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1Introduction

Type 2 diabetes and its complications

Type 2 diabetes is defined by hyperglycemia and caused by an imbalance between insulin 
resistance in peripheral tissues and the ability of the pancreatic β-cells to produce insulin 
1. An estimated 380 million people worldwide currently have type 2 diabetes 2,3. Shock-
ingly, at 45 years of age, the lifetime risk of developing type 2 diabetes was 31.3% in a 
Dutch study 4 and disease incidence is rising 2. Type 2 diabetes pathophysiology comprises 
a spectrum of phenotypes with different metabolic and inflammatory disturbances and is 
currently incompletely understood. To improve prediction, prevention, and management 
of type 2 diabetes and its complications, more insight into pathophysiologic mechanisms 
is necessary 5.
The most important risk factors for type 2 diabetes are obesity, aging, lack of physical 

activity, a positive family history of type 2 diabetes, and African-American, Hispanic, or 
Asian ethnicity 2,6,7. In type 2 diabetes, genetic susceptibility, epigenetic programming, and 
environmental factors (such as a high-fat high-caloric diet and lack of exercise) interact at 
multiple levels 1. In healthy persons, glucose stimulates insulin secretion by the pancreatic 
β-cells, which then stimulates the uptake of glucose, amino acids, and fatty acids by pe-
ripheral tissues. When peripheral tissues become insulin-resistant, they need more insulin 
to take up nutrients, therefore the β-cells need to produce more insulin. Type 2 diabetes 
occurs when the β-cell cannot produce enough insulin to cope with the nutrient load 
and overcome the peripheral insulin resistance 1,8. In addition to insulin resistance and 
β-cell dysfunction, increased glucagon levels, which is produced by the pancreatic α-cells 
and increases conversion of glycogen stored in the liver to glucose, add to hyperglycemia. 
Furthermore, a dysregulation of gut and brain hormone signals, such as GLP-1 and leptin, 
altered bile acid metabolism, changes in the gut microbiome, and neural control of glu-
cose metabolism contribute to type 2 diabetes pathophysiology 8. Type 2 diabetes is a 
heterogeneous disease in which the relative contribution of the mechanisms mentioned 
above differ from patient to patient. 
The long-term disease burden of type 2 diabetes is largely caused by its vascular com-

plications. Diabetes affects both large and small blood vessels and the complications are 
therefore referred to as macrovascular and microvascular. These complications include 
atherosclerosis, coronary artery disease, stroke, diabetic foot, retinopathy, nephropathy, 
and neuropathy. People with type 2 diabetes have twice the risk of cardiovascular disease 
as people without diabetes, independent from other risk factors 9. Also, type 2 diabetes is 
a leading cause of blindness, renal disease, and lower limb amputation and a major cause 
of death, with 3.7 million deaths in 2012 attributable to hyperglycemia 2. The complica-
tions of type 2 diabetes can to a large extent be explained by dyslipidemia, hyperglycemia, 
insulin resistance, and hemodynamic changes like hypertension. These disturbed sys-
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temic processes cause cellular changes in receptive tissues such as the endothelium and 
neurons, leading to oxidative stress and endothelial dysfunction 10. In addition, platelet 
hyper-reactivity, endothelial damage, and increased activity of coagulation factors cause 
a pro-thrombotic state. Together, these pro-inflammatory and pro-thrombotic changes 
contribute to vascular complications 10-12. Although the exact mechanisms leading to the 
various complications differ, metabolic and pro-inflammatory disturbances play a role in 
the development of all. Current treatment options for reducing vascular complication risk 
focus on the classical risk factors: hyperglycemia, hypertension, and dyslipidemia. Un-
fortunately, intensive treatment of these factors only reduces macro- and microvascular 
complications by approximately 50% 13-15. The unexplained, large residual risk is currently 
unaccounted for in prevention, prediction and treatment. 

Metabolic and inflammatory disturbances in type 2 diabetes

Markers of inflammation are associated with risk of type 2 diabetes and its complications 
16,17. Strong links exist between the immune system, adipose tissue, and lipid and glucose 
metabolism 18. Lipid metabolism is often already disturbed before the onset of type 2 
diabetes, especially in obese individuals. Increased triglyceride and free fatty acid levels, 
decreased adiponectin levels, insulin resistance, and other yet unknown factors increase 
very-low-density lipoprotein (VLDL) production and high-density lipoprotein (HDL) catabo-
lism. Eventually, this results in the typical diabetic dyslipidemia characterized by increased 
triglycerides, decreased HDL-cholesterol, and increased levels of small, dense low-density 
lipoprotein (LDL). Diabetic dyslipidemia is present in approximately 80% of individuals 
with type 2 diabetes and is a major risk factor for cardiovascular disease 19. Dyslipidemia 
and hyperglycemia contribute to the low-grade systemic inflammation in type 2 diabetes 
through aberrant immune cell activation and signaling and by increasing stress on the 
endoplasmic reticulum resulting in its dysfunction 20. 
As explained in more detail below, I studied protein N-glycosylation and the anti-inflam-

matory effects of HDL in type 2 diabetes. Both processes are not only sensitive to metabolic 
and inflammatory disturbances 21-23, but may also actively induce more pro-inflammatory 
and metabolic alterations in the individual with type 2 diabetes 24-26. Therefore, I hypoth-
esized that protein N-glycosylation and HDL anti-inflammatory function are altered in type 
2 diabetes and might contribute to the development of vascular complications.

N-glycosylation

Glycosylation is the enzymatic process of attaching carbohydrate chains to lipids and 
proteins as a posttranslational modification. Genetic defects in glycosylation are either 
embryonically lethal or result in rare but severe disorders involving multiple organ systems 
27,28. In proteins, these carbohydrate chains are attached to the oxygen of the amino acids 
serine or threonine, referred to as O-glycans, or to the nitrogen of asparagine, called N-
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1glycans 24. N-glycans represent the majority of glycans and their functional effects have 
been better studied than those of other glycans 24. N-glycosylation directly influences 
protein function and is especially important for the interaction of proteins with cells 29. For 
instance, glycans are necessary for recognizing pathogens and determine the metastatic 
potential of cancer cells 24. The attachment of glycans to proteins is a complex process 
and is regulated by genetic, epigenetic, and environmental factors 30. A complete N-glycan 
precursor is attached to an asparagine residue in the endoplasmic reticulum. This precur-
sor is then extensively remodeled by glycosyltransferases and glycosidases throughout the 
endoplasmic reticulum and Golgi system and further remodeling occurs by glycosidases 
in the plasma. The final N-glycans on proteins can be of the high-mannose, hybrid, or 
complex type, of which the complex type glycans have undergone the most extensive 
remodeling and can contain 2 or more antennae with one or more fucose, galactose, or 
sialic acid groups 31. 

N-glycosylation of proteins can be studied by determining the total plasma N-glycome 
(measuring all N-glycans from glycoproteins present in the plasma), or as the N-glycome 
of a specific glycoprotein. Patterns of the total N-glycome are associated with known type 
2 diabetes risk factors such as BMI, lipids, smoking, and ageing 32-35. Moreover, they have 
been shown to change in acute inflammation 21,36. Immunoglobulin G (IgG) is the most com-
mon immunoglobulin in the circulation and its glycosylation has been studied extensively. 
Several functional effects of specific glycosylation features are known to switch its function 
from pro- to anti-inflammatory and vice versa 37. Changes in the IgG N-glycome have been 
related to multiple diseases, including rheumatoid arthritis 38,39, systemic lupus erythema-
thosus 40, inflammatory bowel disease 41, chronic kidney disease 42, and hypertension 43. 
In rheumatoid arthritis, IgG N-glycans mediate complement activation 44, which has also 
been related to type 2 diabetes and its metabolic disturbances and vascular complications 
45,46. Few studies have investigated the plasma N-glycome in type 2 diabetes. Testa et al. 
showed reduced monogalactosylated, core-fucosylated diantennary N-glycans in type 2 
diabetes 47. Very recently, Keser et al. found increased N-glycan complexity in individuals 
at risk for type 2 diabetes 48. These studies emphasize the need to further investigate the 
N-glycome in type 2 diabetes. New technologies have enabled high-throughput studies 
with detailed N-glycan analysis, which allows studying their associations with common 
multifactorial diseases in large populations 22. 

HDL anti-inflammatory function

Low HDL-cholesterol levels are associated with increased risk of cardiovascular disease 
49 and type 2 diabetes 50, as is well-known from epidemiological studies. However, evi-
dence that these associations are not straightforward causal relationships is accumulat-
ing. Pharmacologically increasing HDL-cholesterol does not decrease cardiovascular 
disease risk 51, nor does genetically decreased HDL-cholesterol increase the risk of type 



12� Chapter 1

2 diabetes or cardiovascular disease 52,53. Unlike other lipoproteins, HDL does not contain 
apolipoprotein(apo)-B. Instead, its main protein constituents are ApoA-I and ApoA-II 54. 
HDL is defined by the density range in which it is found after ultracentrifugation: 1.063-
1.21g/mL. Within this density range, different subpopulations of HDL are present which 
are interrelated and can interchange with ongoing metabolism 55. Thus, HDL actually 
comprises a group of heterogeneous particles, which can carry a multitude of lipids and 
proteins, making HDL biology quite complex 56,57. Qualities other than just HDL cholesterol 
content might be more important in the associations with type 2 diabetes and cardiovas-
cular disease. For example, HDL can protect against oxidation and cell apoptosis, combat 
pathogenic infections, increase vasodilation, reduce inflammation, and improve glucose 
metabolism 58. 
HDL metabolism is an ongoing process where HDL is continually remodeled in the 

circulation. Lipid-free ApoA-I particles are secreted by the liver and intestine and bind 
phospholipids and free cholesterol through adenosine-triphosphate-binding cassette 
protein A-I (ABCA-I). These lipid-poor ApoA-I particles attract phospholipids and free 
cholesterol from macrophages and other parenchymal cells in the interstitial space via 
ABCA-I and ABCG-I. The cholesterol is esterified by the enzyme Lecithin-cholesterol Ac-
yltransferase (LCAT) and subsequently moves to the inner part of the particle, making 
the HDL particle spherical and more buoyant; this is the predominant form of HDL in the 
circulation. Further remodeling occurs through cholesterol ester transfer protein (CETP), 
which exchanges HDL-cholesterol for triglycerides from triglyceride-rich lipoproteins such 
as VLDL. In addition, several lipases hydrolyze phospholipids and triglycerides bound to 
HDL. The cholesterol and phospholipids collected in the circulation by the HDL particles 
are largely transferred to VLDL and LDL by CETP and phospholipid transfer protein (PLTP). 
Subsequently, these lipids are cleared by the liver through LDL uptake via the LDL-receptor 
or by the uptake of HDL itself via scavenger-receptor B-I (SR-BI). This clearance of HDL 
lipids generates a lipid-poor HDL particle that is available for another cycle of lipid uptake 
and remodeling 59,57. The decreased levels of HDL-particles and HDL-cholesterol in type 2 
diabetes are most likely caused by increased HDL catabolism due to a higher triglyceride 
content, increased cholesterol deposition from HDL to VLDL trough CETP, and decreased 
adiponectin levels 19. 
 Not surprisingly, the role of HDL in reverse cholesterol transport is the function that has 

been studied the most. However, HDL also significantly influences (vascular) inflamma-
tion through several different mechanisms. First, it decreases the expression of adhesion 
molecules on endothelial cells and monocytes 60,61. Second, it decreases T-cell stimulation 
and monocyte activation, thereby reducing pro-inflammatory cytokine production 58. And 
third, HDL reduces the migration of monocytes across the endothelium 62. HDL also indi-
rectly influences inflammation through anti-oxidative effects and its modulation of lipid 
rafts in cell membranes 63. These mechanisms are at least partly regulated by nuclear factor 
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1kappa B (NFκB), ABCA1, ABCG1, and SR-B1 58,64. Activation of immune cells and subsequent 
adhesion to and migration through the endothelium are early steps in atherosclerosis 
pathogenesis 65. The effects of HDL on vascular inflammation could represent a pathway 
through which HDL modulates cardiovascular risk. HDL has been proposed to become 
dysfunctional in type 2 diabetes 66, as well as in other diseases in which inflammation plays 
a key role and cardiovascular risk is increased, such as systemic lupus erythemathosus, 
rheumatoid arthritis 67, and chronic kidney disease 68. However, whether the HDL-particle is 
in fact dysfunctional in type 2 diabetes, what the underlying pathophysiological processes 
are, and how this is related to vascular complications remains to be further elucidated. 

Aim of this thesis

The aim of this thesis is to gain insight in the role of N-glycosylation and the anti-inflamma-
tory function of HDL as pathways that might explain part of the pathophysiology of type 2 
diabetes and its complications. These insights could contribute to finding new therapeutic 
targets and improving prediction and prevention.

In part II of this thesis, I investigated the relationship between N-glycans and type 2 
diabetes. In chapter 2, the DiaGene study is described: a multi-centre, prospective, exten-
sively phenotyped type 2 diabetes cohort study with concurrent inclusion of diabetes-free 
individuals at baseline as controls. This study aims to integrate different omics layers for 
investigating the pathophysiology of type 2 diabetes and its vascular complications, of 
which N-glycomics was the first layer to be measured. in chapter 3, I report on the associa-
tions between the total plasma glycome and type 2 diabetes and its risk factors. And in 
chapter 4, I describe how the IgG N-glycome is associated with type 2 diabetes. 

In part III of this thesis, the effect of HDL on signals of endothelial inflammation was 
investigated. One of the challenges in studying the effects of HDL on inflammation in vitro, 
is that HDL can be isolated with different methods and based on different properties. 
Chapter 5 describes how different methods of isolating HDL affect TNF-α induced VCAM-1 
expression on endothelial cells as a readout. Information on the effects of HDL on inflam-
mation in type 2 diabetes is scarce and difficult to compare between studies. In Chapter 
6, I have critically reviewed the literature on HDL anti-inflammatory function in type 2 
diabetes, compared study results, and aimed to identify gaps in the knowledge.
Finally, in part IV, the main findings of this thesis are summarized and discussed. Fur-

thermore, I discuss the methodological strengths and limitations and clinical implications 
of this thesis, propose directions for future research, and hypothesize on how knowledge 
on these processes could contribute to a decrease in the disease burden of type 2 diabetes.
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Abstract

Background: Type 2 diabetes is a major healthcare problem. Glucose-, lipid-, and blood 
pressure-lowering strategies decrease the risk of micro- and macrovascular complications. 
However, a substantial residual risk remains. To unravel the etiology of type 2 diabetes 
and its complications, large-scale, well-phenotyped studies with prospective follow-up are 
needed. This is the goal of the DiaGene study. In this manuscript, we describe the design 
and baseline characteristics of the study. 

Methods: The DiaGene study is a multi-centre, prospective, extensively phenotyped type 
2 diabetes cohort study with concurrent inclusion of diabetes-free individuals at base-
line as controls in the city of Eindhoven, The Netherlands. We collected anthropometry,  
laboratory measurements, DNA material, and detailed information on medication usage, 
family history, lifestyle and past medical history. Furthermore, we assessed the prevalence 
and incidence of retinopathy, nephropathy, neuropathy, and diabetic feet in cases. Using 
logistic regression models, we analyzed the association of 11 well known genetic risk vari-
ants with type 2 diabetes in our study.

Results: In total, 1886 patients with type 2 diabetes and 854 controls were included. Cases 
had worse anthropometric and metabolic profiles than controls. Patients in outpatient 
clinics had higher prevalence of macrovascular   (41.9% vs. 34.8%; P=0.002) and micro-
vascular disease (63.8% vs. 20.7%) compared to patients   from primary care. With the 
exception of the genetic variant in KCNJ11, all type 2 diabetes susceptibility variants had 
higher allele frequencies in subjects with type 2 diabetes than in controls. 

Conclusions: In our study population, considerable rates of macrovascular and microvas-
cular complications are present despite treatment. These prevalence rates are compa-
rable to other type 2 diabetes populations. While planning genomics, we describe that 11 
well-known type 2 diabetes genetic risk variants (in TCF7L2, PPARG-P12A, KCNJ11, FTO, 
IGF2BP2, DUSP9, CENTD2, THADA, HHEX, CDKAL1, KCNQ1) showed  similar associations 
compared to literature. This study is well-suited for multiple omics analyses to further 
elucidate disease pathophysiology. Our overall goal is to increase the understanding of 
the underlying mechanisms of type 2 diabetes and its complications for developing new 
prediction, prevention, and treatment strategies. 



Introduction of the DiaGene Study� 21

2

Background

Type 2 diabetes mellitus (T2DM) is a complex metabolic disease characterized by over-
weight, insulin resistance and beta-cell dysfunction [1-3]. Because of ageing and the rising 
prevalence of obesity, the incidence and prevalence of T2DM are increasing [4-7]. T2DM 
accounts for a large proportion of present and future health care expenditure in Western 
societies [5, 7, 8]. People affected by T2DM have an increased risk of cardiovascular events 
[9-13], and a poor prognosis after these events [14, 15]. In addition, T2DM gives rise to 
microvascular complications such as retinopathy, nephropathy and neuropathy [16-19]. 
We have collected a new large cohort of individuals with and without T2DM with prospec-
tive follow-up in the Netherlands: the DiaGene study. 
The care for T2DM in the Netherlands is organized in primary care by general practi-

tioners and at hospital-based outpatients clinics by medical specialists. This systematic 
care is based on local and international treatment guidelines aiming to reduce morbidity 
and mortality through optimal treatment of hyperglycemia and associated metabolic com-
plications, such as dyslipidemia, vascular dysfunction and high blood pressure [20, 21]. 
Treatment of these components has proven to reduce the risk of cardiovascular morbidity 
and mortality in T2DM [22-30]. However, a substantial residual risk remains. Improving 
knowledge on genetic, biochemical and environmental (lifestyle and anthropometric) 
determinants of T2DM and its micro– and macrovascular complications can have large 
implications for prevention, treatment and prognosis of T2DM [22, 23, 31]. Through high 
throughput sequencing, about 80 common genetic variants associated with T2DM have 
been discovered [31, 32]. These common variants only explain 5-10% of the overall pre-
disposition of T2DM [33]. There clearly is a need to expand these analyses to additional 
populations.
In this paper, we present the DiaGene Study, a new, multicenter T2DM cohort study 

collected in the Netherlands in both primary and secondary care.  The main purpose of 
the DiaGene Study is to study the analyses of genetic, biochemical and environmental 
determinants of T2DM and its complications. Here we describe the characteristics of our 
population, the prevalence of complications and future perspectives.

Methods

Study design

The DiaGene-study is a multicenter cohort study that was coordinated by the vascular 
section of internal medicine of the Erasmus Medical Center and the Diabetes subunit 
of the Máxima Medical Center, and collected in the city of Eindhoven, The Netherlands. 
Eindhoven is a medium-sized city with 170,668 adult (> 21 years) inhabitants in 2011. 



22� Chapter 2

Both hospitals in Eindhoven participated in the DiaGene study: Catherina Hospital and 
Máxima Medical Center. In addition, the local Primary Care Diagnostic Centre participated. 
Hence, virtually all diabetes patients in Eindhoven were approached for inclusion through 
this population-based approach. Between 2006 and 2011, physicians at all three centers 
included a total of 2,065 patients with T2DM. Of these, 179 patients were excluded 
from analysis. Reasons for exclusion where:  no diabetes (n=1), Type 1 diabetes (n=30), 
Maturity-Onset Diabetes of the Young (n=4), Latent auto-immune diabetes in adults (n=3), 
double inclusion (n=77), post-pancreatitis diabetes (n=3), refusal during study period 
(n=2) and missing  written informed consent (n=59); resulting in a total of 1,886 patients 
in the study population. 
The control group consisted of two groups: 1. subjects recruited via advertisement in lo-

cal newspapers, and 2. subjects that where included through invitation of friends and self-
reported unrelated family members of participating patients. Inclusion criteria for controls 
was age 55 years or older. Exclusion criteria were the presence of any kind of diabetes, 
use of metformin or Cushing’s disease. Subjects who were approached had at least 7 days 
of decision-time to fully reflect on research goals and methods using physician-provided 
information, before giving their written informed consent. Eventually, 904 diabetes-free 
subjects participated as controls. Of these, 50 were excluded from all analyses based 
on missing written informed consent (n=14), double inclusion (n=17), and suspected or 
confirmed diagnosis of diabetes (n=19), resulting in a total of 854 controls included in 
the final population. This study was approved by the Medical Ethics Committees of the 
Erasmus MC, Catherina Hospital and Máxima Medical Center. Written informed consent 
was obtained from all participants.

Definition of T2DM

Information on the diagnosis of T2DM was retrieved from the patient’s medical records. 
In accordance with American Diabetes Association – and World Health Organization – 
guidelines [34, 35], diabetes was defined as a fasting plasma glucose ≥ 7.0 mmol/L and/
or a non-fasting plasma glucose level ≥ 11.1 mmol/l measured at least at 2 separate time 
points, treatment with oral glucose-lowering medication or insulin, and/or the diagnosis of 
T2DM as registered by a medical specialist. Persons with the diagnosis of type 1 diabetes 
(as derived from medical records and patient-questionnaires) or other types of diabetes 
mellitus were excluded from the study. Control subjects with fasting glucose ≥ 7.0 mmol/L 
or glycated hemoglobin (HbA1c ) ≥ 47.5mmol/mol were excluded. Information on T2DM 
status was checked by two investigators. If they did not reach consensus, the participant’s 
treating physician was consulted.
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Medical and family history

Each participant filled out an extensive questionnaire on their medical history (history 
of diabetes, metabolic disease, vascular disease, medication use and intoxications) and 
ethnicity of their parents.  We classified a participant to be Caucasian if both parents were 
reported to be Caucasian. Furthermore, the participant’s family history regarding diabetes 
and cardiovascular disease and medication usage was recorded through the questionnaire. 

Sample collection

A 20cc Ethylene diamine tetra acetic (EDTA) fasting blood sample was taken from all 
participants. Samples were centrifuged (3000rpm; 1800G for 15 minutes at 4°C). Directly 
after centrifugation, the plasma and the buffy coat were separated and stored (at -80°C) 
for DNA analysis and future measurements. 

Diabetes and complications of diabetes

Data on body mass index (BMI) (kg/m2) and blood pressure (mmHg) were extracted from 
medical records at inclusion. Similarly, laboratory results were extracted around time of 
inclusion and contained fasting glucose, glycated hemoglobin (HbA1c), total cholesterol, 
low-density lipoprotein cholesterol (LDL-cholesterol), high-density lipoprotein-cholesterol 
(HDL-cholesterol), triglycerides, creatinin and urinary albumin/creatinine-ratio. The 
majority of measurements were collected within 6 months  prior to or after the actual 
date of inclusion.  To estimate kidney function, the estimated glomerular filtration rate 
was calculated with the Modification of Diet in Renal Disease-formula. Information on the 
presence of cardiovascular disease in the patients treated in the hospital-based outpa-
tient clinics was retrieved from their medical records. Cardiovascular disease comprised 
myocardial infarction, percutaneous coronary intervention / coronary arterial bypass graft 
(PCI/CABG), cerebrovascular accident, transient ischemic attack and peripheral arterial 
disease.   PCI/CABG was defined as any invasive intervention to treat coronary arterial 
disease (PCI, CABG). Peripheral arterial disease was defined as an ankle-brachial index 
below 0.80 or below 0.90 with typical complaints, any intervention to treat peripheral 
arterial disease (supervised exercise training, stenting, bypass and percutaneous translu-
minal angioplasty, or the self-reported presence of intermittent claudication. Information 
on cardiovascular disease in patients from primary care and diabetes-free controls was 
based on self-reporting. 
Microvascular complications were subdivided into retinopathy, nephropathy and neu-

ropathy. Diabetic foot was additionally assessed. Retinopathy was scored according to 
the report of an ophthalmologist as absent or present and classified as non-proliferative, 
proliferative, or retinopathy treated with photo coagulation or intra-vitreal injections. 
Neuropathy was defined by a podotherapist, neurologist or the patients’ treating physi-
cian. Nephropathy was defined present when micro-albuminuria (Albumin/creatinin-ratio 
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(ACR)≥2.5 for men or ≥3.5 for women) was present at two of three consecutive mea-
surements, or when high micro-albuminuria or macro-albuminuria was present at one 
measurement (ACR≥12.5 for men or ≥17.5 for women). Diabetic foot was established by a 
podotherapist or physician according to the SIMM’s classification  [36]. All information on 
laboratory data, macrovascular, and microvascular events in case and control subjects at 
baseline that was retrieved from medical records was separately checked by two investiga-
tors. When they did not reach consensus, the participant’s physician was consulted. 

Genotyping

DNA was isolated using the Invisorb® Blood Universal Kit from Stratec Molecular 
(Berlin, Germany). Eleven well-known T2DM genetic risk variants were genotyped: 
TCF7L2(rs7903146), PPARG-P12A(rs1801282) , DUSP9(rs594532), CENTD2(rs1552224), 
THADA(rs7578597), HHEX(rs1111875), CDKAL1(rs7754840) and KCNQ1(rs231362)which 
had previously been genotyped for replication in DIAGRAM [37], and KCNJ11(rs5219), 
IGF2BP2(rs4402960) and FTO(rs8050136). These risk variants were chosen because of 
their relatively large effect sizes on T2DM risk in previous studies [32, 37-42]. Genotyping 
was performed with TaqMan allelic discrimination assays, designed and optimized by Ap-
plied Biosystems (Foster City, CA, USA). Reactions were performed on the Taqman Prism 
7900 HT platform. 

Follow-up data

Currently, we are finalizing the first collection of prospective follow-up in our study popu-
lation. This encompasses all anthropometric and laboratory measurements and data on 
metabolic, microvascular and macrovascular complications of T2DM and enables us to 
perform prospective analyses.

Statistical analysis

Continuous variables are expressed as median with interquartile range unless otherwise 
specified. Comparisons between groups were performed with Mann-Whitney U tests for 
continuous and X2-tests for categorical data. Deviation from the Hardy-Weinberg equilib-
rium was assessed by X2-testing. Associations of the genotypes with T2DM were tested 
using logistic regression models. We have calculated interaction effects of odds ratios 
for T2D to compare our results with previous genetic studies according to the method 
of Altman et al [43].   All models were adjusted for age and sex. Additionally, models 
were adjusted for center of inclusion as a categorical covariate. Cases and controls of 
non-Caucasian ethnicity were excluded from the genetic analyses. P-values smaller than 
0.05 were considered to be statistically significant. Statistical analysis was performed with 
SPSS-software version 22.0 (SPSS, Chicago, IL, USA).
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Results

General characteristics

The most relevant general characteristics of the cohort are displayed in Table 1. A total 
of 1886 patients with T2DM and 854 diabetes-free controls were included. Of all anthro-
pometric measurements, 90.6% and 96.1% were performed  within 6 and 12 months of 
inclusion, respectively. Of laboratory data, 81.8% and 93.2% were measured within 6 and 
12 months of inclusion, respectively. The cases and controls were of similar age. When 
compared to controls, cases had higher BMI (29.5 (Interquartile range (IQR) 26.4-32.7) 
vs. 25.5 (IQR 23.3-27.7) kg/m2 ; P<0.001), higher HbA1c (50.8 (IQR 43.7-57.9) vs. 37.7 
(IQR 36.1-39.3) mmol/mol; P<0.001), higher creatinin (78 (IQR 66-91) vs. 72 (IQR 63-81) 
umol/L; P<0.001), higher triglycerides (1.4 (IQR 0.9-1.9) vs 1.2 (IQR 0.9-1.5) mmol/L; 
P<0.001), lower HDL-cholesterol (1.1 (IQR 0.9-1.3) vs 1.4 (IQR 1.2-1.6) mmol/L; P<0.001) 
and lower LDL-cholesterol (2.4 (0.8) vs. 3.6 (0.9) mmol/L; P<0.001). A larger proportion 
of cases had reduced estimated glomerular filtration rate (19.7% vs. 4.7%, P<0.001) and 
prevalent macrovascular disease (38.0% vs 8.3%, P<0.001) compared to diabetes-free 
controls. More cases had a first-degree relative with T2DM compared to controls (64.4% 
vs 33.3%, P<0.001). More baseline characteristics can be found in Table 1. 

Primary care versus hospital-based outpatient clinic

Table 2 shows baseline characteristics of patients with T2DM in primary care and hospital-
based outpatient clinic. Patients with T2DM from the outpatient clinic had longer median 
duration of diabetes compared to primary care (12.5 (IQR 7.2-17.8) vs. 4.6 (IQR 1.2-7.9) 
years; P<0.001) while they were diagnosed at a younger age (50.8 (10.8) vs. 58.4 (11.3) 
years, P<0.001). At the outpatient clinic, participants had higher BMI (30.2 (IQR 26.8-33.7) 
vs. 29.0 (IQR 26.0-32.0) kg/m2; P<0.001), HDL-cholesterol (1.2 (IQR 1.0-1.4) vs.1.1 (IQR 
0.9-1.3); P<0.002), HbA1c (56.3 (IQR 48.1-64.5) vs. 48.6 (43.7-53.6) mmol/mol; P<0.001) 
and higher creatinin (81 (67-95) vs. 76 (64-88) umol/L; P<0.001). Total cholesterol (4.3 
(0.9) vs 4.2 (0.9); P=0.04) and LDL-cholesterol (2.6 (0.8) vs. 2.3 (0.8); P<0.001) was higher 
in primary care patients. A larger proportion of patients with T2DM at the outpatient 
clinic had reduced estimated glomerular filtration rate (25.5% vs. 15.2%, P<0.001), 
macrovascular disease (41.9% vs. 34.8%; P=0.002) and microvascular disease (63.8% vs. 
20.7%) compared to patients with T2DM from primary care. We could not retrieve reliable 
data on neuropathy nor diabetic foot in primary care population. More patients from the 
outpatient clinic had a first-degree relative with T2DM compared to controls (64.4% vs. 
33.3%, P<0.001).
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Table 1: General baseline characteristics of participants with and without T2DM
Cases Controls p-value

Number of participants 1886 854

Female sex, n (%) 874 (46.4) 511 (59.8) <0.001

Age, yr, median (IQR) 65.7 (58.5-72.9) 64.9 (60.4-69.4) 0.72

Age of onset diabetes, yr,  median (IQR) 55 (47-63) N/A N/A

Duration of diabetes, yr, median (IQR) 8.1 (2.8-13.5) N/A N/A

BMI, kg/m2, median (IQR) 29.5 (26.4-32.7) 25.5 (23.3-27.7) <0.001

HbA1c, mmol/mol, median (IQR) 50.8 (43.7-57.9) 37.7 (36.1-39.3) <0.001

Diabetes treatment, % (n / n-available / n-missing)
No glucose-lowering medication
Oral glucose-lowering agent
Insulin 

19.2 (340 / 1772 / 114)
64.3 (1140 /1773 / 113)
32.3 (572 / 1772 / 114)

N/A
N/A
N/A

N/A
N/A
N/A

Systolic blood pressure, mmHg, median (IQR) 140 (129-151) 137 (124-150) <0.001

Diastolic blood pressure, mmHg, median (IQR) 78 (71-85) 82 (76-89) <0.001

Total Cholesterol, mmol/L, median (IQR) 4.2 (3.6-4.8) 5.6 (4.9-6.2) <0.001

Triglycerides, mmol/L, median (IQR) 1.4 (0.9-2.0) 1.2 (0.9-1.5) <0.001

HDL-cholesterol, mmol/L, median (IQR)	 1.1 (0.9-1.3) 1.4 (1.2-1.6) <0.001

LDL-cholesterol, mmol/L, median (IQR) 2.3 (1.8-2.8) 3.5 (2.9-4.1) <0.001

Creatinin, µmol/L, median (IQR) 78 (66-91) 72 (63-81) <0.001

eGFR < 60ml/min, % (n / n-available / n-missing) 21.2 (372 / 1756 / 130) 5.0 (40 / 795 / 59) <0.001

Cardiovascular disease, % (n / n-available / n-missing)
Any macrovascular disease
Ischemic heart disease
Ischemic brain disease
Peripheral arterial disease      

Microvascular diabetes complications, % (n / n-available / 
n-missing)

Any microvascular disease 
Diabetic retinopathy
Diabetic nephropathy

38.0 (660 / 1738 / 148)
28.0 (497 / 1778 / 108)
12.0 (211 / 1757 / 129)
10.8 (193 / 1783 / 103)

34.3 (561 / 1637 / 249)
17.3 (308 / 1778 / 108)
23.0 (387 / 1684 / 202)

8.3 (68 / 824 / 30)
4.9 (41 / 842 / 12)
1.4 (12 / 840 / 14)
2.2 (18 / 823 / 31)

N/A
N/A
N/A

<0.001
<0.001
<0.001
<0.001

N/A
N/A
N/A

Family history, % (n / n-available / n-missing)
First-degree relative with T2DM
First-degree relative with CVD
Any relative with early-onset CVD

64.4 (1104 / 1714 / 172)
68.3 (1086 / 1590 / 296)
45.0 (780 / 1732 / 154)

33.3 (269 / 809 / 45)
68.7 (519 / 755 / 99)
41.5 (342 / 825 29)

<0.001
0.87
0.09

Descent:
Caucasian descent, % (n / n-available / n-missing)
Age of death father, yr, median (IQR)
Age of death mother, yr, median (IQR)

91.9 (1613 / 1755)
73 (65-82)
78 (70-86)

96.1 (810 / 843 / 11)
75 (67-84)
81 (73-89)

<0.001
<0.001
<0.001

Table 1 shows baseline characteristics of participants from the Diagene Study. BMI, body mass index; CVD, 
cardiovascular disease; eGFR, estimated glomerular filtration rate calculated with the Modification of Diet in 
Renal Disease-formula; IQR, interquartile range; n-total, total number of participants for whom information 
was available; T2DM, type 2 diabetes mellitus; Yr, year. 
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Table 2: general baseline characteristics of participants in primary care and hospital-based out-
patient clinic at inclusion.

