to show the associations between HDL variables 
(HDL-C, HDL-P, large, medium, and small HDL particles, 
and HDL size) and variables of interest for which a signifi-
cant association was found in the univariate models (data 
not shown). Female sex was positively associated with 
HDL-C, HDL-P, large and medium HDL particles, and 
HDL size, and inversely associated with small HDL par-
ticles. Having a positive family history of diabetes was in-
versely associated with large HDL particles and HDL size. 
BMI, HOMA-IR, triglycerides, and LDL-C were inversely 
associated with all HDL variables, except with small HDL 
particles.

In further cross-sectional multivariable regression ana-
lyses (Table S2 (35)), we assessed the association between 
each of the 7 HDL subspecies (H1P to H7P) and variables 
of interest with those variables with a significant associ-
ation in univariate analyses was found (data not shown). 
Female sex was inversely associated with small subspe-
cies (H1P and H2P) but positively associated with several 
medium-sized and large subspecies (H3P, H4P, H6P, H7P). 
Family history of diabetes was positively associated with 

H2P, but inversely with H6P. BMI, HOMA-IR, and trigly-
cerides were positively associated with H2P, and inversely 
with H6P and H7P.

Furthermore, HDL-C was correlated positively with 
medium and large HDL particles, and inversely with small 
HDL particles (Table S3 (35)). Large and medium HDL 
particles were positively correlated whereas negative cor-
relations between small HDL particles with medium and 
large HDL particles were found (Table S3 (35)). In add-
ition, HDL-C was negatively correlated with H1P, H2P, 
and H5P, and positively with H3P, H4P, H6P, and H7P 
(Table S3 (35)).

Association of HDL-C, HDL-P, Large, Medium, and 
Small HDL, and HDL Size With Incident T2D

During a median follow-up of 7.3 (6.1-7.7) years, 265 
of the 4828 subjects without diabetes at baseline devel-
oped T2D. Cox proportional hazard regression analyses 
were first performed for HDL-C, HDL-P, large, medium, 
and small HDL particles, and HDL size (Table 2). In the 
crude model, higher levels of HDL-C, HDL-P, large, me-
dium HDL particles, and HDL size were associated with a 
lower risk of T2D, whereas higher levels of small HDL par-
ticles were associated with an increased risk of T2D. After 
cumulative adjustment for age and sex (models 2), family 
history of diabetes (models 3), smoking, alcohol use, BMI, 
hs-CRP, hypertension, and use of lipid-lowering medication 
(models 4), and FPG (models 5a), the association remained 
significant for HDL-C, HDL size, small, medium, and large 
HDL particles. After adjustment for HOMA-IR instead of 
FPG (models 5b) and in 2 last models, in which we add-
itionally adjusted for LDL-C and triglycerides (models 6a 
and 6b), HDL size remained inversely associated with inci-
dent T2D (HR per 1 SD increase 0.76 [95% CI, 0.64-0.91], 
0.77 [95% CI, 0.63-0.95], and 0.83 [95% CI, 0.69-0.99], 
respectively).

Association of HDL Subspecies With Incident T2D

In addition, Cox proportional hazard regression analyses 
were performed for the 7 HDL subspecies and incident 
T2D (Table 3). In the crude model, higher concentra-
tions of H1P, H3P, H4P, H6P, and H7P were associated 
with lower risk of T2D (Table 3), whereas higher con-
centrations of H2P were associated with an increased 
risk of T2D. After adjustment for relevant covariates, 
including age and sex (models 2), family history of dia-
betes (models 3), smoking, alcohol use, BMI, hs-CRP, 
hypertension, use of lipid-lowering medication (models 
4), and FPG (models 5a), the association remained sig-
nificant for H2P, H4P, H6P, and H7P. After adjustment 
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Table 1. Baseline Characteristics of 308 Subjects With Preexisting Diabetes at Baseline, 265 Subjects Who Developed T2D, and 

4563 Subjects Who Did Not Develop T2D in the Span of 7.3 Years

Diabetes at baseline Incident diabetes

Variables  Yes No P value

Participants, n 308 265 4563  
General characteristics     
 Female, % 43.8 37.7 51.2 <0.001a b c