Primary Care Outpatient clinic p-value

Number of participants 1056 830

Female sex, n (%) 494 (46.8) 380 (45.9) 0.71

Age, yr, median (IQR) 65.5 (58.1-72.9) 65.9 (58.9-72.9) 0.66

Age of onset diabetes, yr, median (IQR) 59 (51-67) 51 (44-59) <0.001

Duration of diabetes, yr, median (IQR) 4.5 (1.2-7.9) 12.5 (7.2-17.8) <0.001

BMI, kg/m2, median (IQR) 29.0 (26.0-32.0) 30.2 (26.8-33.7) <0.001

HbA1c, mmol/mol, median (IQR) 48.6 (43.7-53.6) 56.3 (48.1-64.5) <0.001

Diabetes treatment, % (n / n-available / n-missing)
No medication
Oral glucose-lowering agents 
Insulin 

24.7 (248 / 1004 / 52)
72.9 (732  / 1004 / 52)
8.6 (86 / 1004 / 52)

12.0 (92 / 768 / 62)
53.1 (408 / 768 / 62)
63.3 (486 / 768 / 62)

<0.001
<0.001
<0.001

Systolic blood pressure, mmHg, median (IQR) 146 (133-159) 134 (126-143) <0.001

Diastolic blood pressure, mmHg, median (IQR) 79 (72-86) 75 (70-80) <0.001

Total Cholesterol, mmol/L, median (IQR) 4.2 (3.6-4.9) 4.1 (3.6-4.6) 0.047

Triglycerides, mmol/L, median (IQR) 1.4 (0.9-1.9) 1.5 (1.0-2.0) 0.104

HDL-cholesterol, mmol/L, median (IQR) 1.1 (0.9-1.3) 1.2 (1.0-1.4) 0.002

LDL-cholesterol, mmol/L, median (IQR) 2.5 (2.0-3.1) 2.1 (1.7-2.6) <0.001

Creatinin, µmol/L, median (IQR) 76 (64-88) 81 (67-95) <0.001

eGFR < 60ml/min % (n / n available/ n-missing) 16.4 (160/978/78) 27.2 (212/778/52) <0.001

Cardiovascular disease, % (n / n-available/ n-missing)
Any macrovascular disease
Ischemic heart disease
Ischemic brain disease
Peripheral arterial disease

Microvascular diabetes complications, % (n / n-available / 
n-missing)

Any microvascular disease 
Diabetic retinopathy
Diabetic nephropathy
Neuropathy

34.8 (335 / 963 / 93)
25.2 (252 / 1000 / 56)
12.7 (124 / 973 / 83)
9.2 (88 / 958 / 98)

20.7 (172 / 830 / 226)
6.1 (59 / 962 / 94)
15.4 (134 / 868 / 188)
Unknown

41.9 (325 / 775 / 55)
31.5 (245/ 778 / 52)
11.1 (87 / 784 / 46)
12.7 (105 / 825 / 5)

48.2 (389 / 807 / 23)
30.5 (249 / 816 / 15)
31.0 (253 / 816 / 15)
31.2 (238 / 762 / 68)

0.002
0.004
0.302
0.018

<0.001
<0.001
<0.001
N/A

Family history, % (n / n-available / n-missing)
First-degree relative with T2DM
First-degree relative with CVD
Any relative with early-onset CVD

61.4 (586 / 955 / 101)
67.6 (608 / 899 / 157)
45.0 (436 / 968 / 88)

68.2 (518 / 759 / 71)
69.2 (478 / 691 / 139)
45.0 (344 / 764 / 66)

0.003
0.712
1.0

Descent
Caucasian descent, % (n / n-available / n-missing)
Age of death father, yr, median (IQR)
Age of death mother, yr, median (IQR)

90.3 (892 / 988 / 132 )
73 (65-82)
79 (72-87)

94.0 (721 / 767 / 63)
73 (65-82)
77 (69-85)

0.005
0.728
0.055

Table 2 shows baseline characteristics of participants from the DiaGene Study in both primary care and hospi-
tal-based outpatient clinic.  BMI, body mass index; CVD, cardiovascular disease; eGFR, estimated glomerular 
filtration rate calculated with the Modification of Diet in Renal Disease-formula; HDL, high-density lipopro-
tein; IQR, interquartile range; LDL, low-density lipoprotein; n-total, total number of participants for whom 
information was available; T2DM, type 2 diabetes mellitus; Yr, year. 
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Genetics 

Table 3 shows the associations of 11 well-established genetic T2DM variants in our study 
population. Hardy-Weinberg’s equilibrium was met for all variants. With the exception 
of the variant in KCNJ11, all T2DM susceptibility variants had higher allele frequencies 
in cases with T2DM than in controls. TCF7L2 showed the highest odds ratio for prevalent 
T2DM (OR 1.37 (95%CI 1.17, 1.60; P<0.001). These results were unaffected by additional 
correction for center of inclusion. After calculation of interaction effects, the associations 
of all genetic variants except for KCNJ11 did not significantly differ from the large scale 
meta-analyses  of Morris et al. [44].

Table 3: Allele frequencies, odds ratios and 95% confidence intervals of genetic variants and risk 
of T2D in Diagene, original discovery studies and  most recent meta-analysis of genome-wide-
association studies.

Diagene Original discovery study results Morris et al. 2012 [52]

Locus- Marker Risk 
allele /
other

Risk allele 
frequency
Case / 
control / 
total

OR (95%CI) Ceu-
Hap 
Map

OR (95%CI) Reference 
original study

OR (95%CI)

CDKAL1 - 
rs7754840

C/G 0.36 / 0.31 / 
0.35

1.23 (1.06-1.44) 
; p = 0.006

0.31 1.12 (1.08-1.16) [38,39,41,42] 1.15 (1.11-1.19)

CENTD2 - 
rs1552224

A/C 0.86 / 0.86 / 
0.86

0.95 (0.77-1.16) 
; p = 0.60

0.88 1.14 (1.11-1.17) [37] 1.13 (1.08-1.19)

DUSP9 - 
rs5945326

G/A 0.22 / 0.22 / 
0.22

1.02 (0.88-1.18); 
p = 0.77

0.12 1.27 (1.18-1.37) [37] N/A (on 
X-chromosome)

FTO - 
rs8050136

A/C 0.40 / 0.38 / 
0.39

1.06 (0.91-1.22); 
p = 0.45

0.45 1.15 (1.09-1.22) [41] 1.11 (1.07-1.15)

HHEX - 
rs1111875

C/T 0.64 / 0.63 / 
0.63

1.01 (0.87-1.16) 
; p =0.95

0.56 1.13 (1.08-1.17) [38] 1.15 (1.11-1.18)

IGFBP2 - 
rs4402960

T/G 0.33 / 0.32 / 
0.33

1.01 (0.87-1.18) 
; p = 0.89

0.29 1.17 (1.10-1.25) [41] 1.13 (1.09-1.17)

KCNJ11 - 
rs5219

T/C 0.37 / 0.39 / 
0.37

0.92 (0.80-1.07) 
; p = 0.29

0.50 1.15 (1.09-1.21) [38] 1.08 (1.05-1.12)

KCNQ1 - 
rs231362

G/A 0.53 / 0.49 / 
0.52

1.16 (1.00-1.34) 
; p = 0.04*

0.52 1.08 (1.06-1.10) [40] 1.11 (1.07-1.16)*

PPARG-P12A - 
rs1801282

C/G 0.89 / 0.88 / 
0.89

1.13 (0.91-1.42) 
; p = 0.27

0.92 1.14 (1.08-1.20) [38,39,42] 1.16 (1.11-1.22)

TCF7L2 
rs7903146

T/C 0.36 / 0.28 / 
0.34

1.37 (1.17-1.60) 
; p <0.001

0.25 1.37 (1.28-1.47) [41] 1.40 (1.35-1.46)

THADA 
rs7578597

T/C 0.91 / 0.88 / 
0.90

1.36 (1.08-1.71) 
; P =0.01

0.92 1.15 (1.10-1.20) [41] 1.14 (1.08-1.22)

Table 3 shows odds ratios of association with type 2 diabetes for different known risk alleles tested in our 
study population. Logistic regression analysis is age, sex and center of inclusion-adjusted. CEU, Caucasian; OR, 
odds-ratio; CI, confidence interval. * statistically significant difference of odds ratio in association of genetic 
variant with T2DM when compared to Morris et al. 2012 [52]. 
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Discussion

In this manuscript, we present the baseline characteristics and future perspectives of the 
DiaGene study, a new multi-centre cohort study with prospective follow-up on biochemi-
cal and genetic determinants of T2DM and its complications. We show that the population 
is representing both primary and secondary care and that despite treatment, considerable 
rates of macrovascular and microvascular complications are present. To further elucidate 
determinants of T2DM and its complications, multi-layer omics and prospective analyses 
will be of great value. Our study offers excellent opportunities to perform these analyses. 
In the Netherlands, primary care practices are led by general practitioners, who are 

easily accessible and offer essential family medicine. Outpatient clinics of hospitals pro-
vide specialized care and require referral by the general practitioner for reimbursement 
by insurance companies. Therefore, complex and more severely affected patients will be 
referred to the hospital-based outpatient clinics. This is reflected in the higher prevalence 
of micro- and macrovascular complications at the outpatient clinics in our population. 
The risk of microvascular disease can be reduced substantially by glycemic control and 

general measures to prevent cardiovascular disease such as lifestyle, blood pressure and 
lipid optimization [22, 23, 25]. Rates of microvascular disease in our study at baseline were 
17.3%, 23.0% and 31% for retinopathy, nephropathy and neuropathy, respectively. This in-
cidence of retinopathy in T2DM is comparable to a report from the Dutch National Institute 
for Public Health and the Environment [45] and  in line with a worldwide meta-analyses for 
diabetes with a duration of less than 10 years [46], but higher than in a screening study for 
T2DM from the Netherlands [47]. In the latter study, the duration of T2DM was short and 
this probably explains the difference. For nephropathy, our rate is slightly lower than in the 
United Kingdom Prospective Diabetes Study (25%), also probably because of shorter follow-
up [16]. Our primary care population appeared to have lower rates of nephropathy com-
pared to studies on prevalent diabetes and newly diagnosed diabetes in patients of general 
practitioners in the Netherlands [47, 48]. Although the single urinary measurement-based 
prevalence rates in the latter could be an explanation for this discrepancy. The percentage 
of patients with T2DM and neuropathy in our population (31%) is lower compared to a 
prospective study (50%) with 25 years of follow-up from diagnosis [19] and comparable to 
a cross-sectional study on peripheral neuropathy in the United Kingdom [49].
The risk of macrovascular disease in T2DM can be successfully reduced by applying 

lifestyle interventions, lipid lowering therapies and antihypertensive treatment. The 
relationship with glycemic control is more complex. Even though glycemic control epide-
miologically is strongly related to cardiovascular disease in T2DM, interventions applying 
strict glycemic control were unsuccessful [22, 50] or even showed adverse effects [51]. 
Macrovascular disease rates in our population with T2DM is comparable to previous re-
ports in the Netherlands [45, 52], but lower than in an interview-based study in diabetes 
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patients in the USA [53]. Our population is on average 5 years older than the patients in 
this American study, and also contains a significant proportion of patients from outpatient 
clinics having further progressed disease. 
T2DM and its complications are multifactorial in their pathophysiology’s. Genetics, 

epigenetics, biological mechanisms and environmental factors are probably interacting at 
multiple levels. Therefore a pathway-based approach in well-defined cohorts is needed, 
supported by full use of information technology. High throughput research has been 
mainly focused on genome wide genetic associations. This has elucidated interesting as-
sociations. Yet the results only explain disease susceptibility to a small extent [31, 33]. 
We are planning to perform genome-wide association analysis in the near future. The 
quality control of this future genomic work will include analyses of the genetic-based eth-
nic background to definitively determine population sub-structures. Here, we restricted 
our analyses of well-known genetic T2DM risk variants to the sub-group of self-reported 
Caucasians. These DNA polymorphisms showed similar associations in our mainly Cauca-
sian population as in previous extensive meta-analyses: most genetic variants had similar 
direction of their associations as earlier reported and for TCF7L2, THADA, KCNQ1 and 
CDKAL1 this was significant [32, 44, 54].  KCNJ11 and CENTD2 showed a slight but not sta-
tistically significant opposite association to what has previously described, with estimates 
close to 1 and confidence intervals embracing the estimates from literature [32]. Except 
for KCNJ11, all genetic variants had non-significant interaction effects for odds ratios of 
T2DM-risk variants compared to the latest meta-analysis [44]. The significant difference 
for KCNJ11 can be an effect of population-specific variance, differences in environmental 
factors, age or interactions of these factors with the genetic variant [44].
To study the aetiology of T2DM and its complications we need well phenotyped cohorts 

with prospective follow-up. Our population has these characteristics. We therefore plan 
to analyse several omics layers for their associations with T2DM and its complications. 
We are currently measuring total N-glycomics with matrix-assisted laser desorption-
ionization-time of flight (MALDI-TOF),   -Fourier transform ion cyclotron resonance mass 
spectrometry (MALDI-FTICR) [55] and IgG-glycomics with ultra-performance liquid 
chromatography [56]. In the near future, we aim to include lipidomics, with a focus on 
lipoprotein(a), metabolomics, and proteomics. Also we plan to perform genomics using 
the Illumina chip, for mendelian randomization and multilayer interaction analyses. The 
overall goal being to elucidate new pathophysiological pathways for prediction, preven-
tion and treatment of T2DM.
Although we have performed our study with precision, we need to consider a number 

of limitations. A large majority of our population is of self-reported Caucasian ethnicity, 
which limits extending conclusions from our analyses to non-Caucasian populations. How-
ever,  it also makes our analyses less vulnerable to genetic population stratification bias. 
Self-reported Caucasian mono-ethnicity in two generations results in a very limited risk of 
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misclassifying genetic admixtures [57, 58]. In addition, a small proportion of diabetes-free 
subjects where recruited by asking T2DM subjects to invite unrelated family members and 
friends. Hence, absence of family ties was self-reported, with a small possibility of hidden 
relatedness. In the near future, we will perform genome-wide association analysis, which 
will allow us to perform formal quality control and accurately account for hidden related-
ness and  genetic population stratification bias [59]. Another limitation of this study was 
our inability to retrieve information on neuropathy in primary care setting. Conclusions on 
neuropathy are therefore restricted to the secondary care setting. We have made exten-
sive efforts to optimise the reliability of our data by having two independent investigators 
collect the data and reach consensus. This means we did have to rely on common clinical 
practice and adequate record keeping in primary and secondary care. For macrovascular 
events in primary care we had to rely on self-reported data. For validation, we have there-
fore checked self-reported myocardial infarction data from hospital-based participants 
and found that in only 6.0% of participants with self-reported myocardial infarction this 
diagnosis was not confirmed in hospital data. These events have therefore been scored 
as missing. Underestimation of the incidence of myocardial infarction based on hospital 
discharge data has however  been described before [60]. And although the questionnaire 
on lifestyle, medication, clinical events and family history was straight-forward and easy to 
use, it is not an externally validated questionnaire.  At last, our preliminary genetic results 
had approximately 10% missing values. We are currently collecting additional samples 
from the participants whose DNA was not available at the time of the current genetic 
analysis to improve our genetic analysis. Further strengths of our study are the meticulous 
hands-on medical file review for each patient by two separate physicians, which produced 
high-quality data that enable us to research both T2DM itself as well as its complications 
in great detail. Currently, we are finalizing the first collection prospective follow up on all 
T2DM complications. The prospective cohort setting with concurrent inclusion of diabetes-
free individuals at baseline, will allow us to perform cross-sectional and  prospective end-
point analyses to study aetiology and progression of type 2 diabetes and its complications. 

Conclusion

In conclusion, this manuscript describes the design and baseline characteristics of the 
DiaGene Study, a large multi-centre prospective follow-up cohort study on environmental, 
biochemical and genetic risk factors of T2DM and related vascular complications. By study-
ing both clinical and complex biochemical parameters with a current focus on glycomics, 
genomics and lipidomics, the DiaGene Study aims to contribute to the pathophysiological 
understanding of T2DM and all its vascular complications in a prospective case-control 
setting.  
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Abstract

Background: Little is known about enzymatic N-glycosylation in type 2 diabetes, a com-
mon posttranslational modification of proteins influencing their function and integrating 
genetic and environmental influences. We sought to gain insights into N-glycosylation to 
uncover yet unexplored pathophysiological mechanisms in type 2 diabetes. 

Methods: Using a high-throughput MALDI-TOF mass spectrometry method, we measured 
N-glycans in plasma samples of the DiaGene case-control study (1583 cases and 728 
controls). Associations were investigated with logistic regression and adjusted for age, 
sex, body mass index, high-density lipoprotein-cholesterol, non-high-density lipoprotein-
cholesterol, and smoking. Findings were replicated in a nested replication cohort of 232 
cases and 108 controls. 

Results: Eighteen glycosylation features were significantly associated with type 2 diabetes. 
Fucosylation and bisection of diantennary glycans were decreased in diabetes (odds ratio 
(OR) = 0.81, p = 1.26E-03, and OR = 0.87, p = 2.84E-02, respectively), whereas total and, 
specifically, alpha2,6-linked sialylation were increased (OR = 1.38, p = 9.92E-07, and OR= 
1.40, p= 5.48E-07). Alpha2,3-linked sialylation of triantennary glycans was decreased (OR 
= 0.60, p = 6.38E-11). 

Conclusions: While some glycosylation changes were reflective of inflammation, such as 
increased alpha2,6-linked sialylation, our finding of decreased alpha2,3-linked sialylation 
in type 2 diabetes patients is contradictory to reports on acute and chronic inflammation. 
Thus, it might have previously unreported immunological implications in type 2 diabetes. 

General significance: This study provides new insights into N-glycosylation patterns in 
type 2 diabetes, which can fuel studies on causal mechanisms and consequences of this 
complex disease. 
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Introduction

Diabetes mellitus type 2 is a disease with enormous morbidity and excess mortality [1]. 
Intensive therapy can reduce the burden of complications of the disease, but only to about 
50% [2]. It is well-recognized as a multifactorial disease in which genetic susceptibility, 
numerous metabolic pathways, lifestyle and environmental factors interact at multiple 
levels [3]. These factors are known to also influence protein N-glycosylation [4-6]. Glycom-
ics is a relatively new ‘omics’ approach that analyses complex sugar structures (glycans), 
which are among the four principal cell components besides DNA, proteins, and lipids 
[4]. Pathophysiological processes in type 2 diabetes are intricate and incompletely under-
stood. ‘Omics’ approaches may increase our understanding of the pathophysiology and 
eventually advance the development of personalized diabetes medicine, early detection, 
and more effective treatment approaches [7]. 
Little is known about the enzymatic process called N-glycosylation in type 2 diabetes. 

N-Glycosylation is a common posttranslational modification of proteins involving the 
action of hundreds of different proteins such as glycosyltransferases, glycosidases, and 
transporters [4, 8]. Carbohydrate metabolic pathways are directly related to the biosyn-
thesis of monosaccharides that are the substrates for glycosylation [6]. N-Glycans are 
highly diverse and have multiple functions, including important roles in protein folding, 
stability, and receptor-ligand interaction [4, 8]. N-Glycosylation is not to be confused 
with non-enzymatic glycation, such as in glycated hemoglobin (HbA1c) and in advanced 
glycation end products, which has been extensively investigated and is well-known for its 
detrimental effects on plasma proteins and DNA [9]. 
Most of the major plasma proteins are glycosylated and N-glycans have already been 

proposed as biomarkers and therapeutic targets for various inflammatory diseases and 
cancer [4]. In healthy individuals, plasma protein glycosylation is constant over time, but 
can dramatically change because of a pathological condition, especially upon inflamma-
tion [10, 11]. Furthermore, N-glycosylation changes have been associated with obesity, 
smoking, and aging [12-15], which are recognized risk factors for type 2 diabetes. How-
ever, a limited number of reports exist on plasma N-glycosylation in diabetes. Fucosylation 
of plasma N-glycans is partly regulated by hepatocyte nuclear factor 1-α (HNF1A) [16], 
of which rare variants cause type 3 maturity-onset diabetes of the young (MODY) [17] 
and of which a common genetic variant has been linked to type 2 diabetes [18]. Recently, 
we found decreased galactosylation and sialylation and increased bisection of fucosyl-
ated structures on immunoglobulin (Ig)G in type 2 diabetes, which corresponds with an 
increased inflammatory potential of IgG [19]. Reduced IgG sialylation in mice was shown 
to be implicated in obesity-induced insulin resistance [20]. In total plasma N-glycome, 
Testa et al. found that monogalactosylated, core-fucosylated diantennary N-glycans were 
reduced in individuals with type 2 diabetes compared to controls [21]. In this promising 
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pioneering work, a limited number of glycan structures were detected after the removal 
of sialic acids. Sialylation, however, has a crucial role in the functionality of N-glycans [22], 
and total plasma levels of sialic acid have been associated with incident type 2 diabetes 
[23, 24]. Recently, associations of increased complexity and sialylation of plasma N-glycan 
structures with a higher risk of type 2 diabetes were reported [25]. Therefore, compre-
hensive research of the total plasma N-glycome, including detailed sialylation analyses, is 
indicated to understand the contribution of these multifaceted structural glycan features 
to this complex disease. Our MALDI-TOF MS-based high-throughput approach is well 
suited for this purpose, as it identifies 70 glycan compositions and reveals information on 
not only fucosylation, bisection and sialylation [26], but also on sialic-acid linkage variants 
that have not been previously investigated.
In the present study, we sought to reveal differences in the detailed structural features 

of the plasma N-glycome between type 2 diabetes patients and healthy controls in a large 
case-control study, and performed a nested replication in a subsample of the population 
to gain a first insight into the possible involvement of plasma protein N-glycans in the 
pathophysiology of type 2 diabetes. 

Methods

Plasma samples from the DiaGene study were used for the N-glycan measurements. 
DiaGene is a case-control study on type 2 diabetes (1886 cases and 854 controls) collected 
from the Eindhoven area in the Netherlands and is described in detail elsewhere [27], with 
basic characteristics summarized in Table 1. All samples were collected and stored accord-
ing to the same protocol as described previously. The control samples were collected, 
stored and processed on the same location as the primary care patient samples.
All participants have given written informed consent. The study was approved by the 

Medical Ethical Committee of the Erasmus MC and is in compliance with the Declaration 
of Helsinki principles. 

Total plasma N-glycome analysis

N-Glycans were analyzed after sialic-acid derivatization by a previously established MALDI-
TOF MS method [26, 28], with minor modifications. Briefly, 5 μL plasma sample was dena-
tured by the addition of 10 μL of 2% sodium dodecyl sulfate and incubation for 10 min at 
60 °C. For glycan release, 10 μL of 2.5× phosphate-buffered saline containing 2% nonidet 
P-40 and 0.5 mU peptide-N-glycosidase F (Roche Diagnostics, Mannheim, Germany) were 
added followed by incubation for 16 h at 37 °C. Thereafter, during the derivatization 
procedure, α2,6-linked sialic acids were ethyl-esterified and α2,3-linked sialic acids were 
lactonized, facilitating mass-based discrimination of sialic-acid linkage variants. Released 
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glycans were purified using a 96-well filter plate with a GHP membrane (AcroPrep Advance 
96 Filter plate, Pall Corporation, Ann Arbor, MI) on a Hamilton liquid-handling system. The 
derivatized sialylated glycans were detected simultaneously with nonsialylated N-glycans 
in positive-ion reflectron mode. In short, 10 μL of sample was premixed with 10 μL of 5 
mg/mL super-DHB (Sigma-Aldrich, Steinheim, Germany) in 99% acetonitrile with 1 mM 
NaOH in a 384-well plate, 2 μL of which was spotted on plate. Mass spectra were acquired 
by an ultrafleXtreme MALDI-TOF mass spectrometer equipped with a Smartbeam-II laser 
operated by flexControl 3.4 (Build 135) (Bruker Daltonics, Bremen, Germany). A total of 
20,000 shots at 1,000 Hz were accumulated per spectrum with a mass range of m/z 1,000–
5,000. The MALDI-TOF-MS was calibrated using the Bruker Peptide Calibration Standard 
II. An acceleration voltage of 25 kV was applied following a 140 ns extraction delay. Using 
flexAnalysis 3.4 (Build 76) Batch Process, raw data were baseline-subtracted (TopHat) and 
smoothed (SavitzkyGolay), and .xy files were generated for further processing. 
For the analyte composition list, three sum spectra were generated from selected mass 

spectra from cases with and cases without diabetic complications, and healthy controls, 

Table 1. Characteristics of the study populations. 
Discovery cohort Replication cohort

Cases Controls Cases Controls

Total number 1583 728 232 108

Age (years) 65.2 ± 10.9 65.8 ± 7.0 65.1 ± 7.8 65.8 ± 5.0

Sex (female) (n, %) 748 (47.3) 456 (62.6)c 90 (38.8) 42 (38.9)

BMI (kg/m2) 29.4 (26.6-33.0) 25.4 (23.3-27.8)c 30 (27.4-34) 25.8 (23.7-27.9)c

HDL-c (mmol/l) 1.10 (0.94-1.30) 1.42 (1.22-1.67)c 1.18 (1.00-1.40) 1.39 (1.19-1.64)c

Non-HDL-c (mmol/l) 3.00 (2.50-3.68) 4.03 (3.43-4.76)c 2.85 (2.4-3.46) 4.19 (3.54-4.66)c

Creatinine (μmol/l) 77 (67-92) 71 (63-80)c 77 (66-91) 77 (67-86)

Ever smoked (n, %) 1079 (74.3) 480 (68.4)b 158 (75.2) 64 (61.0)a

Currently smoking (n, %) 260 (18.1) 80 (11.4)c 34 (16.3) 9 (8.6)

Systolic BP (mmHg) 142 ± 19 139 ± 20b 142 ± 19 139 ± 18

Cardiovascular disease (n, %) 539 (37.1) 66 (9.4)c 89 (41.2) 0c

HbA1c (mmol/mol) 50.8 (45.4-59.6) 37.7 (35.5-38.8)c 51.9 (45.4-60.7) 36.6 (35.5-38.8)c

Duration of diabetes (years) 8 (3-14) NA 10 (5-16) NA

Insulin use (n, %) 452 (30.3) NA 89 (40.1) NA

Diabetic retinopathy (n, %) 223 (15.0) NA 68 (29.4) NA

Diabetic nephropathy (n, %) 311 (22.2) NA 56 (25.7) NA

Continuous data are represented as median and interquartile range or as mean ± SD in case of age and systolic 
blood pressure (BP). Clinical variables were compared between cases and controls with the Student’s t-test 
or the Wilcoxon rank-sum test for normal and non-normal distributions, respectively, and with the χ2-test for 
binary data. All p-values are shown for cases vs. controls within the same cohort: a p < 0.05; b p < 0.01; c p < 
0.001. BMI, body mass index; BP, blood pressure; HbA1c, glycated hemoglobin; HDL-c, high-density lipopro-
tein cholesterol; NA = not applicable.
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eight mass spectra per group. In addition to the manual inspection of the peaks in the sum 
spectra, potential modifications for the 20 most abundant glycan compositions, including 
fragments, potassium adducts, and adducts from the derivatization reaction were consid-
ered, resulting in a list of 159 potential analytes with a distinct m/z value (Supplementary 
Table S1). Our in-house built software MassyTools version 0.1.8.1.2 [29] was used for area 
integration and internal calibration, with a list of high-intensity glycan signals distributed 
across the detected m/z range applied as calibrants: H3N4F1, H4N4F1, H5N4F1, H5N4E1F1, 
H6N5L1E2, H6N5L1E2F1 (Supplementary Table S1). The relative areas of the detected 
glycans were extracted by summing the isotopes within 80% of the isotopic envelope for 
each species. Furthermore, different quality parameters (see below) were calculated using 
MassyTools. Resulting mass errors and relative standard deviations (SD) of the calculated 
relative intensities of the glycan compositions are presented in Supplementary Table S1. 
For example, the relative SD of the main peak at m/z 2301 was 6.42%.
Mass spectra were excluded from further analysis if their total intensity was lower 

than 50,000 and their “Fraction of analyte area - background area above signal-to-noise 
ratio” was lower than 0.89 (corresponding to the mean minus 4-times the SD to ensure 
a sufficient intensity for the overall profile including minor peaks; see [29] for further 
details on the quality parameters). The reasoning for setting the cut-offs was confirmed by 
a manual inspection of several borderline spectra. After the removal of low-quality spec-
tra, analyte compositions were removed from further analysis based on cut-offs for their 
signal-to-noise ratio, mass accuracy, isotopic pattern quality, and presence in a minimum 
percentage of the spectra within cases, healthy controls, or VisuCon-F plasma standard 
samples (Stago BNL, Netherlands). The cut-off values were as follows: signal-to-noise > 
6, ppm error < 20, deviation from the theoretical isotopic pattern < 20 %, and present 
in at least 10% of spectra per group, i.e. cases, controls, or plasma standards. Only non-
modified glycan compositions were further processed. The sum of the signal intensities of 
these remaining 70 compositions was normalized to 1, with each individual composition 
expressing a fraction thereof (total area normalization; see Figure 1 and Supplementary 
Table S1). From the 70 direct traits, 91 derived traits were calculated on the basis of their 
structural features (Supplementary Table S2) [25, 26, 30]. In case of ambiguity due to 
isomerism, for example in H5N5E1F1, bisection of diantennary glycans was assumed 
rather than an agalactosylated third antenna.

Experimental design and statistical analysis

In total, 2718 samples from the DiaGene cohort, 31 blanks and 155 VisuCon-F standard 
plasma samples were randomized over 31 96-well plates and prepared and analyzed 
as described above. After the removal of low-quality spectra during quality control and 
samples with insufficient clinical information, the discovery cohort data consisted of 
1583 cases and 728 controls. For the nested replication cohort, 232 cases were randomly 
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selected	using	IBM	SPSS	Stati	sti	cs	(version	21.0)	and	108	controls	were	selected	matching	
on	average	age	and	sex	frequencies	as	a	group.	A	power	calculati	on	was	performed	using	
G*Power	3.1	[31].	At	alpha	=	0.05,	we	had	80%	power	to	fi	nd	odds	rati	os	(ORs)	<0.88	or	
>1.13	in	the	discovery	cohort.
Stati	sti	cal	analyses	were	performed	in	RStudio	(version	1.0.136).	The	distributi	on	of	the	

clinical	 variables	was	 considered	 normal	when	 Skewness	 and	 Kurtosis	were	within	 the	
range	of	-1	to	+1.	Clinical	variables	were	compared	between	cases	and	controls	with	the	
Student’s	t-test	or	the	Wilcoxon	rank-sum	test	for	normal	and	non-normal	distributi	ons,	
respecti	vely.	Binary	data	were	compared	with	the	χ2-test.
Direct	 and	 derived	 glycan	 traits	 were	 adjusted	 for	 batch	 eff	ects	 by	 preparati	on	 day,	

MALDI	plate,	row	and	column	eff	ect	using	ComBat	package	in	R.	For	the	analyses	of	as-
sociati	ons	of	N-glycans	with	clinical	variables	and	diabetes,	N-glycan	 relati	ve	 intensiti	es	
were	centered	by	subtracti	ng	the	mean	and	scaled	by	dividing	by	the	SD.	Linear	regres-

Figure 1: A typical MALDI-TOF mass spectrum of plasma protein N-glycans from the DiaGene 
cohort. 

Aft	er	enzymati	c	 release	of	 glycans,	 sialic	 acids	were	 stabilized	 in	 linkage-specifi	c	manner	and	analyzed	by	
positi	ve-ion	refl	ectron	mode	MALDI-TOF-MS.	Observed	m/z	values	 for	 [M+Na]+	species	are	depicted,	with	
structures	proposed	for	the	most	abundant	species.	The	red	asterisk	marks	a	fragment	of	the	species	detected	
at	m/z	2301.840.	For	the	complete	list	of,	in	total,	70	quanti	fi	ed	glycan	species,	see	Supplementary	Table	S1.	
The	inset	shows	the	enlarged	mass	window	of	m/z	3130-3800.
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sion was used for associations of N-glycans with continuous clinical variables, and logistic 
regression for associations with sex and smoking. Age, sex, and their interaction were used 
as covariates in a second model for the analysis of associations between N-glycans and 
clinical variables. For the sake of power, we chose to analyze the associations between N-
glycans and clinical parameters in the entire cohort instead of stratifying for case/control 
status. 
Associations of N-glycans with type 2 diabetes were assessed with logistic regression. 

The following covariates were included in three models: 1) age, sex, and their interaction; 
2) model 1 + body mass index (BMI); and 3) model 2 + high-density lipoprotein-cholesterol 
(HDL-c), non-HDL-c, smoking. Outcomes of model 1 reflect the broad differences between 
cases and controls, while model 2 and 3 more specifically reflect the differences that 
are not mediated through risk factors for type 2 diabetes. The age-sex interaction was 
included as a covariate, since it was previously reported to affect various glycan traits 
[15]. Non-HDL-c was calculated as total cholesterol minus HDL-c. Smoking was divided 
in current smokers vs. former and non-smokers (‘Current smoking’) and in current and 
former smokers (‘Ever having smoked’) vs. non-smokers. Whenever values were missing 
per clinical variable in models 2 and 3, cases were excluded in the respective statistical 
analysis using the complete.cases() function in R; the exact numbers of cases and controls 
per analysis are stated in Table 2. Glycomic data was complete in all cases used for statisti-
cal analysis. Calculated ORs refer to an increase of one SD in the tested glycan traits. The 
Benjamini-Hochberg procedure [32] was applied to control for multiple testing, using a 
cutoff of q = 0.05 (5% false discovery rate).  

Results

Data reliability

The complete list of the 70 quantified glycan compositions as well as additional signals 
from possible modifications and signals that did not pass our quality criteria is given in 
Supplementary Table S1. For the quantified species, relative intensities with their rela-
tive SD as extracted from technical replicates of 149 plasma standard samples that were 
randomized and measured together with the cohort samples demonstrate overall method 
repeatability on the direct-trait level. In addition, Supplementary Table S2 contains relative 
SD values based on our 91 derived glycan traits which were calculated from the 70 direct 
traits. As described before, derived glycan traits appear to have a higher technical robust-
ness in glycomics studies compared to directly detected compositions [28]. Moreover, 
derived traits represent the different structural features corresponding to biosynthetic 
pathways in protein glycosylation as known from literature [25, 26, 30].
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Subject characteristi cs

Detailed	characteristi	cs	and	numbers	of	the	 individuals	 included	and	excluded	from	the	
study	are	described	elsewhere	[27].	Details	of	the	cohorts	analyzed	here	for	their	glycomic	
signatures	are	given	in	Table	1	and	glycomics	data	are	shown	in	Figure 1	and	Table	S3.	In	
both	cohorts,	cases	had	a	higher	BMI	than	controls,	and	a	 lower	HDL-c	and	non-HDL-c.	
Moreover,	 a	 higher	 proporti	on	 of	 cases	 were	 smokers	 and	 had	 cardiovascular	 disease	
(Table	1).	Additi	onally,	 in	the	discovery	cohort,	controls	were	more	oft	en	female	(62.6%	
vs.	47.3%)	and	had	lower	serum	creati	nine	than	cases.

Associati on of glycans with age, sex, and risk factors for type 2 diabetes

The	largest	eff	ects	associated	with	increasing	age	were	found	for	decreased	galactosylati	on	
and	increased	bisecti	on	of	diantennary	glycans	(Supplementary	Figure	S2A	and	Table	S4).	
With	 increasing	 age,	 both	α2,3-linked	 and	α2,6-linked	 sialylati	on	 increased	 for	 fucosyl-
ated	glycans,	but	decreased	for	non-fucosylated	glycans.	Diff	erent	glycosylati	on	features	

Figure 2: Associati ons of selected derived 
glycans with age, sex, BMI, HDL-cholesterol 
(HDLc), non-HDLc, and smoking for combined 
data from discovery and replicati on subsam-
ples. 