 Age, year 62.6 ± 9.9 57.0 ± 9.7 52.5 ± 11.6 <0.001a b c

Lifestyle parameters     
 Current smoker, % 20.1 27.9 26.8 0.641
 Alcohol use, % 59.4 73.1 76.9 <0.001a c

 Family history of diabetes % 31.5 32.8 16.6 <0.001b c

Body composition     
 Weight, kg 87.7 ± 16.5 88.6 ± 15.3 78.7 ± 14.0 <0.001a b

 Height, cm 171.1 ± 10.0 172.5 ± 9.2 173.2 ± 9.4 0.253 
 BMI, kg/m2 29.9 ± 5.2 29.8 ± 4.7 26.2 ± 4.0 0.001a b

 Waist circumference, cm 101.9 ± 12.7 101.7 ± 12.6 90.7 ± 12.2 <0.001a b

Blood pressure     
 Systolic blood pressure, mmHg 135.3 ± 19.8 135.9 ± 19.7 124.3 ± 17.7 <0.001a b

 Diastolic blood pressure, mmHg 75.3 ± 9.0 77.3 ± 9.0 72.9 ± 8.9 <0.001a b c

 Hypertension, % 63.6 55.8 25.8 <0.001a b c

Antihypertensive medication, % 44.8 35.1 14.1 <0.001a b c

 Lipid-lowering medication, % 26.3 19.0 7.3 <0.001a b c

Glucose homeostasis     
 FPG, mmol/L 8.1 ± 2.4 5.7 ± 0.7 4.8 ± 0.6 <0.001a b c

 Insulin, mU/L 14.3 (9.5–21.4) 13.6 (9.2–20.3) 7.7 (5.6–11.3) <0.001a b

 HOMA-IR, (mU/L2)/22.5 4.9 (3.1–7.9) 3.4 (2.3–5.3) 1.6 (1.1–2.4) <0.001a b

Hs-CRP, mg/L 2.6 (1.3–4.9) 2.1 (1.1–3.8) 1.2 (0.5–2.8) <0.001a b 
Renal function     
 eGFR, mL/min per 1.73 m2 85.9 (73.0–98.9) 90.0 (79.0–100.5) 95.0 (83.0–105.0) <0.001a b c

 Urinary albumin excretion, mg/24 h 16.3 (8.2–46.0) 12.2 (7.8–30.0) 8.3 (6.0–14.4) <0.001a b c

Lipids and lipoproteins     
 Total cholesterol, mg/dL 190.6 ± 40.2 198.5 ± 36.2 193.5 ± 34.4 0.023c

 LDL-C, mg/dL 112.7 ± 32.6 118.2 ± 30.0 113.9 ± 29.1 0.045
 HDL-C, mg/dL 44.6 ± 9.9 45.9 ± 9.9 52.0 ± 12.2 <0.001a b

 Triglycerides (total), mg/dL 127.7 (88.7–179.1) 134.6 (89.2–198.9) 91.0 (65.1–133.9) <0.001a b

 HDL-P, µmol/L 20.1 ± 3.0 20.7 ± 2.8 21.2 ± 2.7 0.004a b c

 Large HDL, µmol/L 0.9 (0.7–1.6) 1.0 (0.6–1.5) 1.5 (0.9–2.5) <0.001a b

 Medium HDL, µmol/L 3.9 (2.8–5.4) 4.3 (3.0–5.7) 5.1 (3.7–6.5) <0.001a b

 Small HDL, µmol/L 14.7(12.8–16.4) 14.9 ± 2.7 14.1 ± 2.9 <0.001a b

 HDL size, nm 8.7 ± 0.3 8.7 ± 0.4 9.00 ± 0.4 <0.001a b

 HDL Subspecies     
 H1P, µmol/L 3.1 (1.6–4.2) 3.1 (1.9–4.3) 3.5 (2.3–4.7) <0.001a b

 H2P, µmol/L 11.6 (10.0–13.1) 11.7 (10.2–13.1) 10.5 (9.9–12.1) <0.001a b

 H3P, µmol/L 2.6 (1.4–3.8) 2.9 (1.7–4.2) 3.2 (2.1–4.4) <0.001a b

 H4P, µmol/L 1.3 (0.8–1.9) 1.3 (0.7–2.0) 1.7 (1.2–2.5) <0.001a b

 H5P, µmol/L 0.3 (0.1–0.7) 0.3 (0.1–0.6) 0.3 (0.1–0.6) 0.280
 H6P, µmol/L 0.4 (0.2–0.7) 0.4 (0.2–0.7) 0.6 (0.3–1.4) <0.001a b

 H7P, µmol/L 0.2 (0.1–0.4) 0.2 (0.1–0.4) 0.3 (0.1–0.6) <0.001a b

Data are the mean ± SD, median (interquartile range) unless otherwise indicated. Significance was tested by one-way ANOVA tests and Kruskal Wallis tests where 
appropriate.
Abbreviations: BMI, body mass index; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; H1P-H7P, high-density lipoprotein 1-7 particles 
(from smallest to largest); HDL-C, high-density lipoprotein cholesterol; HDL-P, high-density lipoprotein particles; HOMA-IR, homeostatic model assessment of 
insulin resistance; hs-CRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; T2D, type 2 diabetes.
aDifferent between the group with T2D at baseline and the group without T2D at follow-up. bDifferent between the group with incident T2D and the group 
without T2D at follow-up. cDifferent between the group with T2D at baseline and the group with T2D at baseline and the group with incident T2D at follow-up 
at P value < 0.05 (by Bonferroni correction).
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for HOMA-IR instead of FPG (models 5b) and in 2 last 
models, in which we additionally adjusted for LDL-C and 
triglycerides (models 6a and 6b), H4P remained inversely 
associated with incident T2D (HR per 1 SD increase 0.81 
[95% CI, 0.73-0.90], 0.87 [95% CI, 0.77-0.98] and 0.85 
[95% CI, 0.75-0.95], respectively), while H2P remained 
positively associated with incident T2D (HR per 1 SD 
increase 1.22 [95% CI, 1.08-1.38], 1.15 [95% CI, 1.01-
1.32] and 1.15 [95% CI, 1.01-1.32], respectively).

Sensitivity Analyses on the Association Between 
Large, Medium and Small HDL Particles and HDL 
Subspecies With Incident T2D

For sensitivity analyses, we used the proportions of large, 
medium, and small HDL particles as a fraction of total 
HDL-P, as well as the proportions of H1P to H7P as a frac-
tion of total HDL-P. The proportion of large HDL with 
a lower risk of incident T2D remained significant after 
adjustment for FPG or HOMA-IR (Table S4, models 5a 
and 5b) (35). H2P was associated with an increased risk of 
T2D, whereas H4P was inversely associated with incident 
T2D (Table S5, model 6b (35)).

Influence of HDL-C on the Association of Large, 
Medium, and Small HDL Particles and HDL 
Subspecies With Incident T2D

To determine potential confounding in the regression 
models, analyses were performed with HDL-C as an add-
itional independent variable and with HDL-C and HDL 
subspecies jointly in the same model. The inverse associ-
ation of large HDL with incident T2D remained significant 
after adjustment for HDL-C, whereas the positive associ-
ation between small HDL particles and incident T2D re-
mained significant when taking account of HDL-C, as well 
as of large and medium HDL particles (Table S6 (35)). Also, 
in analyses adjusted for age, sex, and HDL-C, higher con-
centrations of H2P were associated with an increased risk 
of T2D, whereas H1P, H4P, H6P, and H7P were inversely 
associated with incident T2D (Table S7 (35)). In analyses 
jointly adjusted for the various HDL subspecies, H1P and 
H4P were inversely and H2P was positively associated with 
increased T2D risk.

Secondary Analyses of HDL Variables and 
Subspecies With Incident T2D in Various 
Subgroups

To find potential effect modifications, we tested for inter-
actions by BMI (dichotomized as <30 kg/m2 and ≥30 kg/m2)  
and sex with HDL-C, HDL-P, large, medium, and small 

HDL particles, HDL size, and the 7 HDL subspecies. 
In crude analyses, we found significant effect modifi-
cation for BMI with large HDL (P = 0.041) and H6P 
(P = 0.008). Consequently, we performed secondary ana-
lyses within subgroups of individuals with BMI < 30  kg/
m2 and BMI ≥ 30 kg/m2. Higher levels of large HDL and 
H6P were associated with a lower risk of incident T2D in 
subjects with BMI < 30 kg/m2 after adjustment for relevant 
covariates, whereas these associations were not significant 
in subjects with BMI ≥ 30 kg/m2 (Table 4).