Associati	ons	 were	 adjusted	 for	 age,	 sex,	 and	 their	
interacti	on.	 Colors	 represent	 the	 t-stati	sti	cs	 (β	 /	
standard	error);	the	×	indicates	p-values	≤	0.033	(sig-
nifi	cance	aft	er	FDR-adjustment).	See	Supplementary	
Table	S2	for	glycan	derived	trait	descripti	on.	Glycan	
trait	abbreviati	ons:	B,	bisecti	on;	C,	within	complex;	
A2,	 diantennary;	 F,	 fucosylati	on;	 L,	 α2,3-linked	 si-
alylati	on;	 S,	 sialylati	on;	G,	 galactose;	 E,	 α2,6-linked	
sialylati	on;	A3,	triantennary;	T,	within	total.	Negati	ve	
associati	ons	with	type	2	diabetes	are	shown	in	blue,	
positi	ve	associati	ons	in	red.	Ever	smoked,	SmokEver;	
currently	smoking,	SmokCurr.
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showed strong associations with sex, and moreover, an interaction between age and sex 
was observed (Supplementary Table S4 and Figure S1). 
After adjustment for the covariates age, sex, and their interaction, multiple associations 

remained significant between glycans and BMI, HDL-c, non-HDL-c, and smoking (excerpt 
in Figure 2 and full version in Supplementary Figure S2B). For BMI, the strongest associa-
tions were with sialylation and sialic-acid linkage. With increasing BMI, overall sialylation 
increased in diantennary glycans (A2S) and decreased in tetraantennary glycans (A4S). 
Moreover, higher BMI was associated with lower α2,3-linked (A3L) and higher α2,6-linked 
sialylation (A2E). In addition, antennary fucosylation and bisection of several nonsialylated 
traits were positively associated with BMI, whereas bisection of mainly sialylated species 
and galactosylation of nonsialylated species were inversely associated. Smoking showed 
an association pattern similar to BMI, but additionally showed strong associations with 
fucosylation. For a few traits, sialic-acid linkage was associated with BMI and smoking in 
opposite directions, e.g. in A4F0E and A2(G)L. (Treated) HDL-c and non-HDL-c levels were 
similarly associated with N-glycans, but in the opposite direction from BMI and smoking, 
particularly regarding sialic-acid linkages. HDL-c and non-HDL-c were associated with low-
complexity glycan traits (MM, MHy) in opposite directions (Supplementary Figure S2B).

Associations of glycans with type 2 diabetes

Multiple glycan traits were associated with type 2 diabetes in both the discovery and the 
replication cohort in all three models (Supplementary Table S5). Adding BMI as a covari-
ate in model 2 affected p-values and effect sizes compared to model 1, but did not alter 
the direction of the associations and only few lost statistical significance. The replicated 
associations that remained significant after adjustment for additional risk factors in model 
3 are shown in Table 2. The strongest associations were found for sialylated traits, par-
ticularly for di- and triantennary glycans (Figure 3). Sialylation of diantennary traits was 
higher in individuals with type 2 diabetes than in controls. Regarding sialic-acid linkage, 
diantennary α2,6-linked sialylation was increased and triantennary α2,3-linked sialylation 
was decreased in diabetes (A2(F)GE and A3L). In addition to sialylation changes, decreased 
bisection of mainly fucosylated sialylated diantennary species, and fucosylation of dian-
tennary traits were associated with type 2 diabetes (A2FSB and A2F). Moreover, the total 
abundance of fucosylated nonsialylated diantennary species (TA2FS0), most likely derived 
from IgG [33], was decreased (Figure 3; Table 2).
Several derived traits that were associated with type 2 diabetes in the discovery cohort 

throughout the three models, also showed associations in the same direction in the 
smaller replication cohort, but lost significance after adjustment for risk factors for type 
2 diabetes in model 3 (Supplementary Table S5). For instance, the abundance of dianten-
nary N-glycans (CA2) was lower in type 2 diabetes while that of triantennary N-glycans 
(CA3) was higher. Galactosylation was decreased and bisection increased in traits related 
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to	IgG	(A2FS0G	and	A2FS0B).	In	contrast,	galactosylati	on	of	sialylated	diantennary	glycans	
was	increased	(A2SG).	Αlpha2,3-sialylati	on	of	tetraantennary	species	(A4L)	was	decreased	
in	type	2	diabetes,	while	α2,3-sialylati	on	of	fucosylated	diantennary	glycans	(A2F(G)L)	was	
increased,	although	only	in	the	models	adjusted	for	BMI	(models	2	and	3).
When	assessing	the	contributi	ons	of	individual	glycan	compositi	ons,	it	becomes	appar-

ent	 that	mainly	 the	mono-,	 di-,	 and	 tri-α2,6-sialylated	 triantennary	 glycans	H6N5E(1-3)	
drove	the	increase	of	A3E	in	diabetes	(Supplementary	Table	S6).	Various	IgG-related	com-
positi	ons,	such	as	H4N4F1,	H5N4F1,	and	H5N5F1	showed	a	decrease,	as	well	as	various	
α2,3-sialylated	species,	such	as	H7N6(F1)E1L3	and	H5N4(F1)E1L1.

Discussion

Here,	we	describe	associati	ons	of	multi	ple	plasma	protein	N-glycosylati	on	features	with	
type	2	diabetes.	We	found	that	sialylati	on	of	diantennary	glycans	was	higher	in	type	2	dia-
betes	than	in	healthy	controls,	while	fucosylati	on	and	bisecti	on	were	lower.	Intriguingly,	
diabetes	 was	 strongly	 associated	with	 the	 type	 of	 sialic-acid	 linkage,	 with	 lower	 α2,3-
linked	sialylati	on	of	triantennary	glycans	and	higher	α2,6-linked	sialylati	on	of	diantennary	
structures.	

Figure 3: Selected derived glycan traits in healthy controls (HC, green) and individuals with type 
2 diabetes (T2D, red) from the discovery cohort. 

The	25th,	50th	and	75th	percenti	les	and	whiskers	at	1st	quarti	le	minus	1.5*interquarti	le	range	(Q1	-	1.5*IQR)	
and	Q3	+	1.5*IQR	of	the	relati	ve	intensiti	es	are	shown.	P-values	are	shown	for	signifi	cant,	replicated	associa-
ti	ons	aft	er	adjustment	for	age,	sex,	and	their	interacti	on	(model	1).	See	Table	2	for	the	enti	re	list	of	replicated	
associati	ons	and	Supplementary	Table	S2	for	details	on	the	derived	glycan	traits.	A2,	diantennary;	F,	fucosyl-
ati	on;	G,	galactosylati	on;	S,	sialylati	on;	E,	α2,6-linked	sialylati	on;	A3,	triantennary;	L,	α2,3-linked	sialylati	on;	T,	
in	total	spectrum;	B,	bisecti	on.
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Type 2 diabetes is a complex and multifactorial disease, characterized by metabolic 
disturbances often accompanied by obesity and low-grade systemic inflammation [34]. 
Considering the large disease burden of type 2 diabetes, a deeper insight into its patho-
physiology is crucial. Studying protein N-glycosylation as a common posttranslational 
modification with high complexity, diversity, and functional impact has high potential for 
advancing this knowledge. Associations of unspecific serum/plasma glycan markers, i.e. 
total levels of sialic acid and N-acetylhexosamine, with inflammation and incident type 2 
diabetes have previously been described and are partly explained by an absolute increase 
in acute phase proteins [23, 24, 35]. Our exploration of relative shifts of N-glycan pat-
terns may point at pathophysiological processes involving multiple proteins, as we discuss 
below.

Sialylation

We observed increased sialylation of fucosylated diantennary structures in type 2 diabetes 
patients, which has previously been reported for individuals at risk of developing diabetes 
as well as in acute (post-surgical) inflammation [11, 25, 36]. Sialic acids influence plasma 
protein clearance and are directly involved in activation and control of the immune system. 
Moreover, their functions depend on the linkage type [22, 37]. Our finding of increased 
sialylation in diabetes and with increasing BMI was specifically due to α2,6-sialylation, 
while α2,3-sialylation decreased. Beta-galactoside alpha-2,6-sialyltransferase-1 (ST6Gal1), 
encoded by the ST6GAL1 gene, is the enzyme attaching α2,6-sialic acid to N-glycans [38]. 
Interestingly, polymorphisms of ST6GAL1 have been associated with type 2 diabetes in 
South East Asians [39], suggesting a potential causal relation between α2,6-sialylation 
and type 2 diabetes. ST6Gal1 enzyme activity was increased upon inflammation in both 
serum and liver in rats [40]. Moreover, an inflammation-limiting role of ST6Gal1 in plasma 
has been proposed in a study on aging [38]. It is tempting to speculate that increased 
ST6Gal1 enzyme activity may be a response to the low-grade chronic inflammation in type 
2 diabetes.
The majority of the α2,6-sialylated diantennary fucosylated glycans (A2FGE) and the 

triantennary mono-α2,6-sialylated glycan H6N5E1, which were positively associated with 
type 2 diabetes in our study, are thought to be derived from soluble IgM and haptoglobin, 
respectively [33, 41, 42]. IgM and haptoglobin function as ligands for siglec-2 (CD22) [43], 
a sialic-acid-binding Ig-like lectin present on immune cells and pancreatic β-cells [44]. 
Increased α2,6-linked sialylation of IgM and haptoglobin might augment binding to CD22, 
and may thus have a role in inflammation and possibly also glucose homeostasis. 
In contrast to α2,6-linked sialylation, α2,3-linked sialylation of larger glycans was lower 

in type 2 diabetes. The opposite was found in post-surgical, acute inflammation, where 
highly sialylated tri- and tetraantennary fucosylated glycans increased [11, 36]. Moreover, 
both α2,3- and α2,6-linked sialylation of larger glycans were higher in inflammatory bowel 
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disease patients than in healthy controls [45]. Large, sialylated, fucosylated glycans often 
contain terminal sialyl-Lewis X epitopes (consisting of an antennary fucose with an α2,3-
linked sialic acid), especially on acute-phase proteins [33, 35, 46]. Increased abundance of 
sialyl-Lewis X epitopes on plasma glycoproteins during inflammation has been postulated 
to exert anti-inflammatory effects through competitive binding to endothelial E-selectin 
and blocking of immune-cell adhesion and extravasation into tissues [47]. Thus, reduced 
α2,3-linked sialylation in type 2 diabetes might be a sign of either disrupted anti-inflam-
matory mechanisms or other processes specific to type 2 diabetes that are not related 
to inflammation. Since data on sialylation in disease states is scarce, it remains unclear 
whether reduced α2,3-linked sialylation is only seen in diabetes or also in other diseases.

Fucosylation

We observed a decrease in fucosylation of diantennary glycans (A2F) in type 2 diabetes, 
which has also been linked to inflammation [36], increased C-reactive protein levels, 
and smoking [15]. This decrease was driven by decreases of the fucosylated species 
H4N4F1(E1), H5N4F1(E1), H5N5F1, H3N4F1, and H4N5F1. In healthy individuals, these gly-
cans are mostly derived from IgG, and partly from other Igs [33, 48]. Thus, the decreased 
fucosylation of diantennary glycans might reflect a relative decrease of IgG glycans. Ac-
cordingly, decreased absolute IgG levels have been reported in type 2 diabetes [49]. More-
over, we recently found decreased fucosylation of nonsialylated, non-bisected IgG glycans 
in type 2 diabetes [19], which enhances the antibody-dependent cytotoxicity of IgG [50]. 
In contrast, Itoh et al. found an increased relative amount of the core-fucosylated bisected 
diantennary glycan (H5N5F1) in sera of individuals with type 2 diabetes [51]. However, a 
low-resolution analytical technique was used, bearing the risk of an overlap of different 
structures, and results were not adjusted for age, sex and risk factors for diabetes.
Our MS-based glycomics technique does not reveal whether a fucose is attached to 

an antennary N-acetylglucosamine or to the core. However, chromatographic analyses 
indicate that diantennary glycans mostly carry core-fucoses, while tri- and tetraantennary 
structures are more likely to carry antennary fucoses [12, 36]. Fucosylation co-occurring 
with an α2,3-linked sialic acid could indicate an antennary fucose within a sialyl-Lewis 
X epitope, as discussed in the sialylation paragraph. As an approximation of antennary 
fucosylation, we used glycans bearing two fucoses, which are represented by traits A3Fa 
and A4Fa and imply the presence of at least one antennary fucose. These were positively 
associated with age, BMI and smoking, but not with diabetes. Accordingly, in a previous 
report, no differences were found in the proportion of antennary fucosylated trianten-
nary glycans between type 2 diabetes and healthy controls. In contrast, individuals with 
MODY3 showed decreased antennary fucosylation of triantennary glycans compared to 
both healthy and type 2 diabetes individuals [5]. MODY3 is caused by mutations in the 
HNF1A gene, which is thought to regulate fucosyltransferase activity and to modulate 
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antennary fucosylation [12]. Since we found no change in antennary fucosylation in type 
2 diabetes, the decreased fucosylation is more likely caused by decreased diantennary 
core-fucosylated (Ig-derived) glycans.

Bisection

The addition of an N-acetylglucosamine in β1,4-linkage to the first mannose of the N-glycan 
core by N-acetylglucosamine-transferase-3 is called bisection. This process is in competi-
tion with other glycosyltransferases, including fucosyltransferase-8 for core-fucosylation 
and N-acetylglucosamine-transferase-5 for branching [52]. Bisection of fucosylated 
sialylated diantennary glycans (A2FSB) was reduced in type 2 diabetes in our cohort, 
while IgG-related bisection in the non-sialylated variant (A2FS0B) tended to increase, in 
agreement with our previous findings in isolated IgG [19]. Also, in an independent large 
cohort of mostly healthy individuals, the A2FSB trait showed a positive trend (p = 0.017) 
with increasing glucose-to-insulin ratio [15], indicative of a higher insulin sensitivity and 
supporting our finding in diabetes. Interestingly, A2FSB showed a positive association with 
rheumatoid arthritis, which is characterized by chronic inflammation [53]. In IgG, bisec-
tion enhances antibody-dependent cytotoxicity [50]. The biological effects of bisection in 
IgA and IgM glycans are largely unknown. A2FSB N-glycans are mostly derived from IgA, 
IgM, and the fragment antigen-binding portion of IgG, while non-bisected A2FS are mostly 
attributable to a mixture of glycoproteins released by the liver (i.e. acute phase proteins) 
[33]. Therefore, the decreased A2FSB possibly also reflects a decrease in N-glycans derived 
from Igs.

Galactosylation

Various galactosylation traits in diantennary glycans (A2G) were positively associated 
with type 2 diabetes in the first 2 models, but lost statistical significance in the replication 
cohort after adjustment for risk factors for type 2 diabetes. The latter might be due either 
to a power issue in the smaller replication cohort or to a causal relationship of the risk fac-
tors with A2G. Very recently, increased galactosylation was associated with an increased 
risk of type 2 diabetes (age- and sex-adjusted), in line with our findings in model 1 and 2 
[25]. Beta-1,4-galactosyltransferases are responsible for galactosylation, and their activity 
in plasma has been associated with aging and diabetes [38, 54]. In contrast, IgG-related 
galactosylation (A2FS0G) tended to decrease in diabetes, which is in line with our study on 
IgG [19]. While a decrease in IgG galactosylation is a well-described phenomenon in differ-
ent types of inflammation and aging [55], it remains unclear which mechanisms contribute 
to an increase of galactosylation in non-IgG plasma N-glycans.
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Glycan complexity

We observed a positive association of triantennary (CA3) and a negative association of 
diantennary glycans (CA2) with type 2 diabetes in all models, although only replicated 
for model 1. Similarly, increased branching was associated with type 2 diabetes risk after 
adjustment for age and sex [25]. However, the decreased association strength after cor-
rection for BMI and other risk factors in our study suggests that higher glycan complexity 
is mediated through these risk factors. 
Lastly, the decreased ratio of high-mannose to hybrid glycans (MHy) in type 2 diabetes 

in models 1 and 2 could be due to decreased apolipoprotein B-100 levels in cases, since 
high-mannose plasma glycans are, for a large part, derived from this apolipoprotein [33]. 
This is reflected by the lower non-HDL-c in cases than controls, explained by the use of 
lipid-lowering treatment. Accordingly, after adjustment for lipids in model 3 this associa-
tion lost significance in both cohorts.

Strengths and limitations

A major advantage of this study is that we were able to reliably identify and quantify 70 
different plasma N-glycan structures in a large type 2 diabetes case-control study, while 
others have focused on fewer structures with low-resolution techniques in smaller sample 
sizes. Our approach with sialic-acid derivatization provided unique insights into sialic-acid 
linkage-specific changes. The size of our discovery cohort ensured establishing robust as-
sociations between glycans and type 2 diabetes, even after adjustment for multiple risk 
factors for type 2 diabetes. 
Nonetheless, several limitations apply to our findings. First, the glycan species analyzed 

often represent isomer mixtures, except for sialic-acid linkage isomers. Second, our data 
are normalized to the total area of the 70 detected structures and, for this reason, are 
dependent on the plasma levels of the respective glycoproteins. Future glycomic investiga-
tions on a protein-specific level, as previously studied in the DiaGene study for IgG [19], 
combined with data on the plasma levels of these proteins will give a deeper insight into 
the mechanisms underlying our observations. Currently, however, this is still beyond tech-
nical capabilities for large-scale studies. Third, a separate similar cohort was not available 
to replicate our findings. Instead, we created a randomly selected, age- and sex-matched 
subcohort for replication, which was smaller and therefore some true associations may not 
have become significant in this cohort. Fourth, our data is cross-sectional and therefore 
does not allow conclusions on the causality of the associations, although recent findings 
in individuals at risk of type 2 diabetes [25] are supportive of our results and do point in 
the direction of a causal relationship. Our results are a starting point for future research in 
independent prospective cohorts. Last, we were not able to adjust for possible effects of 
diabetes treatment on N-glycan profiles due to the absolute association of the endpoint 
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(diabetes) with the treatment. Collaborations are ongoing to assess treatment effects in 
the future.

Conclusion

In this cross-sectional study, we found robust associations between type 2 diabetes and 
the plasma N-glycome, especially regarding sialic-acid linkages. In part, glycans in type 2 
diabetes appear to reflect a pro-inflammatory state. However, not all associations seem 
to be explained by inflammation, such as the observed decrease in α2,3-linked sialylation. 
Further studies should focus on protein-specific glycosylation changes. Moreover, pro-
spective and genetic studies including Mendelian randomization and expression levels of 
glycosyltransferases and glycosidases should shed light on the causality and mechanisms 
involved. Eventually, knowledge on altered N-glycosylation, an essential but understudied 
physiological process, has the potential to improve insight in the pathophysiology of type 
2 diabetes and could contribute to decreasing the burden of this major disease.
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Supplementary Figure S1. Plasma N-glycosylation in dependency from age and sex. 

Data from the discovery cohort are shown exemplarily for α2,3-sialylation (A3L, upper) and fucosylation of 
diantennary glycans (A2F, lower). Scatter points and regression lines are labeled blue for males and red for 
females, demonstrating an interaction between age and sex.

Supplementary Figure S2. Associations of derived glycan traits with age, sex, HDL-cholesterol 
(HDL-c), non-HDL-cholesterol (non-HDL-c), BMI, and smoking for combined data from discovery 
and replication subsamples. 

A) Unadjusted associations. Sex was coded as male = 0, female = 1. B) Associations adjusted for age, sex, and 
their interaction. Colors represent the t-statistics (β / standard error); the X indicates p-values ≤ 0.033 (sig-
nificance after FDR-adjustment). Association heat maps were clustered using hclust method = complete with 
Euclidean distance. The clustering order in both (A) and (B) is based on the unadjusted associations between 
glycans and clinical parameters. See Supplementary Table S2 for glycan derived trait description. Glycan trait 
abbreviations: B, bisection; C, within complex; A2, diantennary; F, fucosylation; L, α2,3-linked sialylation; S, 
sialylation; G, galactose; E, α2,6-linked sialylation; A3, triantennary; T, within total. Negative associations with 
type 2 diabetes are shown in blue, positive associations in red. BMI, body mass index; HDL-c, HDL-cholesterol.
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Supplementary Table S6. Regression results of detected glycan compositions for type 2 diabetes 
in the discovery cohort. 
Trait OR p Trait OR p

H4N4F1 0,6500 2,30E-10 H6N5L2 1,0128 8,49E-01

H5N4F1 0,7011 7,96E-08 H7N6E2L2 1,0155 8,16E-01

H5N4F1E1 0,7141 7,89E-07 H7N2 1,0192 7,60E-01

H4N4 0,7640 2,53E-05 H7N6F1E2L1 1,0199 7,66E-01

H4N4F1E1 0,7695 3,00E-05 H5N4E1 1,0225 7,30E-01

H4N4E1 0,7962 4,39E-04 H7N6E1L2 1,0228 7,29E-01

H4N5 0,8027 5,94E-04 H7N6F1E3L1 1,0472 5,03E-01

H5N3 0,8076 8,20E-04 H6N5E2L1 1,1017 1,57E-01

H5N5F1 0,8088 1,08E-03 H7N6E3L1 1,1235 8,31E-02

H3N4F1 0,8132 1,56E-03 H6N5F1E2 1,1389 6,60E-02

H5N4 0,8136 1,17E-03 H5N4L2 1,1539 3,02E-02

H7N6F1E1L3 0,8288 3,86E-03 H5N4E2 1,1566 2,68E-02

H4N5E1 0,8291 2,64E-03 H5N4F1L2 1,1570 3,07E-02

H4N5F1 0,8348 2,41E-03 H6N5E1L1 1,1624 2,98E-02

H6N3 0,8373 4,29E-03 H6N3E1 1,1726 2,35E-02

H5N4E1L1 0,8391 9,21E-03 H7N6E3 1,1899 1,49E-02

H5N5E1 0,8417 5,95E-03 H5N5E2 1,1993 1,07E-02

H5N5 0,8556 1,51E-02 H7N6E2L1 1,2399 2,89E-03

H5N4F1E1L1 0,8564 2,35E-02 H5N4F1E2 1,2683 1,33E-03

H6N5F1E1L2 0,8588 2,45E-02 H6N5F2E2L1 1,2812 9,44E-04

H7N6E1L3 0,8655 2,21E-02 H3N3E1 1,3295 5,27E-05

H5N2 0,8689 2,47E-02 H6N5F1E3 1,3857 1,72E-05

H3N5 0,8778 3,65E-02 H6N5E1 1,6844 2,09E-11

H5N5F1E2 0,8991 9,29E-02 H6N5E3 1,7103 6,54E-11

H6N5E1L2 0,9010 1,20E-01 H6N5E2 1,9926 2,22E-14

H6N5F2E1L2 0,9013 1,18E-01

H8N2 0,9050 1,08E-01

H6N2 0,9058 1,09E-01

H3N3F1E1 0,9097 1,37E-01

H5N5F1E1 0,9123 1,31E-01

H9N2 0,9220 2,00E-01

H6N5F1E1 0,9464 3,95E-01

H6N5F1E1L1 0,9546 4,86E-01

H5N3E1 0,9550 4,67E-01

H3N5F1 0,9561 5,05E-01

H5N5F1E1L1 0,9600 5,30E-01

H7N6F1E2L2 0,9662 6,06E-01

H7N6F1E1L2 0,9675 6,21E-01

H4N5F1E1 0,9684 6,15E-01
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H6N5F1E2L1 0,9738 6,99E-01

H7N6F2E2L2 0,9774 7,32E-01

H4N3E1 0,9799 7,47E-01

H5N4L1 0,9807 7,68E-01

H6N5F1L2 0,9943 9,30E-01

H5N4F1L1 0,9959 9,52E-01

Glycan values were centered and scaled, therefore the effect sizes are indicative of 1 standard deviation 
change in glycan value. Shown are the odds ratio and p-value for each direct trait after adjustment for age, 
sex, their interaction, BMI, HDL-cholesterol, non-HDL-cholesterol, and smoking (ever and current). H = hex-
ose; N = N-acetylhexosamine; F = deoxyhexose (fucose); S = N-acetylneuraminic acid (sialic acid); E, α2,6-
linked sialic acid; L, α2,3-linked sialic acid.
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Abstract

Background; Type 2 diabetes results from interplay between genetic and acquired factors. 
Glycans on proteins reflect genetic, metabolic and environmental factors. However, as-
sociations of IgG glycans with type 2 diabetes have not been described. We compared IgG 
N-glycan patterns in type 2 diabetes with healthy subjects.

Methods; In the DiaGene study, a population-based case-control study, (1886 cases 
and 854 controls) 58 IgG glycan traits were analyzed. Findings were replicated in the 
population-based CROATIA-Korcula-CROATIA-Vis-ORCADES studies (162 cases and 3162 
controls), and meta-analyzed. AUCs of ROC-curves were calculated using 10-fold cross-
validation for clinical characteristics, IgG glycans and their combination.

Results; After correction for extensive clinical covariates, 5 IgG glycans and 13 derived 
traits significantly associated with type 2 diabetes in meta-analysis (after Bonferroni 
correction). Adding IgG glycans to age and sex increased the AUC from 0.542 to 0.734. 
Adding them to the extensive model did not substantially improve the AUC. The AUC for 
IgG glycans alone was 0.729.

Conclusions; Several IgG glycans and traits firmly associate with type 2 diabetes, reflecting 
a pro-inflammatory and biologically-aged state. IgG glycans showed limited improvement 
of AUCs. However, IgG glycans showed good prediction alone, indicating they may capture 
information of combined covariates. The associations found may yield insights in type 2 
diabetes pathophysiology.

General significance; This work shows that IgG glycomic changes have biomarker potential 
and may yield important insights into pathophysiology of complex public health diseases, 
illustrated here for the first time in type 2 diabetes. 
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Introduction

Type 2 diabetes is an extremely challenging health issue in the 21st century [1]. It is a mul-
tifactorial disease, resulting from intricate interplay between environmental and genetic 
factors. Although many environmental and genetic risk factors have been identified, the 
underlying mechanisms of the disease remain largely unknown.
Genetic factors identified so far explain up to 5-10% of disease risk [2]. It is likely that 

epigenetic and posttranscriptional modifications play a substantial role in disease patho-
physiology. Glycosylation of proteins is one of the most common posttranslational modi-
fications. N-glycans are present on most proteins and are generated through interplays 
between hundreds of enzymes [3, 4]. They play structural, functional, and regulatory roles 
and reflect genetic, metabolic, and environmental factors [3]. These unique qualities raises 
interest for the role and use of N-glycans in complex disease such as type 2 diabetes. Total 
N-glycomic changes have been reported once in a relatively large type 2 diabetes popula-
tion and showed significant changes. However, total N-glycomic changes do not inform us 
on the exact underlying proteins and processes involved and results are influenced by the 
relative abundance of proteins in the circulation. 
Type 2 diabetes is characterized by a pro-inflammatory state and elevated levels of 

inflammatory markers, such as C-reactive protein and interleukin-6, that have been associ-
ated with risk of developing type 2 diabetes [5]. IgG N-glycome changes have been linked 
to clinical risk factors for type 2 diabetes, such as age, BMI, smoking, and dyslipidemia 
[6-9]. IgG is a tetramer protein complex consisting of Fc and Fab regions. IgG glycosylation 
is particularly interesting, as N-glycans attached to the Fc part of IgG can modulate and 
switch its function from pro- to anti-inflammatory and vice versa [3, 10, 11]. However, IgG 
N-glycosylation patterns in type 2 diabetes compared to the non-diabetic state have not 
been described in current literature. Knowledge on specific IgG N-glycosylation profiles in 
type 2 diabetes could shed light on underlying inflammatory pathophysiological processes 
and on drug target and biomarker potential.
We hypothesized that characteristic IgG N-glycan profiles are present in type 2 diabetes. 

In this study, we investigated the association of IgG N-glycan profiles with type 2 diabetes 
in a large population-based case control cohort, followed by replication in independent 
European samples. Moreover, we evaluate the AUC under the Receiver Operator Charac-
teristic (ROC) curves for models including clinical characteristics, IgG glycans, and both. 
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Research design and Methods

Subjects

Discovery cohort: 
The discovery cohort was the DiaGene study. Characteristics of the DiaGene population 
have been described elsewhere [12]. Briefly, the DiaGene study is a case-control cohort 
collected in and around the city of Eindhoven, the Netherlands. All hospitals in this area 
participated, as well as the center for primary care diagnostics. Type 2 diabetes was 
diagnosed according the ADA and WHO criteria [13, 14]. Patients with other types of dia-
betes, diabetes secondary to Cushing’s syndrome or to corticosteroid use were excluded. 
Controls were recruited by advertising in local newspapers (aged 55 years or older) and 
through unrelated friends/family of the cases. Controls with diabetes mellitus, impaired 
glucose tolerance or Cushing’s disease were excluded. In total, 1886 patients and 854 
controls were included. All participants gave written informed consent. The study has 
been approved by the Medical Ethical Committee of the Erasmus MC. 

Replication cohort: 
We validated the results of our discovery analyses in three family-based cohorts from 
isolated islands: the Orkney Complex Disease Study (ORCADES), CROATIA-Vis, and CROA-
TIA-Korcula. The ORCADES study was collected between 2005 and 2011 from the Orkney 
isles in Scotland. The CROATIA-Vis and CROATIA-Korcula cohorts were collected from the 
Croatian islands Vis and Korcula in 2003-2004 and 2007, respectively. Type 2 diabetes 
status was self-reported. These three deeply phenotyped cohorts have been described 
in more detail elsewhere [15-18]. Procedures used for extraction and preprocessing of 
glycomic profiles were harmonized for the discovery and replication cohorts. After quality 
control, the total number of samples in the combined replication cohorts was n=3324 (162 
cases with type 2 diabetes and 3162 controls).

IgG N-glycosylation

In the DiaGene study, 1837 cases and 852 controls had plasma available for IgG glycosyl-
ation analyses. Twenty nine samples failed quality control. The remaining 1815 cases and 
845 controls were included in the analyses. IgG glycan isolation, release and labeling in the 
DiaGene study were executed as described previously [19]. In total, 24 IgG glycan peaks 
were measured. The same peaks were measured in the CROATIA-Vis, CROATIA-Korcula and 
ORCADES samples as more extensively described by Pucic et al [19]. Figure 1 shows the 
glycan structures of the most abundant glycans per peak; a more detailed description can 
be found in supplementary table S1.
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Figure 1. The 24 IgG glycan peaks as measured with ultra-performance liquid chromatography. 

Shown are the structure of the main IgG glycan component(s) per peak and their structure abbreviation. 
Structure abbreviations: F, α-1,6-linked core fucose; A, number of antenna’s attached to the core sequence 
(existing of two N-Acetylglucosamine (GlcNAc) and three mannose residues); B, bisecting GlcNac β1-4 linked 
to β1-3 mannose; M, number of mannose residues; G, number of β1-4 linked galactoses; [3]G1, galactose 
on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of the α1-6 linked mannose; S, 
sialic acid linked to galactose. Structural schemes are defined as follows: blue square, GlcNac; green circle, 
mannose; red triangle, core fucose; yellow circle, galactose; purple rhomb, sialic acid.

Table 1. Characteristics of the discovery and replication cohorts. 

 

DiaGene Study CROATIA-Vis, CROATIA-Korcula, ORCADES 

Cases 
(n=1815)

Controls 
(845)

p-value 
cases vs 
controls

Cases 
(n=162)

Controls 
(n=3162)

p-value 
cases vs 
controls

Age (yr.) 65.2 (±10.5) 65.7 (±6.8) 0.198 66.6 (±10.6) 54.5 (±14.9) <0.001

Sex (% male) 53.7 40.2 <0.001 45.7 38.5 0.082

BMI (kg/m2) 30.5 (±5.5) 25.8 (±3.7) <0.001 30.1 (±4.7) 27.6 (±4.5) <0.001

HDL-cholesterol (mmol/L) 1.17 (±0.32) 1.46 (±0.36) <0.001 1.38 (±0.37) 1.52 (±0.39) <0.001

nonHDL-cholesterol (mmol/L) 3.12 (±0.90) 4.10 (±0.98) <0.001 4.12 (±1.12) 4.17 (±1.15) 0.535

Current smoking (%) 17.8 10.9 14.8 16.3

Former smoking (%) 56.1 56.1 <0.001* 31.5 30 0.852*

Creatinine (umol/L) 83.35 (±0.69) 73.00 (±0.49) <0.001 86.77 (±27.54) 79.86 (±16.95) 0.002

Unless stated otherwise, mean (±SD) are given. BMI, body mass index; HDL, high-density lipoprotein. * p-
value for trend across categories.
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In short, for both the discovery and the replication cohorts, IgG was isolated from plasma 
using 96-well protein G monolithic plates, eluted with 0.1M formic acid, and neutralized 
with 1M ammonium bicarbonate. Dried IgG samples (150-200ug) were denatured (with 
30μl SDS), incubated at 65°C for 10 minutes and cooled to room temperature, followed 
by addition of 10μl of Igepal-CA630 (φ=4%). N-glycans were released with the addition of 
1.2U of PNGase F in 10μL 5x PBS and incubation at 37°C for 18 hours. Released N-glycans 
were labeled with 2-AB. The samples were cleaned by using hydrophilic interaction liquid 
chromatography solid phase extraction (HILIC-SPE) and stored at -20°C until ultra-perfor-
mance liquid chromatography (UPLC). Finally, 24 IgG glycan peaks (GPs) were measured 
by Waters Acquity UPLC instrument as described previously [19]. All chromatograms were 
separated in the same manner into 24 peaks and the amount of glycans in each peak was 
expressed as percentage of total integrated area. 
An additional 34 derived IgG glycan traits were calculated from the 24 directly measured 

peaks as described previously [6, 19]. These traits represent specific IgG glycosylation 
features (such as galactosylation, fucosylation and sialylation); a detailed description can 
be found in supplementary table S1.

Harmonization

Twelve glycan profiles were removed after visual inspection of the chromatograms. In 
all cohorts, preprocessing of the data followed the same protocol, where: (i) IgG glycan 
expressions were normalized by the total area under the expression peaks, followed by 
log-transformation, and (ii) batch effects were removed by applying ComBat modified to 
correct for outliers (using R Package sva). Measurement error of each of the 24 glycan 
structures was estimated based on the correlation between replicated samples (n=69 out 
of 2688 samples) and variation of standard sample measurements (n=153), which are 
shown in supplementary figure S1 and S2, respectively. No samples  were excluded based 
on measurement error. After the preprocessing, ORCADES, CROATIA-Vis and CROATIA-
Korcula cohorts were pooled, to form a joint validation dataset.

Statistical analyses

The distribution of the IgG glycan peaks was analyzed by visual inspection of QQ plots and 
showed no major deviations from normality. Pairwise dependencies between the 24 IgG 
glycan peaks and age, BMI, cholesterol traits, and creatinine in the discovery population 
were evaluated by Pearson’s correlation coefficients; significance was assessed by the 
correlation test for bivariate normal distributions. Associations of smoking and sex with 
the IgG glycan peaks were evaluated with ANOVA. Non-HDL cholesterol was calculated 
as the difference between total cholesterol and HDL-cholesterol. These clinical variables 
were selected because they are risk factors for type 2 diabetes [20] and/or associated with 
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N-glycosylation [6, 8, 21]. Student’s t-tests and chi-squared tests were applied to test dif-
ferences between cases and controls for continuous and categorical variables respectively.
Logistic regression models were used to investigate the associations of directly measured 

IgG glycan peaks and derived traits with type 2 diabetes. Three models were considered: 
model 1) adjusted for age and sex; model 2) adjusted for age, sex, and BMI; and model 3) 
adjusted for age, sex, BMI, HDL-cholesterol, non-HDL-cholesterol, smoking and creatinine. 
All analyses described above were performed in the discovery population using ‘binary 
logistic regression’ in SPSS Statistics, version 21. Covariates were entered without forward 
or backward selection. 
All analyses in the validation cohort were done in R, using the packages glm, pROC, 

and ROCR [22]. The likelihood-ratio test was used to compare the performance of logistic 
regression models with and without IgG glycans. The same clinical and demographic 
variables were applied in the models of the validation cohort. All analyses in the validation 
cohort were additionally adjusted for the covariate denoting their original cohort. 
Results of the association analyses in the discovery and replication sets were meta-

analyzed using the weighted z-transform method [23]. This method takes into account 
the regression coefficients, standard errors, and number of participants per study, and 
sets the weight of each study to the square root of the sample size. Bonferroni correction 
for multiple testing was applied for 58 tests (24 direct and 34 derived measurements). 
P-values < 8.62E-4 were considered statistically significant. 
For prediction analyses, we fitted logistic regression models using 10-fold cross-valida-

tion. In this method, the original sample is partitioned in 10 non-overlapping subsamples 
of equal size, where 1 sample serves as a test set and the other 9 samples serve as training 
sets, and models are fitted repeatedly for all training/test fold partitions. We first com-
puted the average AUC across the test folds, and finally the aggregated AUC, where predic-
tions on 10 independent subsets were merged into a single vector. This method limits the 
danger of overfitting and estimates how well the model can be generalized to independent 
datasets. We compared model AUCs that included the above-mentioned clinical variables 
with those that additionally contained the 24 directly measured IgG glycans. All continuous 
variables were standardized before they were included in the models for AUC calculation. 
The term prediction is used in the statistical sense, i.e. the inference of an outcome 

given the covariates. Specifically, we do not refer to forecasting of prospective outcomes, 
and our predictions in the considered case-control setting refer to the time of the mea-
surements. 
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Results

Cohort characteristics

Characteristics of the cohorts are shown in Table 2. In the DiaGene study, patients with 
type 2 diabetes were more often male (53.7 vs 40.2% for cases and controls, respectively), 
had higher BMI and creatinine levels, lower HDL-cholesterol and non-HDL cholesterol 
levels, and were more often smokers than healthy controls. In the replication cohort, cases 
were older (66.6 vs. 54.5y), had a lower HDL-cholesterol, and higher BMI and creatinine.