In addition, effect modification for sex was found 
for large HDL (P = 0.029), small HDL (P = 0.028), H5P 
(P = 0.015), and H6P (P = 0.001). Higher levels of large 
HDL particles and H6P were associated with a lower risk 
of T2D development in women, but not in men after ad-
justment for relevant covariates (Table 5). There was no 
significant (adjusted) association between small HDL par-
ticles and H5P with incident T2D in men and in women 
separately.

Of further note, effect modification for HOMA-IR as 
a continuous variable was observed for H3P (P = 0.005), 
H5P (P = 0.004), and H6P (P = 0.001). In dichotom-
ized and unadjusted analysis, the inverse association be-
tween H6P and incident T2D was stronger in subjects 
with HOMA-IR < the median value of the whole group 
of 1.68 (mU/L2)/22.5 (HR 0.62; 95% CI, 0.44-0.87 per 
1 SD increase; P = 0.006) compared to subjects with 
HOMA-IR ≥ 1.68 (mU/L2)/22.5 (HR 0.80; 95% CI, 0.70-
0.92 per 1 SD increase; P = 0.001) (data not shown). 
However, after adjustment for all covariates (model 6a in 
previous Tables), the association between H6P and incident 
T2D did not reach significance in each of the HOMA-IR 
subgroups (HR 0.76; 95% CI, 0.51-0.1.13 per 1 SD in-
crease; P = 0.17 in the low HOMA-IR subgroup vs HR 
0.91; 95% CI, 0.78-1.05 per 1 SD increase; P = 0.19 in the 
high HOMA-IR subgroup).

Discussion

In this large population based-cohort study, we discerned 
the association of HDL size and various HDL subclasses 
(small, medium, and large HDL particles) and subspecies 
(H1P-H7P) determined with a novel NMR-based algo-
rithm with incident T2D in the general population. We 
found that larger HDL size and higher H4P concentra-
tions were inversely associated with T2D development, 
whereas H2P levels were positively associated with T2D 
development after multiple adjustments. In secondary ana-
lyses, large HDL particles and H6P were also inversely as-
sociated with T2D in fully adjusted analyses, in subjects 
with BMI < 30 kg/m2. In obese subjects, in contrast, such 
independent associations were not observed. Furthermore, 
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higher concentrations of large HDL and H6P were associ-
ated with incident T2D in women.

The inverse association of HDL-C with T2D development 
as shown in earlier epidemiological studies has been translated 
into a potential protective influence of HDL-C against inci-
dent T2D (4-6). Consequently HDL-C has been included in 
risk scores of T2D prediction drawn from the Framingham 
Offspring Study Diabetes Mellitus and the Diabetes Prediction 
Model risk scores (3, 5). HDL does not represent a single lipo-
protein fraction (commonly assessed by the HDL-C concen-
tration) but includes a diverse group of particles which may 
differ in their alleged antidiabetic roles (9-12, 36). In the cur-
rent study, HDL-C was positively associated with large and 

medium HDL, as well as with HP3, HP4, HP6, and HP7, and 
inversely with small HDL as well as with HP1, HP2, and HP5. 
A potentially important novel observation of our study is the 
inverse association of large HDL and the positive association 
small HDL with incident T2D remained after adjustment for 
age, sex, and HDL-C. This suggest that such associations of 
NMR-assayed HDL subfractions may be clinically mean-
ingful beyond measurement of HDL-C per se.

The association between different HDL particle sub-
classes (small, medium, and large) and HDL size with in-
cident T2D has been studied recently, including application 
of NMR methodology. Higher concentrations of large HDL 
and greater HDL size were suggested to be inversely associ-
ated with incident T2D (8, 17-19). However, the association 
between medium and small HDL particles and incident 
T2D was evaluated only in a limited number of studies 
(16-18). These previous studies were conducted in different 
populations with varying ethnicities, and the HDL variables 
studied were not uniformly adjusted for covariates (16-19). 
Interestingly, the current study expanded the investigation 
of HDL with incident T2D by assessing its association 
with 7 different HDL subspecies and demonstrated for the 
first time the positive and inverse associations of H2P and 
H4P, respectively, with incident T2D in adjusted analyses. 
Furthermore, the association between the larger subspe-
cies H6P and H7P and incident T2D were independent of 
metabolic factors but not of HOMA-IR, triglycerides, and 
LDL-C. In comparison, we recently documented an inverse 
association of H6P with development of posttransplantation 
diabetes in renal transplant recipients (22).

A salient feature of HDL subclasses and subspecies 
distribution and their associations with T2D could be ex-
plained by their relationships with BMI and insulin resist-
ance as confirmed in the current study. Insulin resistance is 
appreciated to be associated with fewer large HDL particles 
and a decrease in HDL particle size (15, 16, 37, 38). Of 
further interest, the correlation between phospholipid con-
tent of HDL subfractions separated by gel filtration chro-
matography and HDL subspecies as quantified by NMR 
spectroscopy was reported recently (37, 39). Fractions 
with low phospholipid content appeared very similar to 
H7P and H6P, respectively, as assessed by NMR, while 
the fraction with high phospholipid content appeared very 
similar to H2P as assessed by NMR (37). Fractions with 
a low phospholipid content were inversely correlated with 
HOMA-IR (37). Moreover, HDL remodeling consequent 
to insulin resistance and T2D results in HDL particles with 
fewer cholesteryl esters (40, 41). Taken together, these find-
ings make it necessary to adjust for adiposity and/or in-
sulin resistance when evaluating the association of HDL 
subfractions and subspecies with newly developed T2D.

Table 4. Association Between HDL Variables and Subspecies 

at Baseline With Risk of T2D in Low and High BMI 

Subgroups or Parameters With Significant Interaction With 

BMI

Large HDL H6P

BMI < 30 kg/m2 
(n = 4007)

  

Events 152 152

Model 1 0.64 (0.55–0.73)*** 0.61 (0.52–0.71)***
Model 2 0.64 (0.55–0.75)*** 0.61 (0.52–0.73)***
Model 3 0.66 (0.56–0.77)*** 0.64 (0.54–0.76)***
Model 4 0.71 (0.60–0.84)*** 0.70 (0.59–0.83)***
Model 5a 0.76 (0.64–0.90)** 0.78 (0.65–0.93)**
Model 5b 0.85 (0.71–1.01) 0.81 (0.68–0.97)*
Model 6a 0.82 (0.68–0.98)* 0.83 (0.69–0.99)*
Model 6b 0.93 (0.77–1.12) 0.85 (0.71–1.02)

BMI ≥ 30 kg/m2 
kg/m2(n = 821)

  

Events 113 113

Model 1 0.81 (0.67–0.96)* 0.86 (0.70–1.05)
Model 2 0.80 (0.66–0.97)* 0.86 (0.70–1.07)
Model 3 0.81 (0.66–0.98)* 0.86 (0.70–1.08)
Model 4 0.81 (0.66–0.99)* 0.86 (0.69–1.07)
Model 5a 0.88 (0.71–1.08) 1.01 (0.79–1.28)
Model 5b 0.88 (0.71–1.10) 0.93 (0.74–1.17)
Model 6a 0.92 (0.73–1.16) 1.06 (0.83–1.36)
Model 6b 0.92 (0.73–1.16) 0.96 (0.76–1.21)