Table 2: Correlations (continuous variables) and direction of effect in ANOVA (categorical vari-
ables) of clinical traits with IgG glycan peaks in the discovery population.

Glycan peak Glycan structure Age Sex BMI Smoking HDLc NonHDLc Creatinine

GP1 FA1 0.26 NS NS NS NS NS 0.15

GP2 A2 0.19 ↑ NS NS NS NS NS

GP3 A2B 0.20 NS 0.12 NS -0.08 NS 0.10

GP4 FA2 0.37 ↑ 0.15 ↓ -0.10 -0.07 0.16

GP5 M5 0.11 NS NS NS NS NS NS

GP6 FA2B 0.37 ↑ 0.16 ↑ -0.12 -0.11 0.16

GP7 A2[3]G1 NS NS -0.10 NS 0.08 NS NS

GP8 A2BG1 FA2[6]G1 -0.23 NS -0.19 NS 0.17 0.13 -0.04

GP9 FA2[3]G1 -0.15 ↓ -0.11 ↓ 0.10 0.10 -0.16

GP10 FA2[6]BG1 NS NS NS ↑ NS NS NS

GP11 FA2[3]BG1 0.14 NS 0.08 ↑ NS NS 0.08

GP12 A2G2 -0.12 NS -0.08 ↑ NS NS NS

GP13 A2BG2 -0.10 NS -0.07 ↑ NS NS NS

GP14 FA2G2 -0.45 ↓ -0.11 ↑ NS NS -0.16

GP15 FA2BG2 -0.25 ↓ NS ↑ NS NS NS

GP16 FA2[6]G1S1 FA2[3]G1S1 -0.09 ↓ NS NS NS NS NS

GP17 A2G2S1 NS NS NS NS NS NS NS

GP18 A2BG2S1 FA2G2S1 -0.41 ↓ -0.08 NS NS NS -0.14

GP19 FA2BG2S1 NS NS -0.15 NS NS NS NS

GP20 FA2FG2S1 -0.10 NS NS NS NS NS NS

GP21 A2G2S2 NS NS -0.08 NS NS NS NS

GP22 A2BG2S2 NS NS NS NS NS NS NS

GP23 FA2G2S2 -0.23 ↓ -0.09 ↓ NS 0.07 -0.12

GP24 FA2BG2S2 NS NS -0.11 NS 0.07 NS -0.08

 βs are shown for continuous variables. Sex: ↑, higher in females; ↓, lower in females. Smoking:  ↑, higher in 
current/former smokers; ↓, lower in current/former smokers. A p-value < 8.62E-4 was considered statistically 
significant. NS, not significant. Structure abbreviations: F, α-1,6-linked core fucose; A, number of antenna’s; B, 
bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, number of β1-4 linked 
galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of 
the α1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red background, positive association; 
blue background, negative association.
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4

Clinical traits associated with type 2 diabetes or N-glycosylation 

Correlations of clinical traits associated with type 2 diabetes or N-glycosylation with the 
24 IgG glycan peaks are shown in table 2. IgG glycan peaks show significant univariate 
associations with more than one clinical trait and vice versa. 

IgG glycan associations with type 2 diabetes

Illustrative IgG glycan profiles for type 2 diabetes and the non-diabetic state are shown in 
figure 2; median and interquartile ranges of all peaks in both cohorts are shown in supple-
mentary table S2. Table 3 shows glycans that were significantly associated with type 2 
diabetes after meta-analyses in the discovery and validation cohorts, adjusted for age and 
sex. The strongest associations are for glycan peaks GP6, GP8 and GP9 (P meta-analyses 
<2.22E-16). Additional adjustment for BMI did not substantially change significant associa-
tions (complete data on all outcomes in all models are shown in Supplementary tables 
S3-S5). 

The associations with type 2 diabetes remained statistically significant for glycan peaks 
GP6, GP8, GP9, GP10, and GP11 in the full model (adjusted for age, sex, BMI, HDL-choles-
terol, non-HDL-cholesterol, smoking and creatinine). Figure 3 shows boxplots for these IgG 
glycan peaks; β- and p-values adjusted for the full model are shown in table 4. Excluding 
participants using medication indicative of auto-immune, malignant, or inflammatory 
conditions from the analyses did not change our results (data not shown). These glycans 

Figure 2. UPLC chromatogram of one individual with and one individual without type 2 diabe-
tes. 

The 24 IgG glycan peaks are numbered and peaks associated with type 2 diabetes in the full model are high-
lighted in red. Black line, healthy control; blue line, individual with type 2 diabetes.
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4

are reflective of increased presence of agalactosylated (GP6) and monogalactosylated 
(GP10, GP11) FA2 glycans with bisecting N-Acetylglucosamine (GlcNAc) and decreased 
presence of FA2[6] (GP8) and FA2[3] (GP9) monogalactosylated glycans. The derived traits 
associated with type 2 diabetes show a decrease in the percentage of sialylation of all 
fucosylated structures with bisecting GlcNAc (FBGS/(FB+FBG+FBGS)) and an increase of 
bisecting GlcNAc in fucosylated disialylated structures (FBS2/FS2 and FBS2/(FS2+FBS2)). 
There was a decrease in monogalactosylated structures (G1n). Furthermore, there was a 
decrease in fucosylated structures without bisecting GlcNAc in neutral glycans (Fn) and in 
agalactosylated (FG0n/G0n) and monogalactosylated (FG1n/G1n) structures. Finally, there 
was an increase in fucosylated structures with bisecting GlcNAc (FBn, FBG0n/G0n, FBG1n/
G1n, FBG2n/G2n, FBn/Fn, FBn/Fntotal). 

Area under the ROC curves for type 2 diabetes

The average AUCs for 24 IgG glycans without clinical variables was 0.73 and 0.75 for the 
discovery and validation populations, respectively. Figure 4 shows ROC curves for the 

Figure 3. Distribution of IgG glycan peaks associated with type 2 diabetes after adjustment for 
the full model. 

Upper half: distribution of glycan peaks in the discovery cohort. Bottom half: distribution of glycan peaks in 
the replication cohort. Shown are the relative percentages of each peak for controls (grey) and cases (blue). 
GP, glycan peak.
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predictive capacity of clinical variables with and without glycans for type 2 diabetes in the 
case-control setting.
As shown in table 5, adding the 24 IgG glycans to clinical variables led to improvement 

of the AUC in all models. This improvement was most extensive in the model containing 
age and sex (AUC 0.542 vs 0.734 for age and sex vs age, sex, and 24 IgG glycans). Similar 
results were found in our validation cohort. Augmented AUCs were similar and differences 
with average AUCs were negligible (data not shown).

Figure 4. ROC curves for type 2 diabetes. 

The AUC is shown for 1) IgG glycans alone (green); 2) age and sex (red); 3) age, sex, and IgG glycans (blue) in 
A for the discovery cohort and in B for the replication cohort. AUCs for 4) the full model (red); and 5) the full 
model with IgG glycans (blue) are shown in C for the discovery cohort and in D for the replication cohort. AUC, 
area under the curve.



IgG glycan patterns are associated with type 2 diabetes in independent European populations� 123

4

Discussion

In the present study, we are the first to describe the association and predictive poten-
tial of IgG N-glycans in type 2 diabetes versus healthy individuals in a large case-control 
study. We have found significant and replicated associations for GP6, GP8, GP9, GP10, 
and GP11 and several derived IgG glycan traits associated with decreased galactosylation 
and sialyation, an increase in fucosylated structures with bisecting GlcNAc and a decrease 
in fucosylated structures without bisecting GlcNAc. AUCs showed slight improvement for 
predicting type 2 diabetes in the case-control setting when IgG glycan peaks were added 
to models with clinical characteristics. Remarkably, the AUC for IgG glycans by themselves 
for type 2 diabetes was 0.73. 
Type 2 diabetes is a multifactorial disorder in which genetics, environmental, and 

metabolic influences interact at multiple levels. Glycans reflect all these influences, 
which makes them attractive biomarkers for multifactorial diseases. In this study, the IgG 
glycan profile showed significant associations with age, sex, BMI, lipid profile, smoking, 
and kidney function. These associations are largely in line with previous reports on IgG 
glycosylation and total N-glycome in these traits [6-8, 21, 24]. 
The associations we found in type 2 diabetes are reflective of an overall pro-inflamma-

tory state and biological aging [3, 7, 11, 25-28]. In the most extensive model, the associa-
tions were in concordance with a decrease in galactosylation and sialylation, an increase 
in fucosylated structures with bisecting GlcNac, and a decrease in fucosylated structures 
without bisecting GlcNAc.

Table 5. Ten-fold cross validated AUCs standardized. 
Model AUC without 

24 IgG glycans
AUC with 
24 IgG glycans

DiaGene study
Glycans only  0.73 
Age, sex 0.54 0.73 
Age, sex, BMI 0.78 0.82 
Age, sex, BMI, HDL-c, non-HDL-c, smoking 0.89 0.89 
Age, sex, BMI, HDL-c, non-HDL-c, creatinine, smoking 0.89 0.90 
   
CROATIA-Vis, CROATIA-Korcula, ORCADES populationa   
Glycans only 0.75 
Age, sex 0.77 0.80 
Age, sex, BMI 0.79 0.82 
Age, sex, BMI, HDL-c, non-HDL-c, smoking 0.81 0.82 
Age, sex, BMI, HDL-c, non-HDL-c, creatinine, smoking 0.81 0.82 

All analyses in CROATIA-Vis, CROATIA-Korcula and ORCADES were adjusted for cohort ID. BMI, body mass 
index; HDL-c, high-density lipoprotein-cholesterol; non-HDL-c, non-high-density lipoprotein cholesterol.
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Galactosylation has been shown to influence the inflammatory potential of IgG [25]. 
Lack of galactosylation is associated with a pro-inflammatory state of IgG through activa-
tion of the complement cascade [27]. Previous studies found a decrease in galactosylation 
in rheumatoid arthritis (RA) [29, 30], systemic lupus erythematosus (SLE) [31], inflam-
matory bowel disease (IBD) [32]), chronic kidney disease (CKD) [21], hypertension [9], 
colorectal cancer [33], and with increasing age [7] and BMI [6]. Contrarily, in Parkinson’s 
disease, galactosylation increased [34]. The decreased IgG galactosylation found in most 
studies followed the same patterns as in type 2 diabetes and thus seems a general feature 
of pro-inflammatory disease. A possible explanation for this decreased galactosylation 
are posttranslational modifications of the enzyme β4-galactosyltransferase-1 [35]. Inter-
estingly, Ercan et al. recently showed that estrogen increases galactosylation in IgG and 
accounts for a difference between men and premenopausal women [24]. As the majority 
of individuals in our discovery and replication cohorts were older than 50 and all models 
were adjusted for sex, this is not expected to influence the findings in our study. 
Sialylation also plays an important role in the inflammatory potential of IgG. Addition 

of sialic acid to IgG converts its function from pro- to anti-inflammatory by decreased 
binding to Fcγ receptors [11]. It should be noted that a lack of galactose also leads to 
a lack of sialic acid, as sialic acid mainly binds to terminal galactose [35]. Similar to our 
findings, a reduction in sialylation was recently described in SLE [31], IBD [32], CKD [21], 
and colorectal cancer [33], while sialylation increased in hypertension [9]. Interestingly, 
in our study, decreased sialylation was present in fucosylated bisecting structures mainly 
due to decreased GP19 (FA2BG2S1). In contrast, in SLE and IBD, sialylation decreased in 
general while GP19 increased [31, 32]; in CKD, sialylation was decreased in fucosylated 
non-bisecting structures due to a decrease in GP18 (FA2G2S1; analysis adjusted for diabe-
tes). Decreased sialylation was seen in roughly the same glycan peaks in individuals with 
colorectal cancer patients as in our study, although different derived traits were calculated. 
Thus, although decreased IgG sialylation is seen in more diseases than type 2 diabetes, the 
desialylated glycan structures differ and could thus be disease-specific changes. 

Finally, core-fucosylation and bisecting GlcNAc exert important effects on IgG function. 
Core fucosylation prevents antibody-dependent cytotoxicity [26, 28, 36], while the pres-
ence of bisecting GlcNAc is thought to have the opposite effect [37]. We observed de-
creased fucosylation in structures without bisecting GlcNAc and increased fucosylation in 
structures with bisecting GlcNAc. Moreover, we found increased bisection in fucosylated 
glycans, especially when sialylated. These changes indicate a higher antibody dependent 
cytotoxic potential of IgG in type 2 diabetes. Similar associations have been found in 
increasing age, CKD [21], SLE.[31], colorectal cancer [33], and hypertension [9], although 
small differences existed. In CKD, the strongest association with bisection was in fucosyl-
ated monosialylated structures, while in type 2 diabetes this was the case for fucosylated 
disialylated structures. Furthermore, bisection of neutral structures was positively associ-
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ated with type 2 diabetes, while it was negatively associated with colorectal cancer [33] 
and not at all with CKD [21]. If and how these differences in bisection and fucosylation 
affect the efficacy of IgG in antibody-dependent cytotoxicity is unknown and should be 
subject of future studies. A potential gene of interest for studying this is MGAT-3, which 
encodes N-acetylglycosaminyltransferase 3, a glycosyltransferase that adds bisecting 
GlcNAc to IgG glycans, and is associated with IgG bisecting [38].
Recently, Testa et al described the total N-glycome in type 2 diabetes [39] and found a 

reduction in monogalactosylation on the 3- and 6-arm of fucosylated diantennary glycans, 
which is in line with our findings. In contrast with our findings, Itoh et al found [40] a small 
increase in an N-glycan with α1,6-core fucose in the total N-glycome in type 2 diabetes. 
Findings of both studies are difficult to compare to ours, due to the different quantification 
techniques for N-glycans. The method of Testa et al. does not allow for measurement 
of sialylation and has lower resolution. Itoh et al. measured exact bi-antennary glycan 
structures as single molecules, while our method divides IgG glycans in groups, reflecting 
major structural characteristics  (such as total core fucosylation, outer arm fucosylation, 
degree of sialylation, etc.).In both studies, total N-glycome was measured, quantifying 
glycans from all plasma proteins, while we quantified IgG-specific glycans. Total plasma 
N-glycome not only reflects N-glycosylation, but also the relative abundance of proteins 
in the circulation.
Due to the case-control nature of our study it remains unclear whether the IgG glycan 

associations are a cause or a consequence of the disease. Notably, for RA it was shown 
that a decrease in galactosylation precedes a flare of the disease rather than the other 
way around [41]. In addition, the IgG glycans associated with type 2 diabetes in our study 
showed high heritabilities in previous studies (35-76%) [19, 42]. Genome wide association 
studies (GWAS) have identified several loci influencing N-glycosylation. Of interest, the 
HNF1A gene, known for its causal role in monogenic types of diabetes and its common 
variants associated with type 2 diabetes [12], is a genetic locus of significant association 
with total plasma N-glycome as a regulator of fucosylation [43]. Moreover, HNF1A regu-
lates expression of FUT8 [43], a fucosyltransferase gene associated with IgG core fucosyl-
ation [38], which was associated with type 2 diabetes in our study. In addition, GWAS on 
IgG glycosylation found associations with the ST6GAL1 gene [38], which was previously 
associated with type 2 diabetes in South Asians [44]. ST6GAL1, as well as B4GALT1 (encod-
ing sialyltransferase 6 and beta1,4-galactosyltransferase 1, respectively), are associated 
with IgG sialylation [38] and could therefore be candidate genes for future studies on 
the role of IgG sialylation in type 2 diabetes pathophysiology. Besides these genetic links 
between glycosylation and type 2 diabetes, the associations found between risk factors for 
type 2 diabetes and IgG glycans support the hypothesis that pro-inflammatory IgG could 
already at an early stage contribute to pathophysiology. Possibly, pro-inflammatory IgG 
could contribute to the pro-inflammatory state seen in obesity and type 2 diabetes [45], 
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which leads to β-cell destruction and insulin resistance [46, 47].  A potential mechanism 
is through complement activation, which has been shown to be associated with type 2 
diabetes incidence and complications [48, 49] and is activated by agalactosylated IgG. 
Taken together, these findings are supportive of the hypothesis that IgG glycans play a 
role in type 2 diabetes disease pathophysiology, rather than just reflective of changes the 
disease brought on. 
As glycan profiles are associated with genetic, metabolic and environmental influences, 

this adds to their predictive potential. We observed a modest improvement when add-
ing the IgG glycan profiles to clinical risk factors. However, the AUC of IgG glycans alone 
was substantial compared to combined clinical risk factors, indicating that the IgG glycan 
profile captures much of the combined risk of these factors. This underlines its potential 
as a biomarker of the complex inflammatory pathophysiological changes in type 2 dia-
betes. Future studies in prospective cohorts should be conducted to investigate whether 
this biomarker potential could be used for personalized approaches in prevention and 
treatment of the disease as well as its role in diabetes complications. Of note, because 
of the case-control setting, the predictive capacity of clinical risk factors was high in both 
cohorts, especially in the replication cohort where the cases were considerably older than 
the controls. The discovery population was quite well-matched for age. A consideration 
in the interpretation of our findings is that we have only looked at the glycan profile of 
IgG. As many more glycoproteins are present in the circulation, the total N-glycome or a 
combination of several glycoprotein profiles may give better results for prediction of type 
2 diabetes. 
Strengths of our study are the robust manner in which IgG N-glycans were measured, 

the large size of our populations, and the fact that we included an independent replication 
cohort. Also, we have calculated our AUC using 10-fold cross validation to limit overfitting 
and get an accurate idea on how the models will perform in independent datasets. A 
limitation is the lack of prospective follow-up for the outcome type 2 diabetes. Therefore, 
no causal claims can be made and AUCs are to be interpreted in a case-control setting of 
patients already treated for their disease. The case-control setting in general may lead to 
overestimation, while the fact that patients are being treated for their disease may reduce 
the contrast between the groups. The current setup does allow comparing how IgG glycans 
add to the models and how important their relative contribution is on their own, but does 
not give an absolute reflection of their predictive potential. Second, simple predictive mod-
els (logistic regression) were used. Residual confounding by yet unknown factors involved 
in type 2 diabetes pathophysiology and the IgG glycome cannot be excluded. Third, we 
cannot exclude an effect of glucose-lowering treatment on the associations between IgG 
glycans and type 2 diabetes. In the discovery cohort, 19.2% was treated with diet alone, 
64.9% took oral glucose-lowering agents, and 31.6 used insulin (alone or in combination 
with oral medication); we do not have this data for the replication cohort. Collaborations 
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to create larger sample sizes with glycomic and treatment information, preferably with a 
prospective setup, will enable us to research these effects in future. Fourth, the method 
used to measure IgG glycans does not allow to distinguish between Fc and Fab associated 
glycans. As only 15%-20% of the Fab part of IgG is glycosylated, the associations are more 
likely to be driven by differences in Fc glycans [50]. However, a contribution of changes in 
Fab N-glycosylation cannot be excluded. 
To conclude, we found robust associations of IgG glycan peaks and traits with the pres-

ence of type 2 diabetes that reflect a pro-inflammatory and biologically aged state. Future 
studies should be directed at in-depth pathophysiological insights that can be derived 
from IgG glycan associations with type 2 diabetes. Also, prospective follow-up studies and 
genetic studies can shed light on the causality, its potential as a biomarker for complex 
inflammatory processes, and true predictive capacity of IgG and other glycans in type 2 
diabetes. 
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Supplementary table S2. Median and interquartile ranges of glycan peaks for cases and controls 
in the discovery and replication cohort. 
  Discovery cohort Replication cohort

  Case Control Case Control

  Median IQR Median IQR Median IQR Median IQR

GP1 0.092 0.074-0.117 0.094 0.075-0.118 0.155 0.109-0.242 0.119 0.080-0.119

GP2 0.750 0.506-1.064 0.759 0.514-1.073 0.821 0.530-1.202 0.548 0.352-0.851

GP3 0.119 0.098-0.145 0.112 0.096-0.138 0.319* 0.253-0.402* 0.258* 0.206-0.321*

GP4 26.430 22.380-30.534 24.709 21.501-28.223 22.672 18.760-26.673 19.116 15.288-23.656

GP5 0.129 0.105-0.154 0.132 0.108-0.154 0.285 0.226-0.348 0.252 0.209-0.313

GP6 7.159 5.979-8.486 6.244 5.307-7.338 6.252 5.320-7.342 4.781 3.701-6.016

GP7 0.337 0.239-0.479 0.376 0.269-0.516 0.604 0.446-0.918 0.561 0.397-0.801

GP8 18.162 16.911-19.300 19.260 17.948-20.412 16.185 14.741-17.452 17.978 16.304-19.897

GP9 9.328 8.392-10.235 9.854 8.940-10.862 7.967 7.103-8.751 8.594 7.699-9.510

GP10 5.634 4.840-6.470 5.358 4.594-6.170 4.979 4.352-5.927 4.796 4.229-5.474

GP11 0.713 0.617-0.805 0.678 0.588-0.766 0.819 0.720-0.877 0.709 0.619-0.810

GP12 0.501 0.341-0.731 0.535 0.372-0.742 0.849 0.598-1.192 0.799 0.552-1.115

GP13 0.185 0.157-0.215 0.190 0.165-0.218 0.276 0.215-0.341 0.311 0.239-0.383

GP14 11.004 9.133-13.092 11.841 10.016-13.515 10.294 8.551-12.104 12.880 10.108-15.950

GP15 1.622 1.401-1.884 1.618 1.433-1.835 1.454 1.288-1.685 1.524 1.298-1.785

GP16 2.805 2.502-3.117 2.840 2.532-3.141 3.179 2.900-3.471 3.259 2.953-3.604

GP17 0.758 0.671-0.868 0.751 0.678-0.855 2.270 1.209-3.317 1.235 0.863-2.615

GP18 7.319 6.171-8.696 1.572 6.546-8.840 8.144 7.027-9.284 9.777 8.021-12.030

GP19 1.759 1.548-2.013 1.834 1.602-2.107 2.310 2.022-2.719 2.233 1.959-2.591

GP20 0.203 0.170-0.243 0.211 0.177-0.247 0.464 0.339-0.667 0.408 0.315-0.579

GP21 0.475 0.422-0.539 0.495 0.448-0.562 2.979 1.025-4.471 0.978 0.695-3.432

GP22 0.087 0.070-0.111 0.088 0.071-0.109 0.301 0.177-0.381 0.186 0.118-0.339

GP23 1.299 1.051-1.574 1.373 1.148-1.651 1.808 1.420-2.285 1.975 1.577-2.389

GP24 1.667 1.444-1.932 1.701 1.460-1.956 2.525 2.175-3.057 2.341 1.924-2.804

GP, glycan peak; IQR, interquartile range. * In the replication cohort, GP3 was only measured in the ORCADES 
study but not in the CROATIA-Vis or -Korcula studies. These values thus only represent GP3 in the ORCADES 
study.
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Supplementary table S3. Associations of IgG glycans and derived traits adjusted for age and sex. 
Direct glycan peaks Discovery population Replication population Meta-analysis

Glycan peak Glycan structure p-value β S.E. p-value β S.E. p-value

GP1 FA1 7.00E-01 -0.42 1.10 6.28E-01 0.28 0.58 9.17E-01

GP2 A2 2.27E-01 0.10 0.09 3.02E-01 0.11 0.11 1.15E-01

GP3 A2B 5.90E-05 4.81 1.20 4.22E-02 3.24 1.60 1.05E-05

GP4 FA2 2.05E-14 0.06 0.01 7.39E-01 0.01 0.02 8.97E-08

GP5 M5 3.39E-01 -1.01 1.05 5.31E-01 -0.53 0.84 2.69E-01

GP6 FA2B 1.21E-39 0.39 0.03 3.13E-06 0.27 0.06 <2.22E-16

GP7 A2[3]G1 2.05E-03 -0.62 0.20 5.71E-01 -0.14 0.24 1.32E-02

GP8
A2BG1

1.88E-41 -0.35 0.03 1.09E-05 -0.20 0.05 <2.22E-16
FA2[6]G1

GP9 FA2[3]G1 1.01E-23 -0.32 0.03 1.43E-03 -0.23 0.07 <2.22E-16

GP10 FA2[6]BG1 2.86E-08 0.20 0.04 8.02E-05 0.33 0.08 3.15E-11

GP11 FA2[3]BG1 2.76E-10 1.93 0.31 8.63E-03 1.23 0.47 7.05E-10

GP12 A2G2 1.05E-01 -0.18 0.11 6.51E-01 0.09 0.20 4.57E-01

GP13 A2BG2 9.44E-03 -2.38 0.92 1.43E-01 1.43 0.98 5.23E-01

GP14 FA2G2 3.32E-12 -0.11 0.02 8.76E-01 -0.01 0.03 1.95E-06

GP15 FA2BG2 8.78E-01 -0.02 0.13 1.63E-02 0.64 0.27 9.13E-02

GP16
FA2[6]G1S1

8.89E-03 -0.25 0.09 8.08E-02 -0.32 0.18 2.32E-03
FA2[3]G1S1

GP17 A2G2S1 5.16E-01 0.15 0.23 6.59E-01 0.03 0.06 4.46E-01

GP18
A2BG2S1

1.40E-05 -0.10 0.02 9.90E-01 0.00 0.04 3.86E-03
FA2G2S1

GP19 FA2BG2S1 2.00E-06 -0.51 0.11 1.80E-01 -0.23 0.17 3.31E-05

GP20 FA2FG2S1 3.22E-04 -2.50 0.70 4.50E-01 -0.22 0.30 3.07E-03

GP21 A2G2S2 1.40E-05 -1.48 0.34 5.42E-01 0.02 0.04 1.46E-02

GP22 A2BG2S2 6.76E-01 0.41 0.97 8.63E-01 0.13 0.73 6.83E-01

GP23 FA2G2S2 3.08E-09 -0.63 0.11 2.06E-02 -0.37 0.16 1.37E-08

GP24 FA2BG2S2 1.32E-01 -0.15 0.10 4.75E-01 -0.10 0.13 1.24E-01
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Derived traits p-value β S.E. p-value β S.E. p-value

FGS/(FG+FGS) 1.99E-03 0.051 0.016 5.21E-01 0.017 0.027 1.11E-02

FBGS/(FBG+FBGS) 3.74E-08 -0.040 0.007 1.00E-03 -0.045 0.014 9.35E-10

FGS/(F+FG+FGS) 8.92E-04 -0.050 0.015 9.10E-01 -0.003 0.025 2.15E-02

FBGS/(FB+FBG+FBGS) 1.54E-19 -0.086 0.009 2.75E-04 -0.058 0.016 <2.22E-16

FG1S1/(FG1+FG1S1) 1.26E-10 0.206 0.032 3.42E-01 0.044 0.047 5.87E-07

FG2S1/(FG2+FG2S1+FG2S2) 8.30E-09 0.099 0.017 4.37E-01 0.026 0.034 9.87E-06

FG2S2/(FG2+FG2S1+FG2S2) 8.16E-01 -0.005 0.024 4.75E-02 -0.068 0.034 1.03E-01

FBG2S1/(FBG2+FBG2S1+FBG2S2) 3.00E-06 -0.060 0.013 2.31E-02 -0.054 0.024 1.52E-06

FBG2S2/(FBG2+FBG2S1+FBG2S2) 1.38E-01 0.017 0.011 3.40E-01 -0.018 0.019 7.81E-01

FtotalS1/FtotalS2 8.97E-01 -0.007 0.058 5.53E-02 0.168 0.088 1.80E-01

FS1/FS2 2.77E-04 0.086 0.024 9.98E-04 0.141 0.043 1.08E-06

FBS1/FBS2 6.80E-05 -1.149 0.288 5.93E-01 -0.293 0.547 2.26E-03

FBStotal/FStotal 3.21E-02 1.227 0.572 9.41E-01 0.065 0.882 1.38E-01

FBS1/FS1 6.43E-01 0.390 0.843 6.80E-01 -0.574 1.393 9.99E-01

FBS1/(FS1+FBS1) 6.21E-01 0.606 1.227 7.09E-01 -0.833 2.235 9.59E-01

FBS2/FS2 5.11E-10 0.861 0.138 3.08E-03 0.623 0.210 2.16E-10

FBS2/(FS2+FBS2) 2.24E-10 4.713 0.743 5.29E-03 4.172 1.496 2.83E-10

G0n 1.56E-24 0.068 0.007 1.36E-01 0.018 0.012 2.22E-15

G1n 3.55E-39 -0.195 0.015 5.83E-04 -0.085 0.025 <2.22E-16

G2n 9.67E-10 -0.063 0.010 7.90E-01 0.005 0.019 1.06E-04

Fn total 3.49E-01 0.033 0.035 9.52E-01 -0.003 0.050 5.62E-01

FG0n total/G0n 2.43E-02 0.067 0.030 4.30E-01 -0.033 0.042 3.61E-01

FG1n total/G1n 2.06E-01 0.088 0.069 5.21E-01 0.045 0.071 1.86E-01

FG2n total/G2n 1.70E-01 -0.025 0.018 8.16E-01 -0.006 0.027 2.77E-01

Fn 4.55E-20 -0.116 0.013 8.07E-06 -0.106 0.024 <2.22E-16

FG0n/G0n 3.18E-09 -0.059 0.010 1.86E-05 -0.079 0.018 9.38E-13

FG1n/G1n 1.93E-24 -0.126 0.012 2.03E-07 -0.129 0.025 <2.22E-16

FG2n/G2n 1.19E-12 -0.105 0.015 2.09E-01 -0.025 0.020 1.39E-08

FBn 1.72E-26 0.157 0.015 8.74E-09 0.182 0.032 <2.22E-16

FBG0n/G0n 1.10E-14 0.092 0.012 3.99E-07 0.126 0.025 <2.22E-16

FBG1n/G1n 1.34E-26 0.137 0.013 1.78E-09 0.164 0.027 <2.22E-16

FBG2n/G2n 8.01E-21 0.218 0.023 5.93E-02 0.062 0.033 2.09E-14

FBn/Fn 2.73E-25 0.097 0.009 2.14E-06 0.119 0.025 <2.22E-16

FBn/Fn total 1.63E-25 0.147 0.014 2.45E-08 0.164 0.029 <2.22E-16

Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis 
are in bold font. Structure abbreviations are as follows: F, α-1,6-linked core fucose; A, number of antenna’s; 
B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, number of β1-4 linked 
galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of 
the α1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive association between 
glycan and clinical trait; blue: negative association.
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Supplementary Table S4. Associations of IgG glycans and derived traits adjusted for age, sex 
and BMI. 
Direct glycan peaks Discovery population Replication population Meta-analysis

Glycan peak Glycan structure p-value β S.E. p-value β S.E. p-value

GP1 FA1 1.25E-01 -1.924 1.255 6.70E-01 0.237 0.557 4.93E-01

GP2 A2 4.73E-01 0.070 0.098 4.42E-01 0.082 0.106 2.93E-01

GP3 A2B 3.13E-01 1.352 1.339 9.31E-02 2.808 1.672 6.50E-02

GP4 FA2 3.16E-04 0.034 0.009 8.86E-01 -0.002 0.017 2.41E-02

GP5 M5 2.77E-01 -1.309 1.204 5.35E-01 -0.524 0.846 2.38E-01

GP6 FA2B 6.09E-22 0.312 0.032 1.96E-05 0.248 0.058 <2.22E-16

GP7 A2[3]G1 2.26E-01 -0.277 0.228 6.56E-01 -0.102 0.229 2.58E-01

GP8 A2BG1FA2[6]G1 3.37E-22 -0.281 0.029 1.59E-05 -0.202 0.047 <2.22E-16

GP9 FA2[3]G1 1.32E-15 -0.289 0.036 1.02E-03 -0.244 0.074 1.13E-14

GP10 FA2[6]BG1 1.00E-06 0.198 0.041 1.72E-04 0.314 0.084 1.70E-09

GP11 FA2[3]BG1 2.10E-05 1.432 0.337 1.69E-02 1.142 0.478 4.41E-06

GP12 A2G2 7.24E-01 0.045 0.126 3.65E-01 0.184 0.203 3.60E-01

GP13 A2BG2 4.03E-01 -0.889 1.063 8.51E-02 1.699 0.987 4.53E-01

GP14 FA2G2 5.10E-04 -0.065 0.019 7.08E-01 0.012 0.033 4.57E-02

GP15 FA2BG2 3.81E-02 0.306 0.148 3.68E-03 0.778 0.268 3.82E-04

GP16 FA2[6]G1S1 FA2[3]G1S1 6.47E-02 -0.200 0.108 7.65E-02 -0.325 0.183 1.08E-02

GP17 A2G2S1 6.71E-02 0.473 0.258 4.51E-01 0.046 0.061 7.67E-02

GP18 A2BG2S1 FA2G2S1 1.60E-01 -0.038 0.027 5.53E-01 0.025 0.042 6.36E-01

GP19 FA2BG2S1 1.98E-01 -0.157 0.122 3.17E-01 -0.173 0.173 1.10E-01

GP20 FA2FG2S1 5.00E-03 -2.223 0.792 5.27E-01 -0.191 0.301 2.04E-02

GP21 A2G2S2 7.69E-03 -1.052 0.395 6.73E-01 0.018 0.041 1.53E-01

GP22 A2BG2S2 6.63E-02 2.003 1.091 7.98E-01 0.189 0.738 1.62E-01

GP23 FA2G2S2 1.23E-03 -0.389 0.121 3.51E-02 -0.341 0.162 2.06E-04

GP24 FA2BG2S2 1.83E-01 0.153 0.115 6.05E-01 -0.067 0.130 6.28E-01

Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis 
are in bold font. Structure abbreviations are as follows: F, α-1,6-linked core fucose; A, number of antenna’s; 
B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, number of β1-4 linked 
galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galactose on the antenna of 
the α1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive association between 
glycan and clinical trait; blue: negative association.
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Derived traits p-value β S.E. p-value β S.E. p-value