Hazard ratios (HRs) with 95% CIs were derived from Cox proportional 
hazard models. Significant associations are shown in bold.
Model 1: crude model; Model 2: model 1 + age, sex; Model 3: model 2 + 
family history of diabetes; Model 4: model 3 + smoking, alcohol consumption, 
body mass index, hypertension, high-sensitivity C-reactive protein, and use of 
lipid-lowering medication; Model 5a: model 4 + fasting plasma glucose; Model 
5b: model 4 + homeostatic model assessment of insulin resistance; Model 6a: 
model 5a + low-density lipoprotein cholesterol (LDL-C), triglycerides; Model 
6b: model 5b + LDL-C, triglycerides.
Abbreviations: BMI, body mass index; H6P, high-density lipoprotein 6 
particles (10.8 nm); HDL, high-density lipoprotein; T2D, type 2 diabetes.
*P < 0.05; **P < 0.01; ***P < 0.001.
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HDL particles may convey protective effects on 
β-cells in vitro, allegedly by mediating cellular choles-
terol efflux (CEC) and possibly also by its antioxidative 
function (42, 43). A  positive correlation between CEC 
and large and medium HDL particles and HDL size, 
and an inverse correlation between CEC and small HDL 
particles were reported using J774 macrophages (44, 
45). Although in another study CEC was only associ-
ated with the HDL particle concentration (46), this may 
link impaired HDL function to adiposity and/or insulin 
resistance coinciding with smaller HDL particles (23, 
47). Another key process that could link T2D develop-
ment with HDL function is the proprotein convertase 
subtilisin/kexine type 9 (PCSK9) pathway which may 
affect β-cell function by regulating cellular cholesterol 
homeostasis (48). PCSK9 also regulates sphingosine-1-
phosphate, an important mediator of HDL function (49). 
In addition, the antioxidative function of HDL, an HDL 
metric possibly involved in maintaining β-cell function 
(43), is impaired in metabolic syndrome subjects after 
correction for HDL-C (24). Finally, HDL remodeling is 

at least in part consequence of changes in cholesteryl 
ester transfer protein (CETP) activity which in turn is 
affected by triglyceride-rich lipoproteins, and phospho-
lipid transfer protein (PLTP) (40, 41, 46, 50, 51). Of 
note, recent studies suggest that administration of CETP 
inhibitors may decrease diabetes risk, but higher PLTP 
activity is associated with increased diabetes risk (52, 
53). These findings raise the possibility that alterations 
in the HDL particle profile consequent to changes in 
CETP and PLTP could affect T2D development.

Secondary analyses suggested that large HDL particles 
and H6P were inversely associated with incident T2D in 
nonobese subjects but not in obese subjects. This could be 
interpreted as a result of altered HDL function in individ-
uals with obesity and metabolic syndrome. Obesity and 
metabolic syndrome are not only associated with lower 
HDL-C and fewer large HDL particles but also with im-
paired HDL function exemplified as CEC (23, 54), con-
sistent with dysfunctional HDL (55). In support of this, 2 
randomized controlled studies found a beneficial effect of 
weight loss surgery on improving HDL function in patients 

Table 5. Association Between HDL Variables and Subspecies and Risk of T2D in 2390 Men and 2438 Women for Parameters 

With Significant Interaction With Sex

Large HDL Small HDL H5P H6P

Men     

Events 165 165 165 165

Model 1 0.73 (0.62–0.85)*** 1.09 (0.93–1.30) 0.89 (0.75–1.05) 0.80 (0.67–0.94)**
Model 2 0.69 (0.59–0.80)*** 1.14 (0.96–1.35) 0.89 (0.75–1.05) 0.75 (0.64–0.89)**
Model 3 0.70 (0.60–0.82)*** 1.12 (0.953–1.33) 0.90 (0.77–1.06) 0.77 (0.65–0.91)**
Model 4 0.87 (0.74–1.06) 1.05 (0.88–1.24) 0.98 (0.83–1.17) 0.94 (0.78–1.13)
Model 5a 0.97 (0.81–1.15) 1.17 (0.99–1.38) 0.93 (0.79–1.10) 1.01 (0.84–1.23)
Model 5b 0.98 (0.81–1.17) 1.03 (0.87–1.23) 1.01 (0.85–1.20) 1.02 (0.84–1.23)
Model 6a 1.09 (0.90–1.32) 1.06 (0.86–1.31) 0.98 (0.82–1.17) 1.05 (0.86–1.28)
Model 6b 1.04 (0.85–1.27) 0.99 (0.83–1.18) 1.03 (0.86–1.23) 1.05 (0.86–1.28)