FGS/(FG+FGS) 5.78E-04 0.064 0.019 3.68E-01 0.024 0.027 3.30E-03

FBGS/(FBG+FBGS) 5.80E-03 -0.023 0.008 2.33E-03 -0.042 0.014 3.98E-05

FGS/(F+FG+FGS) 6.14E-01 -0.009 0.017 7.09E-01 0.009 0.025 9.60E-01

FBGS/(FB+FBG+FBGS) 4.81E-07 -0.054 0.011 1.13E-03 -0.052 0.016 8.37E-09

FG1S1/(FG1+FG1S1) 2.00E-06 0.172 0.036 3.65E-01 0.043 0.047 1.60E-04

FG2S1/(FG2+FG2S1+FG2S2) 1.30E-05 0.086 0.020 3.65E-01 0.031 0.034 3.96E-04

FG2S2/(FG2+FG2S1+FG2S2) 6.29E-01 -0.013 0.027 2.80E-02 -0.075 0.034 4.83E-02

FBG2S1/(FBG2+FBG2S1+FBG2S2) 1.45E-04 -0.055 0.015 2.38E-02 -0.054 0.024 2.69E-05

FBG2S2/(FBG2+FBG2S1+FBG2S2) 5.61E-02 0.025 0.013 2.51E-01 -0.022 0.019 6.98E-01

FtotalS1/FtotalS2 5.31E-01 -0.041 0.065 4.53E-02 0.175 0.087 2.72E-01

FS1/FS2 4.04E-03 0.076 0.027 7.79E-04 0.145 0.043 9.77E-06

FBS1/FBS2 2.18E-04 -1.212 0.328 6.55E-01 -0.245 0.548 5.71E-03

FBStotal/FStotal 1.40E-02 1.586 0.646 9.64E-01 0.040 0.902 9.97E-02

FBS1/FS1 3.41E-01 0.908 0.954 6.80E-01 -0.583 1.413 7.54E-01

FBS1/(FS1+FBS1) 3.34E-01 1.341 1.387 7.06E-01 -0.852 2.258 7.26E-01

FBS2/FS2 1.63E-08 0.877 0.155 2.46E-03 0.650 0.215 2.08E-09

FBS2/(FS2+FBS2) 6.68E-09 4.886 0.843 5.68E-03 4.188 1.514 3.80E-09

G0n 1.91E-09 0.046 0.008 3.35E-01 0.012 0.012 3.04E-06

G1n 1.79E-19 -0.149 0.017 1.49E-03 -0.079 0.025 <2.22E-16

G2n 1.21E-02 -0.030 0.012 3.69E-01 0.017 0.019 3.32E-01

Fn total 8.89E-01 -0.006 0.040 8.23E-01 -0.011 0.047 7.94E-01

FG0n total/G0n 2.23E-01 0.042 0.034 4.58E-01 -0.030 0.041 8.10E-01

FG1n total/G1n 9.72E-01 -0.003 0.079 5.91E-01 0.037 0.069 7.02E-01

FG2n total/G2n 7.37E-02 -0.037 0.021 8.22E-01 -0.006 0.027 1.79E-01

Fn 2.64E-14 -0.109 0.014 1.42E-05 -0.105 0.024 2.22E-16

FG0n/G0n 7.29E-09 -0.066 0.011 2.13E-05 -0.080 0.019 2.50E-12

FG1n/G1n 6.77E-16 -0.112 0.014 4.66E-07 -0.127 0.025 <2.22E-16

FG2n/G2n 8.60E-09 -0.095 0.017 2.00E-01 -0.026 0.020 2.08E-06

FBn 1.35E-17 0.141 0.016 2.37E-08 0.179 0.032 <2.22E-16

FBG0n/G0n 6.98E-13 0.096 0.013 2.60E-07 0.130 0.025 <2.22E-16

FBG1n/G1n 1.12E-16 0.119 0.014 5.50E-09 0.162 0.028 <2.22E-16

FBG2n/G2n 5.03E-12 0.181 0.026 5.21E-02 0.065 0.033 2.01E-09

FBn/Fn 3.96E-17 0.088 0.010 3.81E-06 0.117 0.025 <2.22E-16

FBn/Fn total 3.71E-17 0.133 0.016 5.66E-08 0.162 0.030 <2.22E-16
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Supplementary Table S5. Associations of IgG glycans and derived traits adjusted for age, sex, 
BMI, smoking, HDL-cholesterol, non-HDL-cholesterol, smoking and serum creatinine. 
Direct glycan peaks Discovery population Replication population Meta-analysis

Glycan peak Glycan structure p-value β S.E. p-value β S.E. p-value

GP1 FA1 4.27E-02 -3.110 1.534 6.34E-01 0.268 0.563 3.59E-01

GP2 A2 7.87E-01 0.033 0.121 3.61E-01 0.095 0.104 3.80E-01

GP3 A2B 7.77E-01 -0.473 1.667 8.23E-02 2.985 1.718 3.55E-01

GP4 FA2 1.30E-01 0.017 0.012 8.71E-01 -0.003 0.017 4.03E-01

GP5 M5 8.52E-01 0.283 1.517 7.77E-01 -0.241 0.852 9.20E-01

GP6 FA2B 2.45E-08 0.228 0.041 3.89E-05 0.240 0.058 1.84E-11

GP7 A2[3]G1 3.89E-01 -0.246 0.285 7.24E-01 -0.079 0.224 4.12E-01

GP8 A2BG1 FA2[6]G1 1.59E-09 -0.215 0.036 2.10E-05 -0.201 0.047 1.10E-12

GP9 FA2[3]G1 4.30E-05 -0.189 0.046 3.16E-03 -0.222 0.075 1.08E-06

GP10 FA2[6]BG1 6.56E-03 0.142 0.052 4.93E-04 0.298 0.085 9.96E-06

GP11 FA2[3]BG1 3.13E-03 1.283 0.434 2.63E-02 1.101 0.496 3.28E-04

GP12 A2G2 8.23E-01 -0.035 0.158 4.44E-01 0.153 0.200 6.53E-01

GP13 A2BG2 3.59E-01 -1.222 1.333 6.31E-02 1.828 0.983 3.92E-01

GP14 FA2G2 6.86E-02 -0.042 0.023 8.82E-01 0.005 0.032 2.98E-01

GP15 FA2BG2 1.72E-01 0.256 0.187 1.02E-02 0.695 0.270 4.32E-03

GP16 FA2[6]G1S1 FA2[3]G1S1 8.96E-01 -0.018 0.137 1.37E-01 -0.273 0.184 2.18E-01

GP17 A2G2S1 3.30E-01 0.312 0.321 3.24E-01 0.061 0.061 1.68E-01

GP18 A2BG2S1 FA2G2S1 6.69E-01 -0.015 0.035 7.26E-01 0.014 0.041 9.99E-01

GP19 FA2BG2S1 7.04E-01 0.060 0.158 3.24E-01 -0.171 0.173 6.02E-01

GP20 FA2FG2S1 1.79E-01 -1.340 0.998 6.70E-01 -0.128 0.300 2.37E-01

GP21 A2G2S2 7.19E-02 -0.923 0.513 5.09E-01 0.028 0.042 5.28E-01

GP22 A2BG2S2 1.17E-01 2.202 1.404 7.34E-01 0.250 0.736 2.09E-01

GP23 FA2G2S2 5.21E-01 -0.102 0.159 5.26E-02 -0.315 0.163 5.67E-02

GP24 FA2BG2S2 1.16E-02 0.382 0.151 6.78E-01 -0.055 0.132 2.01E-01
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    Discovery population Replication population Meta-analysis

Derived traits p-value β S.E. p-value β S.E. p-value

FGS/(FG+FGS) 3.38E-03 0.071 0.024 3.80E-01 0.024 0.027 1.11E-02

FBGS/(FBG+FBGS) 6.30E-01 -0.005 0.011 5.45E-03 -0.038 0.014 1.41E-02

FGS/(F+FG+FGS) 6.06E-01 0.011 0.022 7.34E-01 0.009 0.025 5.55E-01

FBGS/(FB+FBG+FBGS) 6.07E-02 -0.026 0.014 1.89E-03 -0.050 0.016 3.28E-04

FG1S1/(FG1+FG1S1) 3.49E-04 0.165 0.046 2.89E-01 0.050 0.047 2.01E-03

FG2S1/(FG2+FG2S1+FG2S2) 7.10E-03 0.067 0.025 4.38E-01 0.027 0.035 2.10E-02

FG2S2/(FG2+FG2S1+FG2S2) 4.31E-01 0.028 0.035 4.35E-02 -0.068 0.034 2.88E-01

FBG2S1/(FBG2+FBG2S1+FBG2S2) 2.59E-02 -0.041 0.018 3.07E-02 -0.053 0.024 2.05E-03

FBG2S2/(FBG2+FBG2S1+FBG2S2) 9.96E-03 0.043 0.017 3.91E-01 -0.017 0.019 3.31E-01

FtotalS1/FtotalS2 1.15E-01 -0.129 0.082 1.27E-01 0.140 0.092 8.57E-01

FS1/FS2 5.91E-01 0.018 0.034 4.70E-03 0.126 0.045 1.15E-02

FBS1/FBS2 1.38E-03 -1.345 0.420 5.43E-01 -0.335 0.551 1.25E-02

FBStotal/FStotal 4.00E-02 1.696 0.826 9.83E-01 0.019 0.895 1.87E-01

FBS1/FS1 3.70E-01 1.093 1.219 6.43E-01 -0.654 1.412 8.33E-01

FBS1/(FS1+FBS1) 3.73E-01 1.571 1.763 6.91E-01 -0.893 2.245 7.97E-01

FBS2/FS2 7.42E-04 0.680 0.201 5.89E-03 0.593 0.215 1.96E-05

FBS2/(FS2+FBS2) 6.27E-04 3.723 1.089 8.62E-03 4.019 1.530 2.67E-05

G0n 1.76E-03 0.029 0.009 3.23E-01 0.012 0.012 6.00E-03

G1n 1.00E-06 -0.097 0.020 2.75E-03 -0.075 0.025 7.40E-08

G2n 2.05E-01 -0.019 0.015 5.01E-01 0.012 0.018 7.77E-01

Fn total 8.60E-01 0.009 0.050 7.14E-01 -0.017 0.046 8.64E-01

FG0n total/G0n 5.23E-01 0.027 0.043 3.75E-01 -0.035 0.040 7.79E-01

FG1n total/G1n 8.24E-01 0.022 0.098 6.74E-01 0.028 0.067 6.41E-01

FG2n total/G2n 6.78E-01 -0.011 0.026 7.30E-01 -0.009 0.027 5.96E-01

Fn 6.00E-06 -0.082 0.018 2.37E-05 -0.104 0.025 8.90E-10

FG0n/G0n 4.06E-04 -0.051 0.014 2.76E-05 -0.080 0.019 4.16E-08

FG1n/G1n 2.00E-06 -0.084 0.018 1.92E-06 -0.122 0.026 2.36E-11

FG2n/G2n 4.54E-03 -0.058 0.021 2.19E-01 -0.025 0.020 5.94E-03

FBn 2.10E-07 0.109 0.021 9.07E-08 0.174 0.033 1.13E-13

FBG0n/G0n 1.00E-05 0.075 0.017 5.62E-07 0.130 0.026 2.65E-11

FBG1n/G1n 9.91E-07 0.089 0.018 4.08E-08 0.155 0.028 2.04E-13

FBG2n/G2n 8.10E-05 0.129 0.033 8.35E-02 0.057 0.033 1.24E-04

FBn/Fn 3.79E-07 0.067 0.013 1.54E-05 0.111 0.026 5.25E-11

FBn/Fn total 3.42E-07 0.103 0.020 1.80E-07 0.159 0.030 3.63E-13

Glycan peaks and derived traits that were significantly associated with type 2 diabetes in the meta-analysis 
are in bold font (p-value <8.62E-4). Structure abbreviations are as follows: F, α-1,6-linked core fucose; A, 
number of antenna’s; B, bisecting GlcNac β1-4 linked to β1-3 mannose; M, number of mannose residues; Gx, 
number of β1-4 linked galactoses; [3]G1, galactose on the antenna of the α1-3 linked mannose; [6]G1, galac-
tose on the antenna of the α1-6 linked mannose; Sx, number of sialic acids linked to galactose. Red: positive 
association between glycan and clinical trait; blue: negative association. S.E., standard error.
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Supplementary figure S1. Correlation between measurements of replicated samples in the Dis-
covery cohort (69 samples out of 2688) per glycan peak.
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Supplementary figure S2. Variation in measurements of standard samples in the Discovery co-
hort (n=153, ca. 5 samples per plate) per glycan peak.
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Abstract

The anti-inflammatory function of HDL may contribute to its protective role in cardio-
vascular disease. However, the method used to isolate HDL from plasma may affect the 
result of in vitro readouts of HDL anti-inflammatory function. We compared three isolation 
methods of HDL on its anti-inflammatory function, using tumor necrosis factor α (TNFα)-
induced expression of vascular cell adhesion molecule-1 (VCAM-1) by human coronary 
artery endothelial cells as a readout. HDL was isolated by sequential salt density flotation, 
removal of apoB-containing lipoproteins by precipitation with polyethylene glycol (PEG), 
and by iodixanol density gradient ultracentrifugation. HDL isolated with all three methods 
reduced the TNFα-induced VCAM-1 expression to a similar extent. DGUC with iodixanol is 
a non-ionic, non-toxic, and faster method for isolating HDL than sequential salt density flo-
tation and isolates HDL presumably free from plasma proteins, in contrast to HDL isolation 
by precipitating apolipoprotein-B containing particles with PEG. We conclude that isola-
tion of HDL with iodixanol density gradient ultracentrifugation is suitable for subsequent 
testing of HDL anti-inflammatory function.
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Introduction

High-density lipoprotein-cholesterol (HDL-C) levels in plasma are inversely linked with 
the risk of cardiovascular disease (CVD) 1. However, accumulating evidence points at a 
relationship between cardiovascular risk and impaired HDL function, rather than its 
cholesterol concentration 2,3. The anti-inflammatory function of HDL describes the abil-
ity to downregulate signals of endothelial inflammation and monocyte activation and to 
reduce the migration of monocytes through the endothelium 4-6. This anti-inflammatory 
function has been reported as disturbed in type 2 diabetes, acute myocardial infarction, 
and end-stage renal disease 7-10. To assess HDL anti-inflammatory function with ex vivo 
readouts, HDL is isolated from plasma 11. However, the influence of isolation methods on 
these readouts is largely unknown 12. 
Sequential salt density flotation by ultracentrifugation is the most used HDL isolation 

method but exposes HDL to high centrifugal forces and high salt concentrations, thereby 
altering the composition of HDL 13-15 and potentially also its function 16,17. Additionally, 
sequential flotation techniques are laborious and time-consuming, making them less 
suitable for investigating HDL function in large cohorts. A frequently used faster method 
for HDL isolation removes non-HDL lipoproteins, containing apolipoprotein(apo)-B, from 
plasma with polyethylene glycol (PEG) 18-21. However, this method affects the composition 
and size distribution of HDL particles 22. Density gradient ultracentrifugation (DGUC) in 
iodixanol, a non-ionic, non-toxic medium, is an alternative relatively fast method of HDL 
isolation 23,24. For both these methods, it is unknown whether they affect readouts of HDL 
anti-inflammatory function.
In this study, we compared the effect of HDL isolation with PEG-precipitation, iodixanol 

DGUC, or conventional sequential salt density flotation by ultracentrifugation on HDL 
anti-inflammatory function, using inhibition of tumor necrosis factor α (TNFα)-induced 
VCAM-1 expression by endothelial cells as readout.

Methods

Plasma samples

Fasting blood samples were collected in EDTA tubes from healthy volunteers, who did not 
smoke or use any medication. Blood was immediately centrifuged, and plasma was stored 
at -80oC. After isolation, HDL was stored at 4oC until use for maximally 7 days unless stated 
otherwise. All volunteers provided written informed consent.
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Materials 

Optiprep™ (60% w/v iodixanol) and PEG-6000 were obtained from Sigma-Aldrich, Gilling-
ham, UK. Human coronary artery endothelial cells (HCAECs, Cat CC -2585) were purchased 
from Lonza (Basel, Switzerland) and cultured in EBM-2-basal medium supplemented with 
EGM-2-MV SingleQuots and fetal calf serum (FCS). Inhibitor of nuclear factor kappa-B 
kinase 2-inhibitor (IKK2i) (SC514) was obtained from Calbiochem (Merck, Darmstadt, Ger-
many). Mouse anti-human VCAM-1 conjugated to phycoerythrin fluorochrome (CD106PE) 
was obtained from eBioscience (San Diego, USA). TNFα was purchased from Bio-Techne 
(Abingdon, Great Britain).
For ultracentrifugation, Quickseal polyallomer centrifugation tubes, a Beckman NVTi65.2 

rotor, and an Optima XL-100K ultracentrifuge were used (Beckman Coulter, Palo Alto, 
USA). The Canto-II (Becton Dickinson, Franklin Lakes, USA) was used for flow cytometry. 
Lipids and apolipoproteins were measured with commercially available kits (DiaSys Di-

agnostic Systems GmbH, Holzheim, Germany) on an automated Selectra-E analyzer (Vital 
Scientific, Spankeren, The Netherlands).

Isolation of HDL 

Method 1: sequential salt density flotation
HDL was isolated with sequential salt density flotation as described previously 25. In the 
first step, 2.1 mL of a KBr solution (density 1.063g/mL) was underlayered with 3 mL of 
plasma brought to a density of 1.063 g/mL by dissolving KBr, and centrifuged for 20 hours 
at 220,000g and 4oC in a NVTi65.2 rotor. The floating lipid layer, containing VLDL, IDL, 
and LDL, was discarded. Next, the density of the remaining HDL-containing solution was 
adjusted to 1.23 g/mL by adding KBr. This HDL-solution was layered underneath the same 
volume of a 1.21 g/mL KBr-solution and centrifuged for 44 h at 220,000g and 4°C. The 
HDL-containing floating layer was collected into a fresh tube, adjusted to a density of 1.23 
g/mL, layered under a 1.21 g/mL KBr solution, and recentrifuged (44 hours, 220,000g, 
4oC). Thereafter, the HDL-containing floating layer was collected and dialyzed overnight 
against PBS. This preparation is denoted as HDLseq.

Method 2: HDL isolation by PEG precipitation 
ApoB-containing lipoproteins were removed by mixing 0.6 mL plasma with 0.3 mL PEG-
solution (36% PEG-6000 in 10mM HEPES, pH 8.0), followed by 30 minutes incubation on 
ice and centrifugation (30min, 2000g), as described previously 19. The HDL-containing 
supernatant was collected and is denoted as HDLPEG.

Method 3: single-step iodixanol density gradient ultracentrifugation
HDL was isolated from plasma with a single ultracentrifugation step, using a self-generating 
iodixanol gradient as previously described 23, with some modifications. OptiprepTM (60% 
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iodixanol w/v) was mixed with 1.5 mL plasma to obtain a final concentration of 12% iodixa-
nol (w/v) and was layered underneath OptiprepTM mixed with saline to a concentration of 
9% iodixanol. The tubes were centrifuged for 2.5 hours (246,000g, 4°C) and then fraction-
ated from the bottom (aspiration speed 1.25mL/min, 20 fractions, 0.25mL/fraction). The 
HDL-containing fractions (fractions 1-7) were pooled and will hereafter be referred to as 
HDLIxDGUC1.

Method 4: two-step iodixanol density gradient ultracentrifugation
In the first step, HDL was separated from the apoB-containing lipoproteins: 1.5mL plasma 
was mixed with OptiprepTM to a final iodixanol concentration of 14%, overlayered with 9% 
iodixanol (w/v) in saline, and centrifuged for 2 hours (246.000g and 20°C). To separate 
HDL from plasma proteins, the tubes were fractionated from the bottom (aspiration speed 
1.18mL/min, 44 fractions, 0.1mL/fraction) and the first 16 fractions, containing the HDL, 
were pooled. These fractions were mixed with the OptiprepTM solution to a final iodixanol 
concentration of 38% (w/v), overlayered with a 38% (w/v) iodixanol solution in saline, and 
centrifuged for 2 hours at 246.000g and 20°C. Again, the tubes were fractionated from the 
bottom. Fractions 34-42 were pooled and are denoted from hereon as HDLIxDGUC2.

TNFα-induced VCAM1 expression by HCAEC 

HCAECs were grown to confluence in gelatine-coated culture flasks with medium contain-
ing 10% FCS in a humidified chamber (37°C, 5% CO2). For experiments, HCAECs (passage 
7-9) were seeded in 1% FCS-containing medium (0.2 million cells per well; 12-well 
gelatine-coated plates) and incubated overnight. Cells were pre-incubated for 4 hours 
with isolated HDL or the following experimental controls: 1) phosphate buffered saline 
(PBS; pH 7.4); 2) isolation material solution without HDL; or 3) 100 µM IKK2i. Thereafter, 
TNFα was added to the culture medium and the cells were incubated for an additional 17 
hours. Subsequently, cells were prepared for the measurement of VCAM-1 expression. All 
conditions were tested in triplicate unless stated otherwise.

Measurement of VCAM-1 expression by flowcytometry

Adherent cells were washed with PBS, collected by scraping, and centrifuged (3 min, 
3000rpm). Cell pellets were suspended in staining buffer (1% BSA in PBS) and incubated 
with CD106PE antibodies (1:20, 20min, in the dark at room temperature). Thereafter, cells 
were washed once with staining buffer and analysed by flow cytometry (1x104 events per 
sample). Viable cells were gated and cell populations assigned using the Infinicyt software.

Incubation of HDL in glucose

HDLIxDGUC2 was glycated in vitro by incubation with 800mM glucose for 7 days at 37oC, 
followed by overnight dialysis against PBS. As controls, we used freshly isolated HDLIxDGUC2 
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and HDLIxDGUC2 stored for 7 days at 37oC in PBS without glucose, both also dialyzed over-
night against PBS.

Statistical analysis

Unless stated otherwise, the mean VCAM-1 expression of the TNF-α stimulated PBS 
control was used as reference value and set at 100%. Outliers were identified with the 
Rout method (Q set at 1%) and the data was tested for normality with the D’Agostino 
and Pearson omnibus K2 test. Differences between the conditions were analyzed with a 
one-way ANOVA and corrected for multiple comparisons with Tukey’s test. All analyses 
were performed in Graphpad Prism, version 6 26.
We constructed a univariate general linear model (SPSS, IBM statistics, version 22) with 

the difference in VCAM-1 inhibition between HDLIxDGUC2 and the iodixanol control as the 
dependent variable, to test whether HDLIxDGUC2 inhibited TNFα-induced VCAM-1 expres-
sion in a dose-dependent manner compared to the isolation material control. The three 
HDL concentrations (0.71uM, 1.5uM, and 3.0uM) were entered as fixed factor and the 
TNFα-induced VCAM-1 expression in the presence of the corresponding iodixanol isola-
tion material control as covariate.

Results

First, we tested the effect of HDLIxDGUC1 and HDLPEG on TNFα-induced VCAM-1 expression. 
HDLIxDGUC1 and HDLPEG reduced the VCAM-response by 21-34% (figure 1). 
Next, we tested HDL isolated by the two-step iodixanol DGUC method, which theoreti-

cally also removes unbound plasma proteins. Figure 2 shows the distribution of choles-
terol, ApoA-I, and ApoB across the fractions for the two steps. ApoB-values in the pooled 
HDL were below the detection limit of the assay (0.135g/L). HDLIxDGUC2 suppressed the 
TNFα-induced VCAM-1 expression in the range of 0.7-3 μM apoA-I (Figure 3). A dose-
response effect in TNF-α induced VCAM-1 inhibition was apparent for HDL compared to 
the PBS control, but not compared to the isolation material control (p=0.72).
Then, we directly compared the effects of HDLIxDGUC2, HDLPEG, and HDLseq on TNF-α-induced 

VCAM-1 expression (Figure 4A). Irrespective of the isolation method, HDL decreased the 
response to a similar extent (13-25%). At concentrations present in the HDL preparation, 
iodixanol slightly decreased TNF-α-induced VCAM-1 expression, while PEG did not. In 
Figure 4B, the effect of the HDL preparations relative to their respective controls is shown. 
HDLPEG showed the strongest inhibition of TNFα-induced VCAM-1 expression (28%). HDLIx-

DGUC2 and HDLseq were similarly effective (14 to 18% inhibition).
Finally, we examined whether the anti-inflammatory function of HDLIxDGUC2 was reduced 

by in vitro glycation. Figure 4B shows that incubation of HDLIxDGUC2 in excess glucose dimin-
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ished its ability to reduce the TNFα-induced VCAM-1 expression. Notably, a similar effect 
was observed with HDL that had been stored without glucose for the same period of time 
at 370C.

Figure 1. Effect of HDL isolated using IxDGUC1 or PEG on TNF-α induced VCAM-1 expression on 
HCAEC. 

VCAM-1 expression (mean ± SEM) is shown in the absence or in the presence of TNFα (0.5ng/ml)and HDLIxD-

GUC1 (A) or HDLPEG (B). IKK2i was used as control to block TNF-α induced effects on VCAM-1 expression through 
NFκB. HDL was isolated from plasma from 2 healthy individuals in 2 separate experiments (all conditions in 
duplo). Mean ApoA-I concentration of four HDL preparations was 0.54uM in 2% HDLIxDGUC1 and 0.66uM in 2% 
HDLPEG. **, p-value <0.01 compared to PBS control (without HDL or isolation medium). P-values compared to 
the corresponding isolation medium added in the same volume percentage: $ p<0.05; $$ p<0.01.

Figure 2. HDL separation by two-step iodixanol density gradient centrifugation. 

Cholesterol, ApoA-I and ApoB concentrations in the fractions with decreasing density are shown (A). The 
ApoA-I-containing fractions 1-16 were pooled for the second centrifugation step (B). Fractions 34-42 were 
pooled and represent HDLIxDGUC2. In figure B, all apoB-measurements were below the detection limit (0.15g/L) 
of the assay.
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Discussion

Here we show that HDL isolated by iodixanol density gradient ultracentrifugation (DGUC) 
showed similar anti-inflammatory function as HDL isolated with PEG-precipitation or 

Figure 3. Dose-response effect of HDLIxDGUC2 on TNFα induced VCAM-1 expression. 

VCAM-1 expression (mean ± SEM) is shown primed by TNF-α (2ng/ml). The TNFα-induced VCAM-1 expression 
in the presence of PBS was set at 100%. Results are the average of 3 independent experiments. HDLIxDGUC2 was 
added in apoA-I concentrations of 0.71, 1.5, and 3.0 μM. As control, the iodixanol isolation solution was added 
corresponding to the volume of the HDLIxDGUC2. Statistical significance compared to PBS control: ** p<0.01. 
Statistical significance compared to corresponding isolation material control: $$ p<0.01.

Figure 4. Comparison of the effect of HDLSeq, HDLIxDGUC2, and HDLPEG on TNF-α stimulated 
VCAM-1 expression by HCAEC. 

Results are the mean of 3 independent experiments with pooled HDL isolated from plasma of 3 healthy 
volunteers. The concentration of HDL added was based on the ApoA-I concentration (0.71μM). A) VCAM-1 
expression (mean ± SEM) is shown in the absence or in the presence of TNF-α (10ng/ml)  and PBS, iodixanol 
(3.9 volume % isolation medium), and PEG (2 volume % isolation medium) as controls for HDLSeq, HDLIxDGUC2 
and HDLPEG, respectively. P-values compared to TNF-α stimulated PBS control: * p<0.05; ** p<0.0001. B) Inhi-
bition of TNF-α stimulated VCAM-1 expression (mean ± SEM) in the presence of HDLseq, HDLIxDGUC2, and HDLPEG 
relative to their respective controls; * p<0.05.
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sequential salt density flotation, using TNFα induced VCAM-1 expression on HCAEC as a 
readout. The inhibitory effect of HDLIxDGUC2 on the TNFα-induced VCAM-1 expression was 
abolished by in vitro glycation or storage at 37oC for 7 days. Compared to sequential salt 
density flotation, the two-step iodixanol DGUC is a relatively fast and mild method for iso-
lation of HDL free from both apoB-containing lipoproteins and unbound plasma proteins, 
and suitable for testing HDL’s anti-inflammatory function as we showed here. 
Sequential salt density flotation is the conventional method for HDL isolation. The high 

ionic strengths, prolonged centrifugation and dialysis time may lead to oxidative damage 
and denaturation of HDL and HDL-bound proteins 15,27. Advantages of the iodixanol DGUC 
over the salt-based sequential flotation method are that iodixanol is non-toxic and non-
ionic, and isolation requires shorter centrifugation times (4 versus 50 hours, respectively)14. 
It might therefore cause less changes in HDL composition 15. In addition, HDLIxDGUC2 inhibited 
TNFα-induced VCAM-1 expression at much lower apoA-I concentrations in our study than 
routinely used in studies testing HDL isolated with other methods 28-30. Although increasing 
concentrations of HDLIxDGUC2 resulted in stronger VCAM-1 inhibition compared to the PBS 
control, no dose-response effect was seen compared to the iodixanol control. Possible 
explanations are the limited amount of measurements, an inhibiting effect of iodixanol 
on TNFα induced VCAM-1 expression, or the relatively small range of HDL concentrations. 
Currently, we are testing if the iodixanol DGUC method removes unbound plasma proteins 
from the HDL during the second centrifugation step 23,31.
Previous studies have shown that in vitro treatment of HDL with excess glucose abol-

ishes its anti-inflammatory function 32,33, an effect that appeared to be preserved in HDL 

Figure 5. Effect of glycation of HDLIxDGUC2 on its anti-inflammatory function. 

VCAM-1 expression (mean ± SEM) is shown primed by TNF-α (2ng/ml). The TNFα-induced VCAM-1 expression  
in the presence of PBS was set at 100%. Results are the average of 3 independent experiments. HDLIxDGUC2 
was added in a concentration of 3.0 μM apoA-I. Statistical significance compared to PBS control: ** p<0.01. 
Statistical significance compared to corresponding isolation material control: $ p<0.05. 
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isolated by the two-step iodixanol DGUC. Since a similar loss of anti-inflammatory response 
was also seen upon incubation at 37oC for 7 days without excess glucose, it is uncertain 
whether this is due to the glucose incubation or to storage itself. We incubated HDL with a 
supra-physiological glucose concentration. In the near future, we will investigate whether 
physiological concentrations of glucose also result in loss of HDL anti-inflammatory func-
tion.
An even faster and less stringent method for HDL isolation is PEG-precipitation. This 

method preserves pre-β-HDL, but fails to remove plasma proteins including albumin, 
transferrin and haptoglobin 34,35. PEG has been reported to modify HDL composition, but 
common readouts of HDL anti-oxidative function or cholesterol efflux were not affected 22. 
Most of the PEG has been shown to remain behind in HDL isolated with PEG precipitation 
22. Although high concentrations of PEG (1.2% v/v PEG in cell culture medium) decreased 
VCAM-1 significantly by 25% (figure 1), PEG did not affect VCAM-1 expression at the lower 
concentrations used in our further experiments (0.2% v/v PEG) (figure 4A). TNFα-induced 
VCAM-1 expression was more strongly inhibited by HDLPEG than by the other HDL prepara-
tions, which could be due to the HDL itself but might also be caused by the PEG and 
plasma proteins remaining behind in the HDL preparation. 

Strengths and limitations

We directly compared anti-inflammatory function of HDL that was isolated with three 
different methods. HDL function research is a growing field and knowledge on how the 
methodology affects the outcome is crucial for proper interpretation of the role of HDL 
in disease. Certain limitations apply to our work. We used HDL isolated from plasma ob-
tained from a limited number of healthy volunteers. In addition, only one read-out for HDL 
anti-inflammatory function was tested and therefore we cannot comment on the effects 
of these isolation methods on other readouts or on tests for other HDL functions. 

Conclusion

Our data show that the two-step iodixanol DGUC method it is a relatively fast method for 
HDL isolation, resulting in HDL free from apoB-containing lipoproteins and presumably 
also of unbound plasma proteins. In addition, less adverse effects on HDL composition 
are expected than with sequential salt density flotation or PEG precipitation. Although 
more research is necessary to confirm our findings and expand them to other read-outs of 
HDL anti-inflammatory function, we believe iodixanol DGUC is a suitable method for HDL 
isolation when testing HDL anti-inflammatory function.
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Abstract

Background: Inflammation is a pathophysiological factor in diabetes and its cardiovascular 
complications. HDL suppresses inflammation in healthy individuals. The relationship of 
HDL with diabetes and cardiovascular disease may be explained by HDL function rather 
than by HDL cholesterol level. In diabetes, HDL seems to become dysfunctional.

Objective: We performed a systematic review to answer the following research questions: 
Is the anti-inflammatory function of HDL diminished in individuals with diabetes and if so, 
what causes this?

Methods: We systematically searched Medline and Embase and included original research 
articles on the anti-inflammatory effects of HDL or HDL-based interventions in diabetes or 
diabetes models. We assessed the risk of bias of all included studies. 

Results: Fourteen studies were included. These showed great heterogeneity in method-
ology, study populations, and diabetes models. Overall, HDL from subjects with type 2 
diabetes displayed a reduced ability to suppress inflammatory processes and inflamma-
tion markers. However, the mechanisms and the in vivo effects remain largely unknown. 
No studies reported on HDL from individuals with other types of diabetes. In most studies, 
the risk of bias was high or could not be assessed.

Conclusions: HDL isolated from individuals with type 2 diabetes showed a decreased 
ability to suppress inflammation. However, the direction of causality and the underlying 
mechanisms are unknown and should be investigated. For development of treatments 
directed at restoring HDL anti-inflammatory function in diabetes, a standardized method 
for assessing HDL anti-inflammatory function needs to be developed and in vivo biomark-
ers must be identified.
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Introduction

Diabetes is an increasing worldwide healthcare problem and a leading cause of kidney 
failure, blindness and amputations 1. Moreover, cardiovascular disease (CVD) is the most 
common cause of death in diabetes 2. Diabetes and its vascular complications are largely 
driven by inflammation 3,4

, which can be suppressed by HDL in healthy individuals5. HDL 
has several functional effects. In diabetes, HDL shows a reduced capacity for protecting 
the vascular system 6. The molecular basis of this dysfunction, including the role of HDL’s 
anti-inflammatory capacity is unknown. Most of our knowledge on HDL function originates 
from in vitro and ex vivo studies. Approaches and methods differ between research groups, 
complicating the interpretation of data on HDL function. Therefore, clinical implications 
remain unclear.
HDL is best-known for the inverse association of the HDL cholesterol content with CVD 

7 and diabetes 8. However, recent studies suggest that these relationships are not causal, 
since therapies aimed at increasing HDL-cholesterol have not been able to decrease CVD 
risk 9, nor did genetically decreased HDL-cholesterol increase the risk of CVD or diabetes 
10,11. Since the HDL particle consists of many constituents besides cholesterol 12, other, cur-
rently unknown factors may explain how HDL influences CVD risk. Of the many functions 
of HDL, cholesterol retrieval from the vascular wall (cholesterol efflux) has been mostly 
studied. HDL also inhibits oxidation and apoptosis, boosts endothelial nitric oxide produc-
tion 13-15, and inhibits activation of immune cells and migration through the endothelium 
16-18. The latter characteristic is described as the anti-inflammatory function of HDL. 
The anti-inflammatory function of HDL is most frequently measured as its effect on ad-

hesion of monocytes to, and migration through, the endothelial cell layer induced by oxi-
dized LDL, and as the expression of adhesion molecules on endothelial cells or monocytes. 
These are all considered early steps in vascular inflammation 19. Potential determinants of 
HDL’s anti-inflammatory function are the particle size and composition. Plasma HDL is a 
heterogeneous population of particles varying in size, number and lipid and protein com-
position 20. The size ranges from small dense HDL3 to large buoyant HDL2, and in diabetes 
there appears to be a preponderance of HDL3 particles 21. Moreover, lipid oxidation and 
protein glycation with subsequent formation of advanced glycation end products (AGEs) 
are well known pathogenic processes in diabetes as well 4, which may affect HDL function. 
Statins and fibrates, which are commonly used in T2D, have been reported to improve 
HDL function 22,23, but whether they improve the anti-inflammatory function of HDL in 
T2D is uncertain. Recent, experimental interventions aimed at improving HDL function are 
performed with reconstituted HDL (rHDL) and apoA-1 mimetic peptides 24. 
We performed a systematic review describing the anti-inflammatory function of HDL in 

diabetes. Our research questions are: Is the anti-inflammatory capacity of HDL diminished 
in individuals with diabetes? If so, what are the underlying mechanisms? We restricted 
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our review to the direct effects of HDL on inflammation and therefore do not describe 
indirect effects through cholesterol efflux or oxidation or the relationship between HDL-
cholesterol of HDL and inflammation. We systematically searched Medline and Embase 
databases and reviewed all original research articles investigating the effects of HDL or 
HDL-based interventions on vascular inflammation or activation of circulating immune 
cells in diabetes. 	