Women     
Events 100 100 100 100

Model 1 0.56 (0.47–0.67)*** 1.45 (1.21–1.75)*** 1.21 (1.01–1.45)* 0.53 (0.44–0.63)***
Model 2 0.56 (0.47–0.67)*** 1.33 (1. 1–1.61)** 1.17 (0.97–1.41) 0.52 (0.43–0.63)***
Model 3 0.57 (0.47–0.67)*** 1.31 (1.09–1.59)** 1.16 (0.96–1.39) 0.53 (0.44–0.64)***
Model 4 0.66 (0.54–0.82)*** 1.19 (0.96–1.46) 1.08 (0.89–1.31) 0.63 (0.51–0.79)***
Model 5a 0.72 (0.58–0.89)** 1.17 (0.95–1.43) 1.04 (0.85–1.28) 0.75 (0.60–0.94)*
Model 5b 0.84 (0.67–1.05) 1.09 (0.88–1.35) 1.10 (0.89–1.35) 0.75 (0.60–0.94)*
Model 6a 0.77 (0.61–0.97)* 1.10 (0.93–1.31) 1.07 (0.87–1.31) 0.77 (0.61–0.97)*
Model 6b 0.88 (0.70–1.11) 1.03 (0.82–1.28) 1.10 (0.89–1.35) 0.77 (0.62–0.97)*

Hazard ratios (HRs) with 95% confidence intervals (CIs) s) were derived from Cox proportional hazard models. Significant associations are shown in bold.
Model 1: crude model; Model 2: model 1 + age, sex; Model 3: model 2 + family history of diabetes; Model 4: model 3 + smoking, alcohol consumption, body 
mass index, hypertension, high-sensitivity C-reactive protein, and use of lipid-lowering medication; Model 5a: model 4 + fasting plasma glucose; Model 5b: model 
4 + homeostatic model assessment of insulin resistance; Model 6a: model 5a + low-density lipoprotein cholesterol (LDL-C), triglycerides; Model 6b: model 5b + 
LDL-C, triglycerides.
Abbreviations: H5P, high-density lipoprotein 5 particles (10.3 nm); H6P, high-density lipoprotein 6 particles (10.8 nm); HDL, high-density lipoprotein; T2D, type 
2 diabetes.
*P < 0.05; **P < 0.01; ***P < 0.001.
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with obesity (56, 57). Also, serum paraoxonase-1 (PON-
1), an antioxidative enzyme which predominantly asso-
ciates with large HDL particles (58) and relates to PLTP 
activity (59), is impaired in metabolic syndrome subjects 
(60). However, paraoxonase-1 activity did not predict T2D 
development, making the role of this antioxidative enzyme 
in T2D development uncertain (61).

The association between HDL-C and HDL particles with de-
velopment of T2D have been reported to vary with sex. Higher 
levels of HDL-C represented a protective marker of incident 
T2D in women but not in men (62, 63). Additionally, higher 
large HDL particles, as well as greater HDL size but reduced 
small HDL particles, were protective against T2D in 2 previous 
studies in women (17, 64), consistent with our findings showing 
an inverse association between large HDL particles and H6P 
with incident T2D in women but not in men. Furthermore, 
higher HDL-C and higher concentration of large HDL particles 
in women compared with men (25, 26) could be explained by 
different sex hormone effects on HDL metabolism. While ex-
ogenous estrogen increases predominately large HDL, testos-
terone may decrease large HDL (65, 66). Hence, we confirm 
that decreased large HDL particles and subspecies (H6P) may 
be risk markers of for T2D development especially in women.

A strength of the current study is that it included a large 
number of participants with a varied age range and with a 
follow-up period of 7.3 years. Furthermore, in sensitivity 
analysis applying the proportion of HDL subspecies, the 
inverse association of H4P and the positive association of 
H2P with incident T2D remained, significant, in fully ad-
justed analyses. A  limitation of our study is that the ma-
jority of the participants were of White ethnic background, 
limiting extrapolation of our findings to other ethnicities. In 
this regard, it may be of importance that the inverse associ-
ation of HDL-C and HDL-P with cardiovascular disease is 
absent in Black people (67).

In conclusion, HDL size is associated inversely with T2D 
risk in the general population. Among HDL subspecies, 
H4P was associated with a lower risk of T2D development, 
whereas higher levels of H2P were associated with a higher 
risk of future T2D. In addition, large HDL particles and 
H6P were associated with a lower risk of incident T2D in 
nonobese subjects but not in obese individuals. Of further 
note, large HDL particles and H6P were associated with a 
lower risk of incident T2D in women but not in men.
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