Materials and methods

Review protocol

The review protocol was drafted prior to the search process. The inclusion criteria were 
the following: 1) original research article; 2) addressing the anti-inflammatory function 
of HDL, defined as the effect of HDL or its main constituent, apolipoprotein AI (apoA-
I), on inflammation markers or immune cells; 3) studying diabetes, defined as diabetes 
diagnosed by a physician, an established mouse model of diabetes, or an ex vivo diabetes 
model; and 4) published in English or Dutch. Studies were excluded if less than 50% of the 
study population had diabetes or if the full article could not be retrieved.

Literature search

We searched Medline (PubMed, 1966 – 2.2.2016) and Embase databases (OVID, 1974 
– 2.2.2016) for eligible articles with the following search terms: diabetes; high density 
lipoprotein; apolipoprotein A1; apolipoprotein A2; apolipoprotein A; anti-inflammat*; 
inflammat*; pro-inflammat*; immunomodulat*; inflammatory index; propert*; function*; 
functional*; dysfunction*; quality. The search terms were broad to include all possibly 
eligible publications. Appendix 1 shows the complete search strategies. We checked for 
duplicate publications by juxtaposing author names and titles. Additionally, we hand-
searched the reference lists of all included articles and all review articles describing HDL 
anti-inflammatory function in diabetes. The search was supervised by a senior librarian.

Study selection

Two independent researchers assessed eligibility by screening all titles and abstracts; in 
case of disagreement, a third researcher was consulted and consensus was reached. Sub-
sequently, the full-text of the remaining articles was assessed by one researcher; when in 
doubt, a second researcher was consulted and consensus was reached. When the full-text 
of an article could not be retrieved from the internet, a copy was requested from the 
authors.
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Data extraction and items

We developed a data extraction form that was pilot-tested on two included studies and 
refined accordingly. Two researchers independently extracted data from the included 
studies and discussed the findings. In case of disagreement, the findings were discussed 
with a third researcher until consensus was reached. 
Information was extracted on the following items which were deemed necessary to 

evaluate study results: 1) study aim and design; 2) study population (source population, 
in- and exclusion criteria, sample size, number of persons with diabetes); 3) outcome mea-
surement (method of measuring HDL anti-inflammatory function, HDL isolation method, 
and cell type); 4) if applicable, type of intervention; 5) results, both regarding HDL anti-
inflammatory function and other outcome measurements; and 6) conclusions.

Risk of bias assessment

Two researchers independently assessed the risk of bias across several domains. This as-
sessment only applies to parts of the studies concerning HDL anti-inflammatory function 
in diabetes. All intervention studies were reviewed with the Cochrane Collaboration’s 
tool for assessing risk of bias 25; random sequence generation, allocation concealment 
and incomplete data were considered key domains. For observational studies, we used 
a quality assessment form based on the Critical Appraisal Skills Programme checklists for 
case-control and cohort studies 26. The following items were evaluated for observational 
studies: selection bias; bias in outcome measurement; classification bias; applicability 
of results to individuals with diabetes; and appropriateness of the analyses. Selection of 
cases and controls and analysis of results were considered key domains. The summary 
assessment was based on the key domains. We did not exclude studies based on their risk 
of bias. 

Results

Study selection

Our systematic search resulted in 1179 unique articles. Out of the 122 articles selected 
after screening the titles and abstracts, 6 fulfilled our inclusion criteria and 39 relevant re-
views were identified. Of 1 review no full-text could be retrieved; no papers were excluded 
based on language. From the reference lists of these 45 articles, 7 additional original 
research articles were identified and included. This resulted in 13 original research articles 
describing 14 studies that were applicable to our research question. Figure 1 shows the 
flow diagram. 



164� Chapter 6

Study description

Out of 14 included studies, 5 were randomized controlled trials in humans, 5 were ob-
servational, and 4 were placebo-controlled intervention studies in animals. Nine studies 
tested HDL isolated from persons with type 2 diabetes (T2D) for its anti-inflammatory 
effects ex vivo 27-34. The other studies used mouse models 35-37 or in vitro glycated HDL, 
apoA-I, or reconstituted HDL (rHDL) 38,39. The anti-inflammatory capacity of HDL was not 
tested in relation to vascular disease, nor was its function in persons with type 1 diabetes 
(T1D).
A variety of readouts were used to express the effects of HDL on inflammation. Most 

frequently used were adhesion molecule expression by endothelial cells or monocytes 
28,32,33,38 and the HDL inflammatory index (HII) 30,31,34; the latter assesses the effect of HDL 
on trans-endothelial migration of monocytes induced by oxidized LDL. Across all studies, 
three different endothelial cell types and three different kinds of monocytes were used 
to assess the effect of HDL. The HDL isolation methods differed from density gradient 
ultracentrifugation and fast protein liquid chromatography to apolipoprotein-B (apoB)-
depletion with polyethylene glycol. Because of this heterogeneity in methodology, we 
deemed meta-analyzing the results not meaningful. A description per study is given in 
table 1 and a summary of the risk of bias assessment in table 2. The risk of bias assessment 
is specified in supplementary tables S1 and S2. In many studies, insufficient information 
was supplied to determine the risk of bias regarding the anti-inflammatory function of HDL 
in diabetes (unclear risk of bias). 

Figure 1. Flow diagram of literature selection.
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HDL anti-inflammatory function: diabetes versus healthy controls.

Three studies compared the anti-inflammatory properties of HDL between persons with 
T2D and healthy controls. The largest study, a case-control study by Morgantini et al. 30, 
showed an HII above 1.0 for HDL from persons with T2D (pro-inflammatory HDL) and 
an HII below 1.0 for healthy subjects (anti-inflammatory HDL). Pro-inflammatory HDL in 
persons with T2D was also described by Watson et al. (mean HII>1.55) 31 and by Bloedon et 
al. (mean HII 1.18) 34 in cohorts containing 76% and 70% of persons with diabetes, respec-
tively. Correspondingly, Liu et al. 29 showed that incubation of lipopolysaccharide (LPS)-
stimulated macrophages with HDL from persons with T2D resulted in a 50% higher TNF-α 
concentration and an 83% higher IL-1β concentration than incubation with healthy HDL. 
Also, HDL3 of persons with newly diagnosed diabetes was pro-inflammatory in the study 
by Tong et al. 28: compared to healthy HDL3, T2D-HDL3 increased monocyte adherence to 
human umbilical vein endothelial cells (HUVEC) and increased expression of intercellular 
adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) by HUVEC 
28. The risk of bias in these studies was either unclear or high.

Determinants of the anti-inflammatory function of HDL in diabetes

Glycation
The influence of in vitro glycation on the anti-inflammatory function of HDL was inves-
tigated in 4 studies 29,32,38,39, of which one also investigated in vivo glycation 32. In vitro 
glycated HDL or apoA-I was obtained by incubating isolated HDL or apoA-I from healthy 
subjects with high concentrations of glucose, ribose, or methylglyoxal. Table 3 shows the 
glycation protocol per study.
Liu et al. 29 found that in vitro glycation of HDL reduced its ability to suppress TNF-α and 

IL-1β production by LPS-stimulated macrophages. In vitro glycated HDL no longer reduced 
monocyte adhesion to human aortic endothelial cells induced by oxidized LDL, as shown by 
Hedrick et al. 39. The effect of glycating apoA-I was comparable to that of glycating HDL in 
the studies by Hoang et al. 38 and Liu et al. 29: after in vitro glycation, apoA-I no longer dimin-
ished PMA-stimulated CD11b expression on monocytes 38, and delipidated HDL no longer 
suppressed cytokine production by macrophages 29. In the study by Nobécourt et al. 32, 
rHDL containing glycated apoA-I did not decrease in vitro ICAM-1 and VCAM-1 expression, 
while rHDL containing unmodified apoA-I did. In rabbits, carotid-artery inflammation de-
creased after infusion with unmodified apoA-I or rHDL, but less after infusion with glycated 
apoA-I or rHDL and not at all after infusion with apoA-I obtained from persons with T2D 32. 
In these studies, HDL glycation was monitored by advanced glycation end products 

(AGE) levels of the HDL. Three studies reported 1.5-10 fold higher AGE levels in T2D-HDL 
than in healthy HDL 29,32,38. However, AGE levels of in vitro glycated HDL were even 5-150 
fold higher than of T2D-HDL (Table 3). 
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Table 1. Details of the included studies.
Source Aim Design Inclusion criteria Study 

subjects - #
Readout of HDL anti-
inflammatory function

HDL isolation Intervention Treatment 
duration

Notes 

Triolo 2014 27 HDL function in T2D and 
effect of lipid-lowering 
therapy 

randomized, 
placebo-controlled 
cross-over 

T2D, nonsmoking, male, >18y old. 
No insulin, lipid-lowering drugs, 
thiazolidinediones or antihypertensives. 
No CVD, hypertension, or disease 
of thyroid or liver. No cholesterol 
>9.0mmol/L, TG>4.5mmol/L., nor 
albuminuria >20mg/L.

14 
(100% DM)

Ex vivo: thrombin-induced 
MCP1-mRNA expression 
by HUVEC 

PEG-precipitation 
to deplete 
plasma from 
apoB

simvastatin and 
/ or bezafibrate 
(orally)

4 x 8 weeks Experimental controls differed 
from patient HDL samples (did 
not include isolation material 
(PEG)) 
No correction for amount of 
HDL. 

Tong 2013 28 AI effect of HDL in T2D vs 
healthy controls

case-control Cases: T2D, 40-75y old, no T2D treatment 
before inclusion, no vascular disease, no 
statins. 
Controls: unknown

30 
(50% DM)

Ex vivo: ICAM-1 and 
VCAM-1 expression 
(HUVEC) and monocyte 
adhesion (THP-1 cells)

DGUC; 1.13-
1.21g/ml. 

n.a n.a. Only HDL3

Liu 2012 29 AI effect of HDL in T2D 
and after glycation

case-control and 
observational 

Cases: diabetes, no insulin, HbA1c>7.0%, 
no CVD. 
Controls: normal glucose tolerance, no 
family history of diabetes.

12 
(50% DM)

Ex vivo and in vitro: 
LPS-stimulated IL1-β 
and TNF-α production 
by macrophages (THP-1 
cells). 

DGUC; 1,063-
1,21g/ml

n.a n.a. Crucial experiment only 
compares effect of HDL 
between cases and controls, 
does not compare effect of HDL 
with LPS alone. 
Other experiments were not 
done with patient material.

Morgantini 2011 30 HDL function in T2D vs 
healthy controls, and 
effect of L-4F treatment 
in vitro

case-control Cases: T2D. No inflammatory disease, 
recent CVD event, cancer, kidney or liver 
disease, nor use of AI / antioxidant drugs.
Controls: healthy, age-and sex-matched.

124 
(75% DM)

Ex vivo and in vitro: HII 
(HAEC)

FPLC n.a n.a.

Watson 2011 - IV study 31 Safety and tolerability of 
L-4F in CHD or equivalent

Randomized, 
double-blind, 
placebo-controlled 
intervention 

Stable CHD or equivalent, 18-75y old, 
stable statin dose, HbA1c <9.0%.

72 
(60% DM)

Ex vivo: HII (HAEC) FPLC L-4F (IV) 7 days High intra-assay variability 
(21%). 
No power calculation. 
No diabetes subgroup analysis. 
Industry-sponsored.

Watson 2011 -SC study 31 Safety and tolerability of 
L-4F in CHD or equivalent

Randomized, 
double-blind, 
placebo-controlled 
intervention 

Stable CHD or equivalent, 18-75y old, 
stable statin dose, HbA1c <9.0%.

108 
(76% DM)

Ex vivo: HII (HAEC) FPLC L-4F (SC) 28 days High intra-assay variability 
(21%). 
No power calculation. 
No diabetes subgroup analysis. 
Industry-sponsored 

Morgantini 2010 35 Effect of D-4F on 
atherosclerosis in mice 
with diabetes

Case-control 
study with 
placebo-controlled 
intervention in cases

apoE-/- mice 
cases: streptozotocin-induced diabetes

20 mice (50% 
DM)

In vivo: Macrophage 
immunostaining in and 
atherosclerotic plaque size 
at aortic root 

n.a. D-4F (orally) 8 weeks

Nobecourt 2010 32 Effect of glycation on AI 
properties of apoA-I

1. in vivo: 
randomized 
placebo-controlled 
intervention. 
2. In vitro: 
observational 

In vivo: Chow-fed NZW male rabbits. 
HDL isolate from T2D subjects with end-
stage renal disease or healthy humans.

In vivo: 27 
rabbits. HDL 
from 6 T2D 
patients

1. in vivo: neutrophil 
infiltration, VCAM-1 + 
ICAM-1 expression in 
carotid artery 
2. in vitro: TNF-α induced 
VCAM-1 and ICAM-1 
expression (HCAEC)

Sequential UC; 
1.063-1.21g/ml

lipid-free apoA-I 
or rHDL (IV)

1 dose Patient apoA-I not used in in 
vitro experiments. 
Glycation levels much higher in 
vitro than in vivo.

Patel 2009 33 Effect of rHDL infusion on 
HDL function in T2D

Randomized, 
placebo-controlled, 
double-blind, cross-
over intervention 

T2D. No major illness incl. CHD, no PPAR 
agonists, metformin, lipid-modifying 
therapy, or anticoagulants

13 
(100% DM)

1. ex vivo: TNF-α 
stimulated VCAM1 
+ ICAM1 expression 
(HCAEC) 
2. in vivo: CD11b 
expression on patient 
PBMCs 

sequential UC; 
1.063-1.21g/ml

rHDL (IV) 1 dose
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Table 1. Details of the included studies.
Source Aim Design Inclusion criteria Study 

subjects - #
Readout of HDL anti-
inflammatory function

HDL isolation Intervention Treatment 
duration

Notes 

Triolo 2014 27 HDL function in T2D and 
effect of lipid-lowering 
therapy 

randomized, 
placebo-controlled 
cross-over 

T2D, nonsmoking, male, >18y old. 
No insulin, lipid-lowering drugs, 
thiazolidinediones or antihypertensives. 
No CVD, hypertension, or disease 
of thyroid or liver. No cholesterol 
>9.0mmol/L, TG>4.5mmol/L., nor 
albuminuria >20mg/L.

14 
(100% DM)

Ex vivo: thrombin-induced 
MCP1-mRNA expression 
by HUVEC 

PEG-precipitation 
to deplete 
plasma from 
apoB

simvastatin and 
/ or bezafibrate 
(orally)

4 x 8 weeks Experimental controls differed 
from patient HDL samples (did 
not include isolation material 
(PEG)) 
No correction for amount of 
HDL. 

Tong 2013 28 AI effect of HDL in T2D vs 
healthy controls

case-control Cases: T2D, 40-75y old, no T2D treatment 
before inclusion, no vascular disease, no 
statins. 
Controls: unknown

30 
(50% DM)

Ex vivo: ICAM-1 and 
VCAM-1 expression 
(HUVEC) and monocyte 
adhesion (THP-1 cells)

DGUC; 1.13-
1.21g/ml. 

n.a n.a. Only HDL3

Liu 2012 29 AI effect of HDL in T2D 
and after glycation

case-control and 
observational 

Cases: diabetes, no insulin, HbA1c>7.0%, 
no CVD. 
Controls: normal glucose tolerance, no 
family history of diabetes.

12 
(50% DM)

Ex vivo and in vitro: 
LPS-stimulated IL1-β 
and TNF-α production 
by macrophages (THP-1 
cells). 

DGUC; 1,063-
1,21g/ml

n.a n.a. Crucial experiment only 
compares effect of HDL 
between cases and controls, 
does not compare effect of HDL 
with LPS alone. 
Other experiments were not 
done with patient material.

Morgantini 2011 30 HDL function in T2D vs 
healthy controls, and 
effect of L-4F treatment 
in vitro

case-control Cases: T2D. No inflammatory disease, 
recent CVD event, cancer, kidney or liver 
disease, nor use of AI / antioxidant drugs.
Controls: healthy, age-and sex-matched.

124 
(75% DM)

Ex vivo and in vitro: HII 
(HAEC)

FPLC n.a n.a.

Watson 2011 - IV study 31 Safety and tolerability of 
L-4F in CHD or equivalent

Randomized, 
double-blind, 
placebo-controlled 
intervention 

Stable CHD or equivalent, 18-75y old, 
stable statin dose, HbA1c <9.0%.

72 
(60% DM)

Ex vivo: HII (HAEC) FPLC L-4F (IV) 7 days High intra-assay variability 
(21%). 
No power calculation. 
No diabetes subgroup analysis. 
Industry-sponsored.

Watson 2011 -SC study 31 Safety and tolerability of 
L-4F in CHD or equivalent

Randomized, 
double-blind, 
placebo-controlled 
intervention 

Stable CHD or equivalent, 18-75y old, 
stable statin dose, HbA1c <9.0%.

108 
(76% DM)

Ex vivo: HII (HAEC) FPLC L-4F (SC) 28 days High intra-assay variability 
(21%). 
No power calculation. 
No diabetes subgroup analysis. 
Industry-sponsored 

Morgantini 2010 35 Effect of D-4F on 
atherosclerosis in mice 
with diabetes

Case-control 
study with 
placebo-controlled 
intervention in cases

apoE-/- mice 
cases: streptozotocin-induced diabetes

20 mice (50% 
DM)

In vivo: Macrophage 
immunostaining in and 
atherosclerotic plaque size 
at aortic root 

n.a. D-4F (orally) 8 weeks

Nobecourt 2010 32 Effect of glycation on AI 
properties of apoA-I

1. in vivo: 
randomized 
placebo-controlled 
intervention. 
2. In vitro: 
observational 

In vivo: Chow-fed NZW male rabbits. 
HDL isolate from T2D subjects with end-
stage renal disease or healthy humans.

In vivo: 27 
rabbits. HDL 
from 6 T2D 
patients

1. in vivo: neutrophil 
infiltration, VCAM-1 + 
ICAM-1 expression in 
carotid artery 
2. in vitro: TNF-α induced 
VCAM-1 and ICAM-1 
expression (HCAEC)

Sequential UC; 
1.063-1.21g/ml

lipid-free apoA-I 
or rHDL (IV)

1 dose Patient apoA-I not used in in 
vitro experiments. 
Glycation levels much higher in 
vitro than in vivo.

Patel 2009 33 Effect of rHDL infusion on 
HDL function in T2D

Randomized, 
placebo-controlled, 
double-blind, cross-
over intervention 

T2D. No major illness incl. CHD, no PPAR 
agonists, metformin, lipid-modifying 
therapy, or anticoagulants

13 
(100% DM)

1. ex vivo: TNF-α 
stimulated VCAM1 
+ ICAM1 expression 
(HCAEC) 
2. in vivo: CD11b 
expression on patient 
PBMCs 

sequential UC; 
1.063-1.21g/ml

rHDL (IV) 1 dose
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Table 1. Details of the included studies. (continued)
Source Aim Design Inclusion criteria Study 

subjects - #
Readout of HDL anti-
inflammatory function

HDL isolation Intervention Treatment 
duration

Notes 

Bloedon 2008 34 1. D-4F safety, tolerability, 
PK and PD in CHD or risk 
equivalent. 
2. D-4F effect on HDL 
function.

Randomized, 
placebo-controlled, 
double-blind, 
intervention 

Stable CHD or risk equivalent, 21-75y 
old, >4w statin use, HbA1c <10%. No 
CHF, NYHA III/IV AP, or uncontrolled 
hypertension. No niacin >500mg, fibrate, 
increased CK, or albumin <2.5mg/dl.

50 
(70% DM)

Ex vivo and in vitro: HII 
(HAEC)

FPLC D-4F  (orally) 1 dose No diabetes subgroup analysis

Peterson 2008 36 L-4F effect on 
inflammatory markers in 
mice with diabetes

Placebo-controlled 
intervention 

Cases: ob/ob mice, 9w old, established 
diabetes. 
Controls: age- and sex-matched lean mice

36 
(55% DM)

In vivo: plasma IL-6, IL-1β, 
and adiponectin levels

n.a. L-4F (intra-
peritoneally)

6 weeks

van Linthout 2008 37 Effect of human apoA-I 
gene transfer on diabetic 
cardiomyopathy in rats

Case-control and 
placebo-controlled 
intervention 

Streptozotocin-induced diabetes in 
Sprague-Dawley rats, blood glucose 
≥300mg/dL

18 
(67% DM)

In vivo: mRNA levels of 
VCAM1, ICAM1 and TNF-α 
in cardiomyocytes

n.a. human apoA-I 
gene transfer

6 weeks

Hoang 2007 38 Effect of glycation on of 
HDL/apoA-I function

1. HDL function: 
observational 
2. Glycation status: 
case-control 

AI effects: pooled plasma from healthy 
donors. 
Glycation status: DM with nephropathy vs 
healthy volunteers.

Glycation 
status: 15 
(66.7% DM)

Ex vivo: CD11b expression 
(THP-1 monocytes)

Sequential UC 
(density range 
not specified)

n.a n.a. Functional experiments not 
done with patient HDL.

Hedrick 2000 39 Effect of glycation on HDL 
function

Observational Healthy human donors 5
(no DM)

In vitro: LDL-stimulated 
monocyte adhesion 
(HAEC, monocytes from 
healthy subjects)

DGUC (density 
range not 
specified)

n.a n.a. Functional experiments not 
done with patient HDL.

AI: anti-inflammatory, AP: angina pectoris, apoB: apolipoprotein B, apoE: apolipoprotein E, CHF: congestive  
heart failure, CVD: cardiovascular disease, DGUC: density gradient ultracentrifugation, DM: diabetes mellitus,  
FPLC: fast protein liquid chromatography, HAEC: human aortic endothelial cells, HCAEC: human coronary  
artery endothelial cells, HII: HDL inflammatory index, ICAM-1: intercellular adhesion molecule 1, LPS: 
 lipopolysaccharide, MCP-1: monocyte chemoattractant protein-1, n.a.: not applicable, NYHA: New York Heart  
Association, NZW: New-Zealand White, PBMC: peripheral blood mononuclear cell, PD: pharmacodynamics,  
PEG: polyethylene glycol, PK: pharmacokinetics, PPAR: peroxisome proliferator-activated receptor, rHDL:  
reconstituted HDL, T2D: type 2 diabetes, TG: triglycerides, UC: ultracentrifugation, VCAM-1: vascular cell  
adhesion molecule 1.
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Table 1. Details of the included studies. (continued)
Source Aim Design Inclusion criteria Study 

subjects - #
Readout of HDL anti-
inflammatory function

HDL isolation Intervention Treatment 
duration

Notes 

Bloedon 2008 34 1. D-4F safety, tolerability, 
PK and PD in CHD or risk 
equivalent. 
2. D-4F effect on HDL 
function.

Randomized, 
placebo-controlled, 
double-blind, 
intervention 

Stable CHD or risk equivalent, 21-75y 
old, >4w statin use, HbA1c <10%. No 
CHF, NYHA III/IV AP, or uncontrolled 
hypertension. No niacin >500mg, fibrate, 
increased CK, or albumin <2.5mg/dl.

50 
(70% DM)

Ex vivo and in vitro: HII 
(HAEC)

FPLC D-4F  (orally) 1 dose No diabetes subgroup analysis

Peterson 2008 36 L-4F effect on 
inflammatory markers in 
mice with diabetes

Placebo-controlled 
intervention 

Cases: ob/ob mice, 9w old, established 
diabetes. 
Controls: age- and sex-matched lean mice

36 
(55% DM)

In vivo: plasma IL-6, IL-1β, 
and adiponectin levels

n.a. L-4F (intra-
peritoneally)

6 weeks

van Linthout 2008 37 Effect of human apoA-I 
gene transfer on diabetic 
cardiomyopathy in rats

Case-control and 
placebo-controlled 
intervention 

Streptozotocin-induced diabetes in 
Sprague-Dawley rats, blood glucose 
≥300mg/dL

18 
(67% DM)

In vivo: mRNA levels of 
VCAM1, ICAM1 and TNF-α 
in cardiomyocytes

n.a. human apoA-I 
gene transfer

6 weeks

Hoang 2007 38 Effect of glycation on of 
HDL/apoA-I function

1. HDL function: 
observational 
2. Glycation status: 
case-control 

AI effects: pooled plasma from healthy 
donors. 
Glycation status: DM with nephropathy vs 
healthy volunteers.

Glycation 
status: 15 
(66.7% DM)

Ex vivo: CD11b expression 
(THP-1 monocytes)

Sequential UC 
(density range 
not specified)

n.a n.a. Functional experiments not 
done with patient HDL.

Hedrick 2000 39 Effect of glycation on HDL 
function

Observational Healthy human donors 5
(no DM)

In vitro: LDL-stimulated 
monocyte adhesion 
(HAEC, monocytes from 
healthy subjects)

DGUC (density 
range not 
specified)

n.a n.a. Functional experiments not 
done with patient HDL.

AI: anti-inflammatory, AP: angina pectoris, apoB: apolipoprotein B, apoE: apolipoprotein E, CHF: congestive  
heart failure, CVD: cardiovascular disease, DGUC: density gradient ultracentrifugation, DM: diabetes mellitus,  
FPLC: fast protein liquid chromatography, HAEC: human aortic endothelial cells, HCAEC: human coronary  
artery endothelial cells, HII: HDL inflammatory index, ICAM-1: intercellular adhesion molecule 1, LPS: 
 lipopolysaccharide, MCP-1: monocyte chemoattractant protein-1, n.a.: not applicable, NYHA: New York Heart  
Association, NZW: New-Zealand White, PBMC: peripheral blood mononuclear cell, PD: pharmacodynamics,  
PEG: polyethylene glycol, PK: pharmacokinetics, PPAR: peroxisome proliferator-activated receptor, rHDL:  
reconstituted HDL, T2D: type 2 diabetes, TG: triglycerides, UC: ultracentrifugation, VCAM-1: vascular cell  
adhesion molecule 1.
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Table 2a. Risk of bias summary for the included observational studies.
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Table 2b. Risk of bias summary for the included intervention studies. 
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Plasma levels of HbA1c reflect long-term in vivo glycation burden 40. Two studies re-
ported on the association between HDL anti-inflammatory function and HbA1c. HbA1c 
levels correlated with monocyte chemotactic protein-1 (MCP-1) mRNA levels in thrombin-
stimulated macrophages 27, but no correlation was found with the HII 30. The risk of bias in 
these studies was either unclear or high.

Other determinants of HDL anti-inflammatory function in diabetes
The concentration of HDL constituents was related to its anti-inflammatory function in one 
study: the apoA-I and phospholipid concentrations in the HDL particle correlated nega-
tively with endothelial cell expression of VCAM-1 and ICAM-1 in the presence of HDL 33. 
Several systemic factors were considered as modulators of HDL anti-inflammatory func-

tion. Plasma levels of serum amyloid A, a marker of systemic inflammation, correlated with 
the HII 30. Baseline BMI, waist circumference, total cholesterol, and apoB but not apoA-I 
correlated with individual changes in thrombin-induced MCP-1 mRNA levels in HUVECs 
after lipid-lowering treatment 27. Risk of bias in these studies was unclear.

Interventions and anti-inflammatory function of HDL

Four studies investigated whether interventions with apoA-I mimetics, rHDL, statins, or 
fibrates could improve the anti-inflammatory function of HDL in T2D 27,31,33,34, partly based 
on results obtained with animal models of diabetes 35-37. The risk of bias was either unclear 
or high in these studies.
Patel et al. 33 studied the short-term effects of infusing persons with T2D with rHDL, 

reconstituted from apoA-I and phospholipids. rHDL decreased plasma levels of soluble 
VCAM-1 but not soluble ICAM-1 or C-reactive protein (CRP). It also significantly reduced 
the expression of the adhesion molecule CD11b on circulating monocytes and adhesion of 
neutrophils to a fibrinogen matrix. Moreover, 4 and 72 hours after rHDL infusion, isolated 
HDL decreased TNF-α induced VCAM-1 expression in human coronary artery endothelial 
cells more than after placebo infusion. This reduced VCAM-1 expression correlated with 
an increase in plasma HDL after the rHDL infusion 33. In rats with streptozotocin-induced 
diabetes, raising apoA-I levels through gene transfer of human apoA-I decreased cardiac 
expression of ICAM-1, VCAM-1 and TNF-α to levels similar to those in non-diabetic rats 
37. Simultaneously, apoA-I gene transfer decreased cardiac oxidative stress and apoptosis. 
Two intervention studies used the apo-AI mimetic peptides D-4F or L-4F, which are based 

on the α-helical amphipathic repeats in apoA-I that bind phospholipids 24. In the study by 
Bloedon et al. 34, D-4F treatment changed the HII from a pro- to an anti-inflammatory 
value 8 hours after a single oral dose, while placebo treatment did not. In vitro treatment 
of plasma from T2D individuals with D-4F also reduced the HII. Watson et al. 31 reported 
that L-4F treatment of persons with CVD, of whom the majority had diabetes, did not 
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improve the HII nor did it suppress plasma levels of CRP. In vitro treatment of plasma from 
T2D individuals with L-4F did reduce the HII 30,31.
In diabetic mice, D-4F treatment decreased the macrophage content of atherosclerotic 

plaques as well as the lesion size 35. L-4F treatment of diabetic mice decreased plasma 
levels of IL-1β and IL-6 and increased adiponectin, coinciding with improved insulin sensi-
tivity and decreased oxidative stress 36. 
Regarding lipid-lowering therapy, Triolo et al. 27 found that treatment with simvas-

tatin, bezafibrate, or both failed to improve the anti-inflammatory function of HDL in 
individuals with T2D, as measured ex vivo by thrombin-induced MCP1 mRNA expression 
in HUVECs. 

Discussion

The results from this systematic review indicate a diminished anti-inflammatory func-
tion of HDL in T2D subjects compared to healthy controls. The direction of causality and 
the underlying mechanisms remain to be elucidated. Whether this dysfunction can be 
extended to T1D or whether a relationship exists with vascular disease in diabetes has not 
been investigated. Restoring the anti-inflammatory effects of HDL through rHDL infusion 
or apoA-I mimetic peptides shows potential, but the evidence is limited and the effect on 
clinical end-points in diabetes has not been studied. 

Three studies concluded that the anti-inflammatory capacity of HDL in persons with 
T2D was decreased compared to healthy subjects. A simplified overview of the current 
evidence is given in figure 2. Considering that different outcome assessments were used, 
and that no contradictory results have been published, this conclusion is robust. However, 
the controls were slightly - although not statistically significant - younger than the cases in 
two of the studies 29,30, possibly leading to an over-estimation of the difference. Moreover, 
publication bias cannot be excluded. A decreased anti-inflammatory function of HDL 
seems to be a common feature of diseases with a pro-inflammatory state, which has also 
been reported for cardiovascular and chronic kidney disease 5. Morgantini et al. excluded 
subjects with kidney disease or other major diseases 30, showing that at least part of the 
dysfunction is specific for T2D. It is unclear whether T2D causes dysfunctional HDL or vice 
versa. HDL could become dysfunctional due to mechanisms such as inflammation or glyca-
tion in diabetes, or dysfunctional HDL could cause T2D through dysfunction of the β-cell. 
Some evidence exists for the latter process 41. However, to the best of our knowledge, 
whether HDL influences the β-cell through an effect on inflammation is unknown. 
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To	bett	er	understand	why	the	anti	-infl	ammatory	capacity	of	HDL	is	decreased	in	diabetes,	
its	determinants	need	to	be	elucidated.	Determinants	that	have	been	studied	in	diabetes	
were	non-enzymati	c	glycati	on,	HDL	compositi	on,	and	systemic	factors.	HDL	consti	tutes	a	
very	heterogeneous	populati	on	of	parti	cles.	In	healthy	persons,	small-dense	HDL	parti	cles	
(HDL3)	are	thought	to	express	HDLs	anti	-atherogenic	properti	es	to	a	higher	extent	than	
large	HDL2	parti	cles	42.	However,	large-scale	clinical	studies	frequently	suggest	that	large	
HDL	is	anti	-atherogenic	and	small	HDL	is	pro-atherogenic	43.	Due	to	the	strong	associati	ons	
between	 the	 number	 of	 large	HDL	parti	cles,	HDL-cholesterol,	 the	 total	 number	 of	HDL	
parti	cles	and	the	total	number	of	LDL	parti	cles,	it	is	diffi		cult	to	assign	an	anti	-atherogenic	
functi	on	to	a	specifi	c	HDL	subpopulati	on	 43.	Small	and	 large	HDL	had	a	similar	eff	ect	on	
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In	green:	infl	ammatory	processes	that	HDL	normally	inhibits,	but	does	not	or	less	so	in	T2D.	A)	expression	of	
the	adhesion	molecule	CD11b	expression	on	monocytes;	B)	adhesion	of	monocytes	to	endothelial	cells;	C)	ex-
pression	of	the	adhesion	molecules	VCAM-1	and	ICAM-1	on	endothelial	cells;	D)	monocyte	migrati	on	through	
the	endothelium;	and	E)	cytokine	release	by	macrophages.	In	orange:	potenti	al	determinants	of	the	loss	of	
HDL	anti	-infl	ammatory	capacity	in	T2D,	as	described	in	this	review.	In	blue:	mechanisms	through	which	HDL	
may	inhibit	infl	ammati	on	indirectly,	but	which	are	outside	the	scope	of	this	review.	Depicted	are	the	eff	ect	
of	HDL	on	1)	cholesterol	removal	from	foam	cells,	making	them	less	pro-infl	ammatory,	and	2)	LDL	oxidati	on	
in	the	subendothelial	space,	which	is	a	pro-infl	ammatory	trigger.	All	readouts	reported	in	this	review	were	
investi	gated	in	plasma,	therefore	the	anti	-infl	ammatory	eff	ects	of	HDL	in	the	subendothelial	space	are	not	
exactly	known.	AGE:	advanced	glycati	on	end	products,	apoA-I:	apolipoprotein	A-I,	CE:	cholesterol	esters,	HDL:	
high	density	lipoprotein,	ICAM:	intercellular	adhesion	molecule-1,	IL-1β:	interleukin-1β,	oxLDL:	oxidated	LDL,	
P:	protein,	PL:	phospholipids,	SAA:	serum	amyloid	A,	TG:	 triacyl	glycerols,	TNF-α:	 tumor	necrosis	 factor-α,	
VCAM-1:	vascular	cell	adhesion	molecule-1.



The anti-inflammatory function of HDL in type 2 diabetes: a systematic review� 175

6

oxidation of LDL, as a proxy of HDLs anti-inflammatory function, in healthy persons 44. 
Thus, which HDL particles are responsible for its anti-inflammatory capacity and how they 
relate to the loss of function in T2D remains to be clarified.
Non-enzymatic glycation is a major pathophysiological process in diabetes complica-

tions 4. There is evidence that in vitro glycation reduces HDL anti-inflammatory capacity 
29,32,38,39. Several pathophysiological mechanisms may explain this finding. AGE formation 
leads to changes in the conformation and surface charge of HDL apolipoproteins 45 and 
diminishes the activity of HDL-bound enzymes like lecithin-cholesterol acyltransferase 45 
and para-oxonase-1 (PON-1) 39,46,47. Furthermore, AGEs binding to the AGE-receptor gener-
ate pro-inflammatory signals 48. However, AGE levels in HDL after in vitro glycation were 
5-150 fold higher than after in vivo glycation in T2D subjects 29,32,38, and no correlation 
was seen between the HII and HbA1c levels. Therefore, in vitro findings may not directly 
translate to the in vivo situation. Whether in vivo glycation of HDL has a direct effect on 
its anti-inflammatory effects in T2D cannot be concluded from the current literature. Of 
note, in the study by Nobécourt et al. 32, HDL was isolated from subjects with T2D who 
also suffered from end-stage renal disease, which by itself renders HDL dysfunctional 49-51. 
Therefore, the contribution of glycation to the loss of HDLs anti-inflammatory function in 
this study is unclear. 
Patel et al. 33 studied HDL composition as a determinant and found that apoA-I and 

phospholipid concentration correlated positively with HDLs anti-inflammatory capac-
ity in T2D. Insights into the underlying molecular mechanisms are, however, limited. In 
healthy subjects, HDL anti-inflammatory function correlated negatively with HDL content 
of cholesteryl-esters, triglycerides, and sphingolipids, notably sphingomyelin and cerami-
des 44,52. In addition, sphingosine-1-phospate (S1P) has important signaling functions in 
vascular and immune cell function, especially when bound to HDL 53,54. HDL-bound S1P 
increased HDLs ability to protect endothelial cells in T2D 28,55 but was decreased by gly-
cation 55,56. Other potential determinants are the proteins bound to HDL. For example, 
HDL-bound PON-1, an anti-oxidative protein, shows diminished activity in T2D 57, and the 
total proteome is changed in CVD 58. Finally, the amount of oxidized phospholipids (oxPL) 
bound to HDL correlated negatively to HDLs anti-oxidative function in T2D 30. Since all 
these factors are associated with the anti-inflammatory function of HDL in healthy persons 
or with other functions of HDL in T2D, changes in the lipidome, proteome or oxPL content 
of HDL might also influence its anti-inflammatory function in diabetes.
Systemic inflammation 30 and body composition 27 correlated with the anti-inflammatory 

function of HDL in diabetes. Inflammation has been shown to change HDL from anti- to 
pro-inflammatory in subjects undergoing cardiac surgery 59. Body fat in healthy young men 
correlated negatively to HDLs anti-oxidative function 60, which in turn is related to the anti-
inflammatory function 61. The impact of these systemic factors on HDLs anti-inflammatory 
function in diabetes need to be further elucidated.
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Insights into the mechanisms involved in HDLs anti-inflammatory dysfunction may lead to 
new possibilities for intervention. The effects of intervention were investigated for rHDL, 
apoA-I mimetics, and lipid-lowering medication. Remarkably, the basic question as to 
whether loss of HDL anti-inflammatory capacity can be altered by glucose regulation in 
diabetes has, to the best of our knowledge, not been reported. In men with metabolic 
syndrome, however, weight loss through diet and exercise was shown to change HDL from 
pro- to anti-inflammatory even though HDL-cholesterol levels decreased 62. 
HDL-based interventions reduced inflammation in animal models of diabetes, and 

improved the anti-inflammatory function of HDL from humans with T2D, although the 
evidence in humans is less robust than in animal models of diabetes. rHDL infusions 
increased the anti-inflammatory effects of HDL mainly through increasing the amount of 
HDL in plasma 33. In addition, it improved cholesterol efflux 33, reduced fasting plasma 
glucose and increased insulin levels 63. In a human cohort of whom less than 25% had dia-
betes, rHDL infusion improved atherosclerotic plaque composition and in vitro cholesterol 
efflux 64,65. However, the therapy is expensive, rHDL has to be administered intravenously, 
and the optimal composition for treatment of diabetes and its complications remains to 
be defined 66. 
Little evidence is available for the efficacy of apoA-I mimetic peptides in humans with 

diabetes. The studies by Bloedon 34 and Watson 31 only showed an at most small beneficial 
effect of apoA-I mimetic peptides in subjects of whom the majority had diabetes. After 
these studies had been published, it became evident that the dosage of mimetic pep-
tide rather than the plasma levels determines its efficacy 67-69. Recent evidence in mice 
shows that oral administration of transgenic tomatoes expressing the apoA-I mimetic 
L-6F reduces systemic inflammation by reducing inflammatory oxPL in the intestine 70. As 
intestinal inflammation and gut microbiota may play a role in the development of diabetes 
71, this supports the potential of apoA-I mimetics in individuals with diabetes. 
Taken together, HDL-based therapies show potential in diabetes for decreasing inflam-

mation, but studies investigating hard clinical end-points and chronic effects are scarce. 
Studies aiming at HDL metabolism thus far have not shown a reduction of clinical end-
points 72. Of note, these studies investigated apoA-I formulations or targeted HDL-choles-
terol, thereby disregarding other components of HDL. Since the biological effects of HDL 
are broad, a more thorough understanding is needed for the development of HDL-based 
interventions that could result in a reduction of clinical end-points 72. 

Neither statin nor fibrate treatment improved the anti-inflammatory function of HDL in 
diabetes, although it did improve cholesterol efflux 27. This study included only men and 
may have been underpowered for changes in anti-inflammatory function. In contrast, 
simvastatin treatment did improve the HII in persons with high CVD risk, especially in 
the small subgroup of persons with diabetes 73. Statins down-regulate ATP-binding cas-
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sette transporter-1 expression, which not only regulates cholesterol efflux but also HDLs 
anti-inflammatory function 67. More research is needed to investigate the effect of lipid-
lowering therapy on HDL function and the therapeutic consequences in diabetes.

This paper critically reviewed the evidence on the anti-inflammatory effects of HDL in 
diabetes. The major strengths are the systematic approach and the quality assessment by 
multiple independent researchers. A limitation is that study selection was difficult since 
the anti-inflammatory function of HDL is inconsistently defined. Since no uniform assay 
for measuring HDLs anti-inflammatory function exists, consensus on what the best assay 
is remains to be sought. Moreover, it is unknown whether the in vivo anti-inflammatory 
function of HDL is an independent trait, or secondary to for example its anti-oxidative 
function. In this review, we have focused only on studies investigating the direct effects of 
HDL on inflammation markers and processes.
Several limitations regarding the included studies need to be considered. First, most 

studies were cross-sectional and therefore not suitable for assessing causality or reverse 
causality of HDL dysfunction in diabetes. Second, there was huge heterogeneity in study 
methodology and outcome measures, making meta-analyzing the results not meaningful. 
Third, only a few studies have directly investigated patient-derived HDL. Where possible, 
we have compared and discussed the in vitro and ex vivo outcomes. Finally, nearly all 
included studies contained either insufficient information to determine the risk of bias, or 
had a high risk of bias. 

To summarize, this systematic review strongly supports the conclusion that the ability of 
HDL to suppress inflammatory signals is diminished in T2D. However, the exact underlying 
mechanisms, direction of causality, and consequences in vivo cannot be determined from 
the current literature. Potential determinants modulating HDL function include in vivo 
glycation of HDL, HDL size, HDL lipidome, and HDL proteome. ApoA-I mimetic peptides 
and rHDL are potential treatment options for restoring HDL function in diabetes, but large 
trials investigating clinically relevant outcomes in diabetes are lacking. Consensus about 
the best method to measure HDL anti-inflammatory capacity needs to be reached. Subse-
quently, future research may reveal the in vivo implications of in vitro and ex vivo results, 
and lead to identification of in vivo biomarkers for the effects of HDL on inflammation 
in individuals with diabetes. Additional prospective studies are required for determining 
causality. These results might clarify how HDL anti-inflammatory function is lost in diabe-
tes and establish its determinants and relation to vascular complications. This improved 
knowledge on HDL biology could enable development of treatments directed at restoring 
HDL function, which might eventually decrease the burden of disease.
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Appendix 1. Search strategy 

PubMed

((((((diabet*[tiab] OR “Diabetes Mellitus”[Mesh]))) AND (((((((((“Lipoproteins, HDL”[Mesh]) OR HDL*[tiab]) 
OR high density lipoprotein[tiab]) OR apolipoprotein A1[tiab]) OR apolipoprotein A2[tiab]) OR “Apolipo-
proteins A”[Mesh]) OR apolipoprotein A[tiab])))) AND ((((((anti-inflammat*[tiab]) OR inflammat*[tiab]) OR 
pro-inflammat*[tiab]) OR immunomodulat*[tiab]) OR Inflammatory index[tiab]))) AND ((propert*[tiab]) OR 
((((((function[tiab]) OR functions[tiab]) OR functional*[tiab]) OR dysfunction*[tiab]) OR quality[tiab]))))

Embase

1 exp diabetes mellitus/

2 “diabet*”.ti,sh,ab.

3 1 or 2

4 exp high density lipoprotein/

5 exp apolipoprotein A/ or exp apolipoprotein A2/ or exp apolipoprotein A1/

6 “HDL*”.ti,sh,ab.

7 high density lipoprotein.ti,sh,ab.

8 apolipoprotein A.ti,sh,ab.

9 apolipoprotein A1.ti,sh,ab.

10 apolipoprotein A2.ti,sh,ab.

11 4 or 5 or 6 or 7 or 8 or 9 or 10

12 “anti-inflammat*”.ti,sh,ab.

13 “antiinflammat*”.ti,sh,ab.

14 “inflammat*”.ti,sh,ab.

15 “pro-inflammat*”.ti,sh,ab.

16 “proinflammat*”.ti,sh,ab.

17 “immunomodulat*”.ti,sh,ab.

18 12 or 13 or 14 or 15 or 16 or 17

19 “propert*”.ti,sh,ab.

20 “function*”.ti,sh,ab.

21 “dysfunction*”.ti,sh,ab.

22 quality.ti,sh,ab.

23 19 or 20 or 21 or 22

24 3 and 11 and 18 and 23
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Summary

N-glycosylation

In part II of this thesis, I studied patterns of protein N-glycosylation in type 2 diabetes. In 
chapter 2, I presented the DiaGene study, a multi-centre, prospective, extensively pheno-
typed type 2 diabetes cohort study with concurrent inclusion of diabetes-free individuals 
at baseline as controls in the city of Eindhoven, The Netherlands. Cases and controls were 
as groups well-matched for age, which precludes that differences between cases and 
controls are driven by age. I found considerable complication rates among the patients. 
Even though the cardiovascular risk factors LDL-cholesterol and blood pressure were more 
stringently treated at the outpatient clinics of the hospitals, the complication rates were 
higher than in primary care. A selection of type 2 diabetes susceptibility variants was 
tested in our study and had higher allele frequencies in cases than in controls as expected, 
with the exception of the variant in the KCNJ11 gene. This multi-centre, prospective, type 
2 diabetes cohort is well-suited for studying glycomics and other omics layers in the fu-
ture. Moreover, the prospective information on diabetes complications in this population 
will enable investigating causal determinants of diabetes complications in future projects.
In this thesis, I examined whether and how N-glycan patterns in subjects with type 2 dia-

betes differed from those in healthy subjects. In chapter 3, I showed that several features 
of the total plasma N-glycome were strongly associated with the presence of type 2 dia-
betes. In type 2 diabetes, changes in sialic acid linkage were found, with less triantennary 
structures with α2,3-linked sialylation and more diantennary structures with α2,6-linked 
sialylation. In addition, bisection of fucosylated and sialylated structures was higher in 
cases than in controls. When studying protein-specific N-glycosylation of IgG in chapter 4, 
I found less sialylation of bisecting fucosylated structures, more bisecting in fucosylated 
structures, and less galactosylation in individuals with type 2 diabetes. Furthermore, with 
IgG N-glycans it was possible to predict the presence of type 2 diabetes relatively well in 
a cross-sectional exploration, capturing information of several combined clinical param-
eters. For both IgG and total plasma N-glycans, glycosylation patterns in type 2 diabetes 
showed pro-inflammatory characteristics that have been described in other inflammatory 
diseases as well, but also previously unreported changes. Both the inflammatory and non-
inflammatory N-glycan patterns can be involved in the pathophysiology of type 2 diabetes 
and its complications. Figure 1 summarizes the N-glycan features associated with type 2 
diabetes in our study after correction for multiple clinical type 2 diabetes risk factors.
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Figure 1. N-glycan structures associated with type 2 diabetes. 
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A2,	diantennary;	A3,	triantennary;	purple	diamond,	sialic	acid;	yellow	circle,	galactose;	blue	square,	N-acetyl-
glucosamine	(GlcNAc);	green	circle,	mannose;	red	triangle,	fucose.

The anti -infl ammatory functi on of HDL

In part III	of	this	thesis,	I	studied	the	eff	ects	of	the	HDL	parti	cle	on	infl	ammatory	signals	in	
type	2	diabetes.	In	chapter 5,	I	showed	that	the	method	for	isolati	ng	HDL,	a	crucial	step	in	
ex vivo	studies	of	its	functi	onality,	can	aff	ect	in vitro	signals	of	endothelial	infl	ammati	on.	I	
found	that	HDL	isolated	with	iodixanol	density	gradient	ultracentrifugati	on	(DGUC)	is	able	
to	inhibit	TNF-α	induced	VCAM-1	expression	on	human	coronary	artery	endothelial	cells.	
Iodixanol	DGUC	is	a	good	alternati	ve	for	salt-based	sequenti	al	DGUC	for	studying	TNF-α	
induced	VCAM-1	expression	as	a	readout	of	HDL	anti	-infl	ammatory	functi	on.	Moreover,	
this	method	is	faster,	less	expensive,	and	less	likely	to	alter	HDL	compositi	on,	which	makes	
it	more	feasible	to	study	HDL	anti	-infl	ammatory	functi	on	in	 larger	populati	ons.	Of	note,	
since	iodixanol	itself	might	also	decrease	VCAM-1	expression,	the	isolati	on	material	with-
out	HDL	should	always	be	used	as	an	experimental	control.
The	anti	-infl	ammatory	eff	ects	of	HDL	are	 likely	diminished	or	 lost	 in	 type	2	diabetes,	

as	was	shown	in	the	systemati	c	review	in	chapter 6.	Figure 2	shows	an	overview	of	the	
diminished	anti	-infl	ammatory	eff	ects	of	HDL	in	type	2	diabetes,	as	currently	known	from	
literature,	and	potenti	al	mechanisms	for	this	dysfuncti	on.	However,	studies	investi	gati	ng	
HDL	anti	-infl	ammatory	functi	on	 in	type	2	diabetes	are	scarce,	small,	and	not	all	of	high	
quality.	The	exact	underlying	mechanisms,	directi	ons	of	associati	ons,	and	consequences	
for	 the	 human	 in vivo	 situati	on	 are	 not	 convincingly	 present	 in	 the	 current	 literature.	
Furthermore,	whether	the	eff	ects	of	HDL	on	infl	ammati	on	are	related	to	diabetes	compli-
cati	ons	has	not	been	studied	extensively.
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Figure 2. Schemati c overview of HDL’s loss of anti -infl ammatory capacity in T2D. 

In	green:	infl	ammatory	processes	that	HDL	normally	inhibits,	but	does	not	or	less	so	in	T2D.	A)	expression	of	
the	adhesion	molecule	CD11b	expression	on	monocytes;	B)	adhesion	of	monocytes	to	endothelial	cells;	C)	ex-
pression	of	the	adhesion	molecules	VCAM-1	and	ICAM-1	on	endothelial	cells;	D)	monocyte	migrati	on	through	
the	endothelium;	and	E)	cytokine	release	by	macrophages.	In	orange:	potenti	al	determinants	of	the	loss	of	
HDL	anti	-infl	ammatory	capacity	in	T2D,	as	described	in	this	review.	In	blue:	mechanisms	through	which	HDL	
may	inhibit	infl	ammati	on	indirectly,	but	which	are	outside	the	scope	of	this	review.	Depicted	are	the	eff	ect	
of	HDL	on	1)	cholesterol	removal	from	foam	cells,	making	them	less	pro-infl	ammatory,	and	2)	LDL	oxidati	on	
in	the	subendothelial	space,	which	is	a	pro-infl	ammatory	trigger.	All	readouts	reported	in	this	review	were	
investi	gated	in	plasma,	therefore	the	anti	-infl	ammatory	eff	ects	of	HDL	in	the	subendothelial	space	are	not	
exactly	known.	AGE:	advanced	glycati	on	end	products,	apoA-I:	apolipoprotein	A-I,	CE:	cholesterol	esters,	HDL:	
high	density	lipoprotein,	ICAM:	intercellular	adhesion	molecule-1,	IL-1β:	interleukin-1β,	oxLDL:	oxidated	LDL,	
P:	protein,	PL:	phospholipids,	SAA:	serum	amyloid	A,	TG:	 triacyl	glycerols,	TNF-α:	 tumor	necrosis	 factor-α,	
VCAM-1:	vascular	cell	adhesion	molecule-1.
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General discussion

Type 2 diabetes is a chronic disease with huge morbidity and excess mortality. Cur-
rently, approximately one million people suffer from this disease in the Netherlands 1. The 
pathophysiology of type 2 diabetes and its complications is still incompletely understood. 
Furthermore, even with our best treatment efforts, we can only reduce the risk of vascu-
lar complications by approximately 50% 2-4. In order to improve prediction, prevention, 
and treatment we need to increase knowledge on the pathophysiology. In this thesis, I 
explored two promising pathways linking metabolic and inflammatory disturbances in 
type 2 diabetes. I investigated whether protein N-glycosylation and the anti-inflammatory 
function of HDL are altered in type 2 diabetes and if so, how they might relate to type 
2 diabetes pathophysiology. These pathophysiological insights could aid in finding new 
therapeutic targets and contribute to personalized medicine. My findings are mostly 
explorative in nature and offer a basis for further studies of these processes in type 2 
diabetes and its complications. Here, I will discuss my main findings with their strengths 
and limitations, hypothesize on how they might be related to the pathophysiology of type 
2 diabetes, and propose directions for future research including hypotheses on how our 
findings could be related to vascular complications and how they could aid in improving 
personalized medicine. 

N-glycosylation - General

N-glycans are sugar chains attached to proteins as posttranslational modifications. 
Typically, 2-5 glycans are bound to a protein in the endoplasmic reticulum and extensively 
modified in the Golgi system. Their synthesis is intricately regulated by hundreds of en-
zymes and influenced by genetic, epigenetic, and environmental factors, leading to a large 
variability in glycans 5. This large variability in glycans, their complexity, their stability in a 
steady state within one individual but ability to quickly respond to changes in the body, 
e.g. within 24 hours after surgery 6, makes it possible for N-glycans to capture information 
on pathophysiological processes. Figure 1 shows the most important structural features of 
N-glycans as discussed in this thesis. 

N-glycosylation - Pathophysiological insights 

I found strong associations between N-glycans and type 2 diabetes for both the total 
plasma N-glycome and the protein-specific N-glycosylation of IgG. This shows that not 
only glycoprotein plasma levels but also the enzymatic regulation of N-glycosylation is 
altered in type 2 diabetes. Strengths are that I investigated N-glycans with very detailed 
and state-of-the art techniques, especially for studying sialylation, and that this study is 
among the first studies of the N-glycome in type 2 diabetes. Moreover, our population is 
currently the largest type 2 diabetes cohort in which the N-glycome has been measured.
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I studied N-glycans in prevalent type 2 diabetes and therefore cannot comment on 
causality. Most likely, the relationship between N-glycans and type 2 diabetes reflects a 
multitude of disturbances and their interactions. However, Keser et al. recently showed 
N-glycan patterns in individuals at risk for type 2 diabetes that are similar to our findings in 
type 2 diabetes, showing that already before onset of the disease some of these N-glycan 
patterns are different from those in healthy people 7. A limitation is that unfortunately 
parameters of systemic inflammation, such as C-reactive protein, were not available. In 
addition, I studied N-glycans in individuals under treatment for their diabetes. If and how 
diabetes treatment affects N-glycosylation is unknown. Our study lacked power to study 
the effect of medication in cases alone, therefore we are currently extending our sample 
size through collaborations. Notwithstanding these limitations, our findings are robust 
and generate hypotheses for future studies. N-glycosylation had not been extensively 
studied in diabetes before, but a few studies have suggested that factors that regulate or 
are regulated by N-glycosylation modulate pathways relevant in the pathophysiology of 
type 2 diabetes. These factors (presented in table 1) include glycosyltransferase activity, 
glycan receptors, the unfolded protein response, and the complement system, and will be 
discussed below. 

Galactose

Mannose

N-acetylglucosamine (GlcNAc)

Sialic acid

Fucose

α2,6-linked sialic acid α2,3-linked sialic acid Sialyl Lewis X

BisectingAntennary fucose

Core fucose

Branching
(1-4 antenna’s)

Figure 1. Glycan structures discussed in this thesis. 
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Table 1. Potential mechanisms linking N-glycans with type 2 diabetes as discussed in this thesis
N-glycan feature Potential pathways

Plasma N-glycan features in type 2 diabetes compared to healthy controls

Increased α2,6-linked sialic acid Activation of siglec-2 on the pancreatic β-cell
Activation of siglec-2 on the B-cell, thereby decreasing B-cell activation
Limiting adipogenesis and / or inflammation

Decreased α2,3- and increased α2,6-linked 
sialic acid

Modulation of siglec-3 and glucagon mRNA production  in the α-cell

Increased N-glycan branching On glucagon receptor: decreased sensitivity for glucagon
Modulator between diet, obesity and disease

Altered N-glycosylation in general Modulatory role between endoplasmic reticulum stress and insulin 
action

Decreased IgG galactosylation Activation of the complement system through the lectin pathway 
(related to inflammation of adipose tissue and endothelium and to 
insulin resistance)

Decreased IgG sialylation Regulation of the T-helper response

In my studies, the strongest associations between N-glycans and type 2 diabetes were 
found for sialylation features, particularly the balance between α2,3- and α2,6-linked sialic 
acid. Sialylation is also increased in individuals at risk for type 2 diabetes, as reported by 
Keser et al. 7. Although this study did not differentiate the type of sialic acid linkage, I 
would expect this to be due to increased α2,6-linked sialic acid, considering our own find-
ings. Alpha2,6-sialic acid is known to interact with sialic-acid-binding immunoglobulin like 
lectin (siglec)-2 (CD22). Siglecs are sialic acid receptors previously thought to be present 
on immune cells only 8, but siglec-2 (CD22) was recently discovered on the pancreatic 
β-cell as well by Dharmadakari et al. 9, as discussed in chapter 3. Its role on the β-cell is 
not clear yet, but in immunity siglec-2 downregulates B-cell activation through binding to 
the B-cell receptor on the same cell, thereby making it unavailable for activation, as well 
as through binding Toll-like-receptors 10. A potential modulating role of the increased α2,6-
linked sialic acid which I found in type 2 diabetes in β-cell activation and inflammation 
should be subject to future research. 
In this same study, siglec-3, recognizing both α2,3- and α2,6-linked sialic acids 11, was 

found on pancreatic α-cells. Dharmadakari, et al., found increased siglec-3 expression 
in pancreatic tissue of individuals with type 2 diabetes compared to pancreas tissue of 
healthy controls, in addition to increased glucagon mRNA levels 9. In future research, 
it should be assessed how higher α2,6-linked but lower α2,3-linked sialic acid in type 2 
diabetes than in healthy subjects relate to α-cell function and glucagon levels. 
The genetic locus ST6GAL1 is associated with type 2 diabetes in South East Asians 12. 

ST6GAL1 codes for the enzyme beta-galactoside α2,6-sialyltransferase-1 (ST6Gal1), which 
is responsible for attaching α2,6-linked sialic acid to glycoproteins. The intracellular ex-
pression of the enzyme ST6Gal1 is tissue specific, but ST6Gal1 is also present in the blood 
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where it controls extracellular α2,6-sialylation. Circulating ST6Gal1 increases glycoprotein 
α2,6-sialylation after glycoprotein secretion from the cell. Its plasma levels rise during 
inflammation 13. It was recently reported that circulating ST6Gal1 controls the sialylation 
of IgG 14, although circulating ST6Gal1 levels were not associated with IgG sialylation in a 
human aging study 15. Our findings of increased α2,6-linked sialylation of the plasma N-
glycome are in line with increased ST6Gal1 activity, but how the decreased IgG sialylation 
in type 2 diabetes relates to ST6Gal1 activity is unclear. Besides plasmatic ST6Gal1 activ-
ity, B-cell specific regulation of intracellular ST6Gal1 should be considered. As discussed 
in chapter 3, an inflammation-limiting role of plasmatic ST6Gal1 has been proposed in 
a human aging study 15. In addition, it down-regulates adipogenesis in visceral adipose 
tissue of mice through α2,6-sialylation of integrin-β1, which inhibited preadipocyte dif-
ferentiation 16. In this mouse study, ST6Gal1 activity was glycoprotein specific and did not 
affect sialylation of all glycoproteins in the adipose tissue 16. Altogether, these effects of 
ST6Gal1 lead to the hypothesis that the increased α2,6-linked sialylation that we found 
in type 2 diabetes could be protective through limiting adipogenesis, inflammation, or 
both. However, to understand this better, glycoprotein specific effects of tissue-specific 
as well as circulating ST6Gal1 activity should be assessed in future studies. The ST6GAL1 
SNP rs16861329 was not associated with type 2 diabetes in Caucasians in the discovery 
meta-analysis of the DIAGRAM consortium 17. We will need to study whether ST6GAL1 is 
associated with type 2 diabetes in our study. If this is the case, a potential causal relation-
ship between α2,6-linked sialylation and type 2 diabetes can be studied with a Mendelian 
randomization approach.
More N-glycan branching was present in individuals with or in those at risk for type 

2 diabetes than in healthy subjects, both in my study and in the study by Keser et al. 
7 N-glycan branching of the glucagon receptor and of glucose transporter 2 (GLUT-2) 
can modulate glucose metabolism 18-20. Johswitch et al. showed that knockout of N-
acetylglucosaminyltransferase (GnT)-V, the glycosyltransferase adding a 4th antenna to an 
N-glycan, decreased N-glycan branching in mice, which reduced the sensitivity of the glu-
cagon receptor to glucagon. Glucagon normally increases glucose levels, and the reduced 
glucagon receptor sensitivity through GnT-V knockout resulted in high glucagon levels but 
also low insulin levels and hypoglycemia 18.  A potential although speculative hypothesis 
is that the increased N-glycan branching in type 2 diabetes is reflective of increased GnT-
V expression and related to increased branching of the glucagon receptor, resulting in 
hyperglycemia through increased glucagon signaling. Ohtsubo, et al., observed that 
decreased branching led to hyperglycemia in mice. They found that decreased expression 
of the glycosyltransferase GnT-IVa, a glycosyltransferase that also increases glycan branch-
ing, reduced glycan branching of GLUT-2 on β-cells in both mice and humans, resulting in 
GLUT-2 internalization. This increased GLUT-2 internalization impaired the glucose-sensing 
abilities of the β-cell, which decreased insulin secretion and caused hyperglycemia 19,20. 
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Intriguingly, in wild-type mice, a high-fat diet decreased GnT-IVa activity 19. However, in 
humans, increased and not decreased N-glycan branching of plasma glycoproteins was 
associated with type 2 diabetes both in our study (chapter 3) and in that of Keser, et al. 7. 
Possibly, only specific glycoproteins with low plasma levels show decreased branching in 
type 2 diabetes, or the altered GnT-IVa activity in the pancreas is tissue-specific and not 
reflected in the total plasma N-glycome. In my study, the association between increased 
N-glycan branching and type 2 diabetes lost most of its strength after adjustment for the 
models that included BMI, indicating that this association might be modulated by obesity. 
N-glycan branching might also act as a modulator between diet and disease, as was shown 
by Ohtsubo, et al., in mice 19. Therefore, further studies are required on N-glycan branching 
in type 2 diabetes to investigate the relationship with diet, obesity, and their interactions, 
as well as tissue-specific alterations.
The unfolded protein response (UPR) also comprises a potential link between N-glycans 

and type 2 diabetes. The UPR ensures proper functioning of the endoplasmic reticulum 
(ER) after high-stress situations 21 and is activated by erratic protein folding through erratic 
N-glycosylation 22. However, whether ER stress affects N-glycosylation is unclear. In type 
2 diabetes, high free fatty acid levels, oxidation, inflammation, non-enzymatic glycation, 
and insulin resistance all aggravate ER stress 23. With sustained ER stress, the UPR switches 
from cell survival to apoptosis mode, insulin receptor signaling is disrupted, insulin sen-
sitivity decreased, and β-cell survival reduced 21,22. Sustained ER stress is also associated 
with advanced atherosclerosis 23-25. The N-glycosylation pattern in type 2 diabetes seems 
to contain more subtle changes that are unlikely to be severe enough for direct activation 
of the UPR through incorrect protein folding and sustained ER stress. More plausible is a 
modulatory role for N-glycans between ER stress, insulin action, and atherosclerosis, or 
between nutrient excess and disturbed glucose metabolism through sustained ER stress. 
This is speculative but calls for further investigation. 
In type 2 diabetes, I found lower IgG galactosylation and sialylation, which both make 

IgG pro-inflammatory 26. It is tempting to speculate that the lower galactosylation of IgG 
in type 2 diabetes compared to healthy subjects is pro-inflammatory through activation 
of the complement system. Activation of the complement system is related to insulin 
resistance, endothelial inflammation, and adipose tissue metabolism and inflammation 
27. However, the complement system can be activated through different pathways and 
the lectin pathway, which is activated by incompletely galactosylated IgG 26,28, has actually 
been suggested to have anti-atherosclerotic effects 27. Future studies should assess the 
specific effects of incompletely galactosylated IgG on the complement system and its dif-
ferent activating pathways in type 2 diabetes. 
The pro-inflammatory effects of decreased IgG sialylation are possibly mediated by 

regulation of the T-helper type 2 response but the exact pathway is not entirely clear 29. As 
discussed in chapter 4, IgG N-glycan patterns in type 2 diabetes are not only different from 
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patterns in healthy subjects, but also from those in subjects with other diseases including 
chronic kidney disease and hypertension. For instance, in my study, decreased sialylation 
in type 2 diabetes was mainly due to decreased sialylation of fucosylated bisecting struc-
tures, while in chronic kidney disease decreased sialylation was seen in fucosylated non-
bisecting structures 30. These differences in N-glycosylation patterns compared to subjects 
with other diseases than type 2 diabetes are subtler than the differences compared to 
healthy subjects, and their functional and clinical relevance remain to be elucidated. 
The inflammatory potential of IgG is also dependent on the IgG subclass 31. Recently, 

differential N-glycosylation of IgG1, IgG2, and IgG4 was studied in relation to parameters 
of inflammatory and metabolic health 32. This study showed that decreased IgG sialylation 
and galactosylation were associated with poor metabolic health. The associations were 
stronger for IgG1 and IgG4 than for IgG2 and it was suggested that IgG1 and IgG4 have 
a more prominent role in inflammation than IgG2 32. The role of IgG in the low-grade 
inflammation in type 2 diabetes is largely unknown. Decreased total IgG levels have been 
reported in type 2 diabetes 33 but also increased levels of IgG directed against gut bacteria 
34. Information on N-glycosylation of the different IgG subclasses including IgG3 in relation 
to their different effector functions could contribute to our understanding of the role of 
IgG and its N-glycosylation in type 2 diabetes.
To test these hypotheses on how altered N-glycosylation is related to type 2 diabetes 

pathophysiology, multiple strategies can be combined. First of all, we need to understand 
the direction of the associations between N-glycan patterns and type 2 diabetes. Whether 
these associations are causal should be studied with prospective follow-up studies for 
incident type 2 diabetes and with Mendelian randomization. Second, we need to know 
how the plasma N-glycome patterns in type 2 diabetes are related to plasma levels of spe-
cific glycoproteins. This can be studied by investigating the plasma proteome in relation 
to the plasma N-glycome. Third, coupling N-glycome and proteomics data to other omics 
layers, including the metabolome, genome, and epigenome will increase insight in their 
interactions and pathophysiological pathways. For studying these interactions, a systems 
biology approach should be used, which analyzes biological processes as a whole instead 
of as separate components 35. Fourth, the functional effects of N-glycosylation patterns 
of glycoproteins of interest should be investigated in type 2 diabetes, including those of 
IgG. Eventually, the aim is to identify specific glycoproteins with altered N-glycosylation 
affecting their function to increase insight in type 2 diabetes pathophysiology and identify 
new therapeutic targets. 

HDL anti-inflammatory function - General

For over 50 years, it has been known that a low HDL-cholesterol (HDL-c) concentration is 
associated with increased cardiovascular risk 36. However, the causality of this relationship 
has been questioned in the last years, since genetically low HDL-c does not increase car-
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diovascular disease risk 37 and therapies increasing HDL-c do not decrease the incidence of 
cardiovascular disease 38,39. Low HDL-c is associated with inflammatory and metabolic dis-
turbances such as smoking, obesity, and type 2 diabetes 40. It has been proposed that low 
HDL-cholesterol is a marker of other processes that increase cardiovascular risk 36,40. HDL 
function is a more likely characteristic of HDL through which it exerts protective effects 41. 
How good HDL functions in protecting the body against cardiovascular disease, is thought 
to be based on its protein and lipid components 42,43. So far, over 100 different proteins 
and over 200 lipid species have been identified as HDL constituents 43-46 and the proteome 
composition is associated with cardiovascular disease 47,48. Since HDL is a small particle, it 
cannot carry all these different lipids and proteins simultaneously, which means that what 
we call HDL actually comprises an extremely heterogeneous group of particles 45. This 
compositional heterogeneity together with the continuous remodeling of circulating HDL 
have contributed to the idea of a modulatory role of HDL in metabolism, inflammation, 
and vascular disease. 

HDL anti-inflammatory function - Pathophysiological insights 

The role of HDL in modulating inflammation is of high interest since it directly relates 
metabolic disturbances in type 2 diabetes to a pro-inflammatory state. However, HDL 
represents a heterogeneous group of particles with a complex biology, which is currently 
incompletely understood. I aimed to clarify the anti-inflammatory function of HDL in type 
2 diabetes. However, before studying HDL anti-inflammatory function in a more transla-
tional or clinical setting, we first need to have a robust methodology of testing it, especially 
when investigating the HDL structure-function relationship. The main strength of the work 
in my thesis is that I have critically assessed the methodology of HDL anti-inflammatory 
function experiments as well as the available literature on the anti-inflammatory function 
of HDL in type 2 diabetes. I have thus created an overview of the current knowledge of 
this topic and identified gaps in this field. Of note, since writing this systematic review, 2 
more studies showed a loss of anti-inflammatory function in type 2 diabetes 49,50; none 
were published that did not see a loss of anti-inflammatory function. The most important 
limitation of my work on HDL anti-inflammatory function in type 2 diabetes is that of yet 
I have not been able to study how these altered anti-inflammatory effects of HDL are 
related to other HDL functions such as inhibiting LDL oxidation and removing cholesterol 
from plaques. Although more indirectly, these HDL functions have also been related to 
inflammation. 
HDL function is thought to be modulated by its lipidome and proteome 42,43. The HDL 

lipidome and proteome were altered in type 2 diabetes 51,52 and coronary artery disease 47. 
Regarding the structure-function relationship, describing the effect of HDL components on 
its function, the apoA-I and phospholipid content increased the ex vivo anti-inflammatory 
function of HDL in type 2 diabetes 53 while serum amyloid A (SAA) bound to HDL decreased 
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the anti-inflammatory function 50. This structure-function relationship of HDL is of high 
interest since reconstituted HDL (rHDL) is a therapeutic strategy under development for 
cardiovascular disease. rHDL consists primarily of apoA-I and phospholipids, but can also 
be enriched by specific proteins and especially lipids, which can greatly enhance its ef-
fect 54. Knowing which HDL components are key to specific functional properties could 
therefore have direct therapeutic consequences. 
The effects of unhealthy diets and lack of exercise on HDL function could clarify HDL 

dysfunction in type 2 diabetes. A healthy diet and physical activity are strategies that not 
only improve glucose regulation but potentially also increase HDL-cholesterol and eventu-
ally decrease inflammation. Moreover, a number of studies have shown that these lifestyle 
interventions can improve HDL anti-oxidative properties and increase cholesterol efflux, 
possibly by changing HDL composition 40,55-58. Another aspect of interest is the enzymatic 
glycosylation of the HDL proteome and lipidome. Krishnan et al. recently showed that 
HDL glycoprotein levels as well as their specific O- and N-glycans in healthy individuals 
differed from those of individuals with metabolic syndrome or type 2 diabetes undergo-
ing hemodialysis 59. For example, in HDL of subjects with metabolic syndrome compared 
to healthy subjects, apoC-III without or with one sialic acid was increased while apoC-III 
with two sialic acids was decreased, which has also been shown by Savinova, et al. 60. 
On the contrary, HDL of hemodialysis patients was in general enriched in apoC-III with 
two sialic acids, although a specific disialylated glycan was lower in hemodialysis patients 
than in healthy subjects 59. Furthermore, isolated HDL with pro-inflammatory effects 
on monocytes had higher levels of apoCIII, disialylated glycans on α1-antitrypsin, and 
of glycans without sialic acid on α2-HS-glycoprotein, while levels of apoCIII with 1 sialic 
acid were lower than in HDL with anti-inflammatory effects. Thus, glycosylation patterns 
on HDL glycoproteins were indicative of the inflammatory effects of HDL on monocytes 
59. In the context of my findings on altered N-glycosylation in type 2 diabetes, it should 
be investigated whether glycosylation of HDL apolipoproteins is associated with loss of 
HDL anti-inflammatory function in type 2 diabetes. Measurement of the enzymatic glyco-
sylation of HDL glycoproteins could further increase our understanding of the effects of 
HDL on inflammation. Moreover, their potential as biomarker for the anti-inflammatory 
function of HDL should be assessed. 
To improve the functional studies with HDL, consensus on the best methodology for ex 

vivo experiments should become available. Currently, both HDL isolation and readouts of 
anti-inflammatory function are laborious and have a large variability, therefore they are 
not well-suited for analyses of large cohorts. As discussed in chapter 5, density gradient 
ultracentrifugation with iodixanol could overcome the problem of laborious and detrimen-
tal isolation of HDL, which would make studying HDL anti-inflammatory function in large 
cohorts more feasible. Of note, the suitability of iodixanol isolation for other readouts of 
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the anti-inflammatory function of HDL and for other functions has not been studied and 
should be clarified before using iodixanol DGUC in other experimental set-ups. 
More studies investigating HDL isolated from patients with type 2 diabetes are neces-

sary, preferably in prospective settings or with a Mendelian randomization approach, using 
HDL-bound proteins that are related to its functional effects. Furthermore, these studies 
should aim to identify which components of HDL influence its effects on inflammation, 
whether HDL composition is altered in type 2 diabetes, and how this altered composition 
relates to loss of anti-inflammatory function. Ideally, HDL composition in relation to its 
function should be investigated in a more dynamic setting as well, for instance by studying 
potential alterations in HDL function in the postprandial state instead of in the fasting state 
only.

Future research into complications of type 2 diabetes

N-glycosylation 
The identified associations of N-glycans and type 2 diabetes might also be involved in 
the pathophysiology of complications of type 2 diabetes. We have not been able to study 
this yet but are currently including more subjects in our studies through collaborations 
for this goal. Only a few reports are available about N-glycosylation and complications of 
type 2 diabetes. In the study by Testa, et al., altered (desialylated) plasma glycan levels in 
type 2 diabetes were more pronounced in individuals with diabetes complications than in 
those without 61, although these differences were not statistically significant. Of course, 
the sample size was relatively small, and these findings require further investigation pref-
erably with a method that also measures sialylation. N-glycosylation patterns have also 
been related to diabetic retinopathy 62 and to kidney function 30, although most subjects 
in this latter study did not have diabetes. In addition to an influence on inflammation, 
other mechanisms of interest in the link between N-glycans and diabetes complications 
are sialylation of LDL and fibrinogen. Lowly sialylated LDL has been found to increase 
LDL uptake in atherosclerotic plaques 63,64 and has been associated with coronary artery 
disease 65. Sialylation of fibrinogen influences clot formation by affecting its solubility and 
polymerization 66,67. Regarding IgG glycosylation, a mechanism of interest in complications 
of diabetes is activation of the complement system, which leads to increased deposition 
of membrane attack compositions in target tissues and has been associated with micro- 
and macrovascular complications of type 2 diabetes 68. Preferably, relationships between 
N-glycan patterns and complications of type 2 diabetes should be tested in large, prospec-
tive studies. New insights in the pathophysiology of complications of diabetes are highly 
needed to improve prediction and treatment 69. 
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HDL anti-inflammatory function 
Similarly, whether the effects of HDL on inflammation are related to vascular complications 
of type 2 diabetes should be clarified. Recently, it was shown that the loss of anti-inflam-
matory function of HDL was related to coronary artery disease 49 and diabetic nephropathy 
50. Up to date, HDL function has mostly been studied cross-sectional, and the relationship 
of HDL anti-inflammatory function to incident cardiovascular disease or other diabetes 
complications is unknown. However, one study found that cholesterol efflux, describing 
the ability of HDL to take up cholesterol from peripheral tissues, was inversely correlated 
with incident cardiovascular disease in a general population and was a better predictor of 
cardiovascular disease than HDL-c 70. In this thesis, I focused on the direct effects of HDL 
on inflammatory parameters, but ultimately the different functions of HDL appear to be 
interrelated, at least to some extent 43. Comprehensive study methods are necessary to 
determine the exact role of HDL in vascular inflammation and diabetes complications.

Future research into personalized medicine 

N-glycosylation
Personalizing disease classification based on disease phenotypes and personalizing treat-
ment options in type 2 diabetes represent a challenge, since the disease encompasses 
a large spectrum of metabolic disturbances and many pathways interact 71. Currently, 
prediction models for type 2 diabetes and its complications, such as the UKPDS or the 
Framingham score, are able to identify persons at high risk, but usually overestimate in-
dividual risk 72-74. Although at the moment measuring N-glycans is complex and therefore 
not likely to be implemented in present-day diabetes prediction, this could change with 
future technical developments. The added value of N-glycans in personalized medicine lies 
in their ability to capture interactions between genetics, epigenetics, and environmental 
factors 75,76. The high area under the curve of IgG N-glycans for predicting type 2 diabetes, 
see chapter 4, provides circumstantial evidence for this capturing of the combination of 
susceptibility and exposures and could improve personalized medicine in type 2 diabetes 
77. The glycan signatures might identify which processes are disturbed in which patients, 
paving the way for individualized decision making in treatment options, and a better iden-
tification of individuals at risk for type 2 diabetes or its complications. 

N-glycans have been more extensively studied as biomarkers for cancer than for other 
diseases. Fascinatingly, not only are there indications that specific plasma N-glycan patterns 
are present in several cancers, but also that measuring N-glycosylation of known cancer 
biomarkers improves their ability to differentiate cancer from benign disorders. Examples 
of such glycoprotein biomarkers in cancer are α-fetoprotein for hepatocellular cancer and 
prostate-specific antigen (PSA) for prostate cancer 78. Biomarkers for risk prediction in 
type 2 diabetes currently do not improve risk prediction for type 2 diabetes 79, but similar 
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to cancer biomarkers, it should be studied whether coupling N-glycan measurements to 
plasma levels of these biomarkers improves their discriminative capacity.
First, to investigate the predictive potential of N-glycans, the relationship between 

incident type 2 diabetes and total plasma and IgG N-glycans needs to be determined. 
A parallel approach could be to investigate how the extremes in the N-glycan patterns 
that I found in type 2 diabetes relate to disease phenotype, as these extreme phenotypes 
could identify differential components within the disease 71. Second, whether N-glycans 
can improve current risk prediction models for complications of type 2 diabetes should 
be studied. And third, N-glycan patterns need to be assessed in response to glucose- or 
lipid-lowering treatment to explore tailoring of treatment decisions. 

HDL anti-inflammatory function
HDL function is difficult to capture in one measurement and will not easily be integrated 
in clinical diagnostics. The most promising surrogate for HDL function in personalized 
medicine lies in compositional elements of HDL, thus HDL-bound proteins, lipids, and pos-
sibly also their glycans. As discussed above, HDL composition is related to its functional 
effects 42,43. A better understanding on how HDL composition is related to both HDL anti-
inflammatory function and clinical outcomes is necessary and needs to be studied in large, 
prospective studies. Bio-active components of HDL that are related to its function and to 
clinical outcomes offer a new chance for risk prediction.

Conclusion and perspectives

In this thesis, I examined N-glycosylation and the anti-inflammatory function of HDL in 
type 2 diabetes. Although most findings in this thesis are explorative and cannot im-
mediately be translated to patient care, they do indicate that N-glycosylation and HDL 
anti-inflammatory function are altered in type 2 diabetes. Both processes relate metabolic 
disturbances in type 2 diabetes to a pro-inflammatory state, which most probably has 
a major pathophysiological role in type 2 diabetes and its complications. Furthermore, 
both N-glycans and HDL are complex and highly variable structures and are able to quickly 
adapt to changes in the physiological environment. This complexity and diversity also 
gives these structures more potential to actively contribute to the extremely complex 
pathophysiology of type 2 diabetes and its complications. More knowledge on these 
processes, especially when investigated in their totality with for instance systems biology 
approaches, can increase our understanding of type 2 diabetes and might aid in early de-
tection of disease susceptibility and in identifying specific disease phenotypes. Moreover, 
it can improve personalized medicine strategies and be translated or integrated into better 
tailored therapeutic strategies. My findings on N-glycosylation and HDL anti-inflammatory 
function are promising and warrant further investigation in this common and dire disease.
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Table 2. Overview of what this thesis has added to our knowledge.
What was known?

N-glycans
•	 �N-glycan patterns of plasma proteins and IgG are associated with type 2 diabetes risk factors, including BMI, lipids, 

smoking, ageing, and inflammation
•	 �Monogalactosylated, core-fucosylated diantennary N-glycans are lower in individuals with type 2 diabetes than in 

healthy controls
•	 N-glycan sialylation, galactosylation and branching are increased in individuals at risk for type 2 diabetes

HDL
•	 Multiple functions of HDL are decreased or lost in type 2 diabetes
•	 �HDL can diminish inflammation in healthy individuals, but does not seem to be able to do so in individuals with 

type 2 diabetes

What does this thesis add?

N-glycans
•	 Sialylation and bisection of plasma glycoproteins are higher in type 2 diabetes than in healthy individuals
•	 In type 2 diabetes, α2,6-linked sialylation is higher and α2,3-linked sialylation lower than in healthy subjects
•	 �IgG sialylation and galactosylation are lower and bisection is higher in type 2 diabetes than in healthy individuals, 

resulting in more pro-inflammatory IgG

HDL
•	 �Iodixanol density gradient ultracentrifugation, a cheaper and quicker method than the conventional sequential 

density gradient ultracentrifugation method, can be used to isolate HDL for testing HDL anti-inflammatory function
•	 �From analyzing all available literature, we can conclude that HDL anti-inflammatory function can be decreased in 

type 2 diabetes, but larger and prospective studies of high quality are necessary to confirm this.
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N-glycosylatie

In deel 2 van dit proefschrift heb ik patronen van eiwit N-glycosylatie in type 2 diabe-
tes bestudeerd. In hoofdstuk 2 presenteer ik de DiaGene studie. In deze studie hadden 
de mensen met type 2 diabetes en de gezonde controles een verglijkbare leeftijd, wat 
voorkomt dat verschillen tussen de twee groepen niet toegeschreven kunnen worden 
aan een verschil in leeftijd. Een aanzienlijk deel van de mensen met type 2 diabetes had 
complicaties van hun ziekte. Ondanks een striktere behandeling van de cardiovasculaire 
risicofactoren LDL-cholesterol en hoge bloeddruk hadden mensen die in de tweede lijn 
door de specialist werden behandeld meer complicaties dan mensen die in de eerste lijn 
door de huisarts werden behandeld. Afgezien van de variant in het KCNJ11 gen zag ik dat 
genetische risicovarianten voor type 2 diabetes vaker voorkwamen in mensen met type 2 
diabetes dan in de gezonde controles. Dit benadrukt dat dit multicenter type 2 diabetes 
cohort goed geschikt is voor omics onderzoeken. Bovendien maakt de prospectieve data 
voor diabetescomplicaties het mogelijk om causale determinanten van diabetescomplica-
ties te bestuderen in de toekomst.

In hoofdstuk 3 heb ik laten zien dat verschillende kenmerken van het totale plasma 
N-glycoom sterk geassocieerd zijn met de aanwezigheid van type 2 diabetes. Met name 
de verbinding van siaalzuur met de onderliggende glycaanstructuur was anders in type 
2 diabetes, waarbij er minder structuren met α2,3-gelinkt en meer structuren met α2,6-
gelinkt siaalzuur werden gezien. Daarnaast was er meer bisectie van gefucosyleerde ge-
sialyleerde structuren in type 2 diabetes. Wat betreft eiwit-specifieke N-glycosylering van 
IgG, beschreven in hoofdstuk 4, was er minder sialylatie van bisecterende, gefucosyleerde 
structuren, meer bisectie van gefucosyleerde structuren en minder galactosylatie in type 
2 diabetes. Bovendien konden de N-glycanen van IgG de aanwezigheid van type 2 diabetes 
in onze populatie relatief goed voorspellen, waarbij ze informatie van verschillende klini-
sche parameters leken te combineren. Voor zowel IgG en plasma N-glycanen reflecteerden 
de glycosylatiepatronen in type 2 diabetes deels een pro-inflammatoire situatie, zoals 
ook al beschreven in andere inflammatoire ziektes, en deels veranderingen die specifiek 
zouden kunnen zijn voor diabetes. Natuurlijk kunnen zowel de inflammatoire als de niet-
inflammatoire veranderingen in glycosylatie betrokken zijn bij de pathofysiologie van type 
2 diabetes en haar complicaties. Figuur 1 laat de N-glycanen zien die geassocieerd zijn met 
type 2 diabetes in onze populatie. 
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Figuur 1. N-glycanen die anders zijn in type 2 diabetes dan in gezonde personen. 
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Paarse	diamant,	siaalzuur;	gele	cirkel,	galactose;	blauw	vierkant,	N-acetylglucosamine;	groene	cirkel,	man-
nose;	rode	driehoek,	fucose.

De anti -infl ammatoire functi e van HDL

In deel 3	 van	 dit	 proefschrift	 	 heb	 ik	 de	 eff	ecten	 van	 HDL	 op	 signalen	 van	 infl	ammati	e	
bestudeerd	in	type	2	diabetes.	In	hoofdstuk 5	laat	ik	zien	dat	de	methode	waarmee	HDL	
geïsoleerd	wordt,	een	cruciale	stap	in	ex vivo	studies	van	HDL	functi	e,	het	eff	ect	van	HDL	
op	 signalen	 van	 endotheel-infl	ammati	e	 kan	 beïnvloeden.	HDL	 geïsoleerd	met	 iodixanol	
dichtheidsgradient	ultracentrifugati	e	(DGUC)	kan	TNF-α	geïnduceerde	VCAM-1	expressie	
inhiberen	op	humane	coronairarterie	cellen.	DGUC	met	iodixanol	is	een	goed	alternati	ef	
voor	DGUC	met	een	zoutgradiënt	bij	het	bestuderen	van	de	TNF-α	geïnduceerde	VCAM-1	
expressie	 als	 een	maat	 voor	 de	 anti	-infl	ammatoire	 functi	e	 van	HDL.	 Bovendien	 is	 deze	
methode	 sneller,	minder	duur,	 en	beïnvloedt	 zij	 de	 samenstelling	 van	HDL	minder,	wat	
het	bestuderen	van	HDL	in	grotere	populati	es	beter	mogelijk	maakt.	Van	belang	is	wel	dat	
iodixanol	zonder	HDL	als	experimentele	controle	wordt	mee	genomen	aangezien	iodixanol	
mogelijk	ook	zelf	VCAM-1	expressie	enigszins	kan	verlagen.	
De	 anti	-infl	ammatoire	 eff	ecten	 van	HDL	 zijn	waarschijnlijk	 verminderd	 of	 verloren	 in	

type	 2	 diabetes,	 zoals	 ik	 laat	 zien	 in	 de	 systemati	sche	 review	 in	 hoofdstuk	 6.	 Figuur	 2	
laat	een	overzicht	zien	van	de	afgenomen	anti	-infl	ammatoire	eff	ecten	van	HDL	in	type	2	
diabetes	inclusief	mogelijke	mechanismen,	voor	zover	op	dit	moment	bekend	in	de	litera-
tuur.	Helaas	zijn	studies	die	de	anti	-infl	ammatoire	eff	ecten	van	HDL	onderzoeken	in	type	
2	diabetes	schaars,	klein,	en	niet	allemaal	van	hoge	kwaliteit.	De	precieze	onderliggende	
mechanismen,	de	richti	ng	van	de	associati	e,	en	consequenti	es	voor	de	in vivo	situati	e	in	
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mensen	konden	niet	bepaald	worden	uit	de	bestaande	literatuur.	Bovendien	is	de	relati	e	
van	 de	 anti	-infl	ammatoire	 functi	e	 van	HDL	met	 diabetescomplicati	es	 nauwelijks	 bestu-
deerd.
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Figuur 2. Schemati sch overzicht van de verminderde anti -infl ammatoire functi e van HDL in type 
2 diabetes.

	Groen:	infl	ammatoire	processen	die	HDL	normaal	remt,	maar	niet	of	minder	in	type	2	diabetes.	A)	expressie	
van	het	adhesiemolecuul	CD11b	op	monocyten;	B)	adhesie	van	monocyten	aan	endotheelcellen;	C)	expressie	
van	de	adhesie	moleculen	VCAM-1	en	 ICAM-1	op	endotheelcellen;	D)	monocytenmigrati	e	door	het	endo-
theel;	 en	 E)	 cytokine	 afgift	e	door	macrofagen.	Oranje:	mogelijke	determinanten	 van	 verminderde	anti	-in-
fl	ammatoire	capaciteit	van	HDL	in	type	2	diabetes.	Blauw:	mechanismen	via	welke	HDL	infl	ammati	e	mogelijk	
indirect	remt,	maar	die	buiten	de	strekking	van	mijn	onderzoek	vallen.	Afgebeeld	zijn	het	eff	ect	van	HDL	op	
1)	cholesterolverwijdering	uit	schuimcellen,	waardoor	ze	minder	pro-infl	ammatoir	worden,	en	2)	LDL	oxidati	e	
in	de	subendotheliale	ruimte,	wat	een	pro-infl	ammatoire	trigger	is.	Alle	maten	voor	de	anti	-infl	ammatoire	
functi	e	van	HDL	zijn	onderzocht	in	plasma,	dus	de	precieze	eff	ecten	van	HDL	in	de	subendotheliale	ruimte	zijn	
niet	bekend.	AGE:	advanced	glycati	on	end	product,	apoA-I:	apolipoproteine	A-I,	CE:	cholesterolesters,	HDL:	
high	density	 lipoprotein,	 ICAM:	 intercellular	adhesion	molecule-1,	 IL-1β:	 interleukin-1β,	oxLDL:	geoxideerd	
LDL,	P:	proteïne,	PL:	fosfolipiden,	SAA:	serum	amyloid	A,	TG:	triacyl	glycerols,	TNF-α:	tumor	necrosis	factor-α,	
VCAM-1:	vascular	cell	adhesion	molecule-1.
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Dankwoord

Het tot stand komen van dit proefschrift ging met pieken en dalen, waarbij ik regelmatig 
wat hulp, steun of gezelligheid kon gebruiken. Daarom wil ik graag iedereen bedanken die 
mij in deze periode heeft bijgestaan. 
Te beginnen bij prof.dr. E.J.G. Sijbrands. Beste Eric, dank je wel voor het vertrouwen dat 

je altijd in me had, een enorme stimulans om elke keer de draad opnieuw op te pakken. En 
natuurlijk dank voor de gezelligheid tijdens de dinsdagmiddag overleggen en de DiaGene 
bijeenkomsten (met etentjes natuurlijk).
Ook dank aan mijn co-promotoren, dr. M. van Hoek en dr. A.G. Lieverse. Mandy, jouw 

optimisme en pragmatiek hebben ertoe geleid dat het publiceren van artikelen soepel 
verliep. Je bent een grote inspiratie en steun in dit traject geweest, en ik hoop dat we 
de komende jaren zo samen kunnen blijven werken. Louis, ik sta elke keer weer versteld 
van de hoeveelheid ideeën voor nieuwe onderzoeken die jij hebt. Jouw enthousiasme en 
vertrouwen werkten aanstekelijk, vooral in combinatie met een kopje thee, een sinaasap-
pel en de goed gevulde snoeppot. Hopelijk kunnen we de komende jaren nog meer van 
jouw ideeën tot uitvoer gaan brengen! 
Aan mijn leescommissie, prof.dr. C.M. van Duijn, prof.dr. O.H. Franco Duran en prof.

dr. H.R.Haak, hartelijk dank voor de tijd en moeite die jullie hebben genomen om mijn 
proefschrift te beoordelen. Nog een speciaal woord van dank voor Harm: bij jou ben ik 
ooit mijn wetenschappelijke carrière begonnen als semi-arts en ook deze onderzoeksplek 
was op jouw aanbevelen. Ik ben dan ook erg blij dat jij dit proefschrift wilde beoordelen 
De overige commissieleden, prof.dr. H Pijl, prof.dr. C.D.A. Stehouwer, prof.dr. B.H.R. 

Wolfenbuttel, hartelijk dank dat jullie plaats willen nemen in mijn commissie. 
De artikelen waar dit proefschrift uit bestaat zouden niet mogelijk zijn geweest zonder 

alle mede-auteurs. Dank voor al het werk aan de verschillende stukken! Een aantal mensen 
wil ik daarbij in het bijzonder bedanken. T.T.W. van Herpt, Thijs, het begon allemaal bij de 
DiaGene. Dank dat ik deze gevulde biobank van jou over mocht nemen. De goede gesprek-
ken, fietstochtjes, en koppen koffe met jou hielpen altijd om te relativeren en vooruit te 
kijken. Dr. V. Dotz, Victoria, thank you for teaching me about glycans and R, I have always 
enjoyed working with you and am very proud of our paper. Prof.dr. M. Wuhrer, Manfred, 
dank voor de mogelijkheid om zoveel over glycans te leren in samenwerking met jouw 
lab. C.M. Groot-van Ruijven, Corrien, dank voor jouw inzet en werk bij het opzetten van 
het HDL onderzoek. Ik heb veel van je kunnen leren, al vrees ik wel dat mijn talenten 
in het stickers plakken groter bleken dan in het pipetteren. L.C. van der Zee-van Vark, 
Leonie, ook jij dank voor al jouw werk in het HDL onderzoek, samen kwamen we er elke 
keer weer uit en gelukkig is gedeelde smart dan ook weer halve smart. Dr. W.A. Dik, Wim, 
zonder jou hadden we het HDL onderzoek niet op kunnen zetten. Dank je wel voor jouw 
enthousiasme hierin. Dr. M.T. Mulder, Monique, dank voor jouw geduld, creativiteit en 
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doorzettingsvermogen, deze hebben ervoor gezorgd dat we het HDL onderzoek nog niet 
hebben opgegeven. Dr. A.J.M. Verhoeven, Adrie, jij bedankt voor jouw kennis en strikte 
morele kompas, die ervoor gezorgd hebben dat het HDL onderzoek steeds beter werd en 
wordt.

Naast wetenschappelijke steun was ook de andere steun van collega’s belangrijk. Het 
begon allemaal al die jaren geleden in Eindhoven in het onderzoekshok en plaatsing in 
het escalatieteam. Thomas, Steffie, Dorien, Hester, Joyce, Anne, Hao Ran, zonder jullie 
gezelligheid, goede gesprekken en slechte muziek was het schrijven van dit proefschrift 
veel lastiger geweest. Het was altijd fijn om al die leuke, minder leuke, of ronduit bizarre 
gebeurtenissen samen te kunnen bespreken en verwerken. Anne, bedankt dat ik extra 
monsters af mocht nemen in jouw studie, het artikel staat nog steeds op de planning! 
Collega’s van het escalatieteam, dank voor de gezelligheid tijdens de diensten, de samen-
werking bij de acute patiënten en het aanhoren van alle onderzoeksverhalen. Hanny, dank 
je wel voor jouw hulp bij alle administratieve kanten van het onderzoek, fijn dat jij altijd 
oog had voor de details hierbij en alles zo goed regelde. Hanneke, jij bedankt voor je altijd 
luisterende oor en het snel regelen van alle administratieve zaken. Collega assistenten, 
internisten en MDL-artsen uit het MMC, hartelijk dank voor de gezelligheid, borrels en 
skireisjes en jullie interesse in mijn onderzoek. Mede door jullie heb ik een mooie tijd 
gehad in het MMC.

Ook de tijd in Rotterdam was lang zo leuk niet geweest zonder alle collega’s van het lab 
en de gezamenlijke lunches, koffie- en theepauzes en borrels. Ik wil jullie met name ook 
bedanken voor de waardevolle gesprekken en het begrip als ik het moeilijk had. Het was 
een hele fijne familie om bij te horen! Reyhana, Kirsten, Sandra, Mardin, dank voor jullie 
steun in het verwerken van de tegenslagen in het onderzoek maar ook in het vieren van de 
resultaten. Sunny, dank voor het overnemen van de DiaGene, ik heb alle vertrouwen dat jij 
de biobank netjes beheert en dat er een hoop nieuw mooi onderzoek uit voort zal komen. 
Edith Padberg, hartelijk dank voor het strak regelen van alles wat geregeld moest worden, 
een grote steun in het leven van de arts-onderzoeker.
Inmiddels heeft de reis voortgeleid naar Breda. Alle collega’s in het Amphia bedankt 

voor de gezelligheid, collegialiteit en de zeer leerzame opleidingsplek. De Brabantse gezel-
ligheid binnen ons team zorgt ervoor dat ik altijd met plezier naar mijn werk ga. 
Jolien en Inge, mijn paranymfen, wat fijn dat jullie mij deze dag willen ondersteunen! 

Jullie kennen mij door en door en ik weet dat jullie er altijd zijn als ik jullie nodig heb. 
Jolien, het voetballen en borrelen bij DBSV bleek een solide basis voor onze vriendschap. 
Ik geniet altijd enorm van onze vakanties samen met veel buitenlucht en beweging, maar 
met name ook heel veel praten en genieten (en oké ook af en toe eten en drinken). Dank 
ook dat je mij hebt geënthousiasmeerd voor vrijwel al mijn huidige hobby’s, en ook voor 
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het aandragen van voldoende voedsel tijdens het uitoefenen hiervan. Inge, één van de 
eerste personen die ik heb leren kennen in Maastricht en vaste partner in crime tijdens 
onze studententijd (samen met Karen natuurlijk). Nooit uitgepraat, maar altijd een luister-
end oor. Het leren praten en luisteren tegelijk was een zeer leerzame les van jullie twee. 
Dank voor jouw eeuwige enthousiasme, energie, en het regelen van altijd weer nieuwe 
uitjes.
Vrienden waren er altijd weer om even te ontspannen en te praten, allemaal ontzettend 

bedankt voor alle gezelligheid en steun! Een paar mensen wil ik in het bijzonder bedanken. 
Anniek, mijn oudste (langst bestaande?) vriendinnetje. Tijdens onze kleutertijd begonnen 
met samen spelen en dit doen we gelukkig nog steeds. Tevens ontwerper van de omslag 
van mijn boekje, ik ben er heel blij mee! Jij en Jonathan (Roomies!) vormden vorig jaar een 
echt thuis voor mij. Deze bijzondere tijd vergeet ik nooit meer. Evelien, Fee, altijd fijn om 
even samen te ontspannen en bij te kletsen. Het is hoog tijd om weer eens een dansje te 
plegen! Karen, van jou is er echt maar één. Nooit om een woord verlegen, maar tussen alle 
onzin kraam je ook veel zinnige inzichten uit. Altijd in voor een borreltje, sporten, of brak 
een filmpje op de bank kijken, maar ook altijd bereikbaar als het leven even niet zo leuk is. 
Ollie, na een geslaagde eerste training infuus prikken volgde een goede vriendschap met 
het vieren van alle kleine en grote mijlpalen. We hebben menig proefschriftverdriet samen 
kunnen verdrinken in een flesje wijn, en het afronden van dit proefschrift en daarna van 
het jouwe vieren we zeker als jij terug bent uit Australië. 
Ooms en tantes, neven en nichten, ik ben altijd weer blij om deel uit te maken van 

onze ietwat gekke maar gezellige familie. Ik ben blij dat we de band vast hebben kunnen 
houden, ook al zien we elkaar niet altijd even vaak. Janna en Micha, we zijn vrij verschil-
lend maar hebben door het samen opgroeien ook een hoop overeenkomsten. Ik weet dat 
ik altijd op jullie kan terugvallen en geniet van de momenten samen. Janna, bedankt voor 
alle gesprekken waarin jouw praktische denken mijn overgeanalyseer een halt toeroept, 
en natuurlijk voor het lenen van jullie kinderen als ik afleiding nodig heb, van wie ik altijd 
enorm geniet. Pappa en mamma, dank je wel dat jullie mijn nieuwsgierigheid hebben 
gestimuleerd en het me altijd mogelijk maakten om nieuwe dingen uit te proberen. Pappa, 
jouw wetenschappelijke ambities zijn enigszins gestrand toen je begreep dat je daar een 
computer bij moest gebruiken, maar je bleef altijd trouw geïnteresseerd in de mijne. 
Ik ben blij dat je me zo goed kent en altijd een goed advies hebt als ik dat nodig heb. 
Mamma, je hebt helaas weinig mee gekregen van mijn onderzoek, maar ik herinner me 
jouw vertrouwen in mij van vroeger. Ik mis je en wilde dat je erbij kon zijn vandaag. 
Jasper, jij kwam pas in mijn leven tijdens het afronden van dit proefschrift, maar ik 

hoop dat je er nooit meer uit verdwijnt. Jij brengt mij tot rust en maakt mijn leven leuker 
en makkelijker. Ik hou van je en weet zeker dat we samen nog een hoop bergen zullen 
bedwingen.
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Curriculum vitae

Roosmarijn Lemmers werd geboren op 15 juli 1988 te Zeist. Ze groeide op in Langbroek en 
Doorn, en voltooide in 2005 cum laude het gymnasium aan het Revius Lyceum te Doorn. 
Datzelfde jaar begon ze aan de studie geneeskunde in Maastricht. Tijdens haar bachelor 
was ze actief bij studentenvoetbalvereniging DBSV Red Socks, waar ze in 2007-2008 ook 
bestuurslid was, en studentenvereniging KoKo. Tussen haar bachelor en master nam ze 
een jaar vrij om onder andere Noors te leren en stage te lopen bij revalidatieziekenhuis 
Sunnaas Sykehus te Noorwegen. In 2012 voltooide Roosmarijn haar master geneeskunde 
in Maastricht en begon zij met haar eerste baan als arts-assistent interne geneeskunde 
in het Máxima Medisch Centrum te Veldhoven. Vanuit hier kon zij begin 2013 starten 
met haar promotieonderzoek in samenwerking met de afdeling interne geneeskunde in 
het Erasmus MC, wat uiteindelijk heeft geresulteerd in dit proefschrift. Sinds september 
2017 werkt Roosmarijn als arts-assistent interne geneeskunde in het Amphia ziekenhuis 
te Breda, waar zij 1 januari 2018 is begonnen aan de opleiding tot internist. In haar vrije 
tijd houdt zij zich bezig met eten, koken, sporten en plezier maken samen met familie en 
vrienden.
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PhD Portfolio 

Naam		  Roosmarijn Lemmers
Department 	 Internal Medicine
Research school	 Cardiovascular Research School Erasmus University Rotterdam (COEUR)
Promotor	 Prof.dr. E.J.G. Sijbrands
PhD-period 	 2013-2018

PhD training Year ECTS

General academic skills

Good Clinical Practice 2013 1

Biomedical English Writing and Communication 2015 2

Research skills
COEUR

- Lecture: HDL’s Protein Cargo: Friend or Foe in Cardioprotection 2013 0.1

- Molecular biology in atherosclerosis and cardiovascular research 2014 1.5

Erasmus Summer Programme 

- Case-Control studies 2013 0.7

- Markers and Prognostic Research 2013 0.7

- Joint Models for Longitudinal and Survival Data 2016 0.7

Molmed Courses

- Basic Course on ‘R’ 2016 1.8

- SNP course 2016 2

Dutch Heart Foundation

- Vascular Biology 2013 2

- Thrombosis and Haemostasis 2014 2

Symposia and conferences
Workshop ‘The interplay of glucose and lipid metabolism’, TUe 2013 0.45

Dutch Cardiovascular Conference, Ermelo* 2014 0.6

Wetenschapsavond Máxima Medisch Centrum, Veldhoven* 2014 0.15

IAS HDL workshop, Rome* 2014 0.9

EASD scientific meeting, Vienna* 2014 1.5

NVDO Jonge Onderzoekers Bijeenkomst, Soesterberg** 2015 0.6

Wetenschapsdagen Interne Geneeskunde, Antwerpen 2016 0.3

EASD scientific meeting, Munich* 2016 1.2

Internal Medicine research symposia, Rotterdam** 2016 0.6

Wetenschapsdagen Interne Geneeskunde, Antwerpen** 2017 0.6

* Poster presentation, ** oral presentation

Presentations and teaching
Presentations at the Internal Medicine Departments of EMC and MMC 2.1

Poster and oral presentations at symposia 1.6

Teaching and student supervision 5.7

Total 30.8
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