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ABSTRACT

Background: Little is known about enzymatic N-glycosylation in type 2 diabetes, a common
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.

Keywords: diabetes complications, diabetes mellitus, inflammation; MALDI-TOF-MS; N-
glycosylation; sialic acid
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1 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]. Glycomics 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 understood. ‘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 biosynthesis 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
(HbAZ1c) 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 inflammation [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. However, 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-a (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 fucosylated structures on immunoglobulin (Ig)G in type 2 diabetes, which corresponds
with an increased inflammatory potential of 1gG [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 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, comprehensive research of the total plasma N-glycome,
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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.

2 MATERIAL AND METHODS

2.1 Subjects

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 according 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.

2.2 Total plasma N-glycome analysis and MS data processing

N-Glycans were analyzed after sialic-acid derivatization by a previously established
MALDI-TOF MS method [26, 28], with minor modifications. Briefly, 5 uL plasma sample was
denatured by the addition of 10 pL of 2% sodium dodecyl sulfate and incubation for 10 min at 60
°C. For glycan release, 10 pL of 2.5x 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, o2,6-linked sialic
acids were ethyl-esterified and a2,3-linked sialic acids were lactonized, facilitating mass-based
discrimination of sialic-acid linkage variants. Released 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 puL of
sample was premixed with 10 uL of 5 mg/mL super-DHB (Sigma-Aldrich, Steinheim, Germany)
in 99% acetonitrile with 1 mM NaOH in a 384-well plate, 2 uL. of which was spotted on plate.
Mass spectra were acquired by an ultrafleXtreme MALDI-TOF mass spectrometer equipped with
a Smartbeam-Il laser operated by flexControl 3.4 (Build 135) (Bruker Daltonics, Bremen,
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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 Il. 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.

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)° 90 (38.8) 42 (38.9)
BMI (kg/m2) 29.4 (26.6-33.0) | 25.4 (23.3-27.8)° 30 (27.4-34) 25.8 (23.7-27.9)°

HDL-c (mmol/l)

1.10 (0.94-1.30)

1.42 (1.22-1.67)°

1.18 (1.00-1.40)

1.39 (1.19-1.64)°

Non-HDL-c (mmol/l)

3.00 (2.50-3.68)

4.03 (3.43-4.76)°

2.85 (2.4-3.46)

4.19 (3.54-4.66)°

Creatinine (umol/l) 77 (67-92) 71 (63-80)¢ 77 (66-91) 77 (67-86)
Ever smoked (n, %) 1079 (74.3) 480 (68.4)° 158 (75.2) 64 (61.0)2
Currently smoking (n, %) 260 (18.1) 80 (11.4)¢ 34 (16.3) 9 (8.6)
Systolic BP (mmHg) 142 +19 139 + 20° 142 +19 139+ 18
Cardiovascular disease (n, %) 539 (37.1) 66 (9.4)° 89 (41.2) 0°

HbAlc (mmol/mol)

50.8 (45.4-59.6)

37.7 (35.5-38.8)°

51.9 (45.4-60.7)

36.6 (35.5-38.8)°

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 y2-test for binary data. All p-values
are shown for cases vs. controls within the same cohort: 2 p < 0.05; ° p < 0.01; ¢ p < 0.001. BMI, body mass index; BP,
blood pressure; HbAlc, glycated hemoglobin; HDL-c, high-density lipoprotein cholesterol; NA = not applicable.

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, 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 considered, 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
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list of high-intensity glycan signals distributed across the detected m/z range applied as calibrants:
H3N4F1, HAN4F1, H5N4F1, H5N4E1F1, H6N5SL1E2, HBNSL1E2F1 (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 spectra, 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 HSN5E1F1, bisection
of diantennary glycans was assumed rather than an agalactosylated third antenna.

2.3 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 selected using IBM SPSS
Statistics (version 21.0) and 108 controls were selected matching on average age and sex
frequencies as a group. A power calculation was performed using G*Power 3.1 [31]. At alpha =
0.05, we had 80% power to find odds ratios (ORs) <0.88 or >1.13 in the discovery cohort.

Statistical analyses were performed in RStudio (version 1.0.136). The distribution 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 distributions, respectively. Binary data
were compared with the y2-test.
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Direct and derived glycan traits were adjusted for batch effects by preparation day, MALDI
plate, row and column effect using ComBat package in R. For the analyses of associations of N-
glycans with clinical variables and diabetes, N-glycan relative intensities were centered by
subtracting the mean and scaled by dividing by the SD. Linear regression 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.
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Figure 1: A typical MALDI-TOF mass spectrum of plasma protein N-glycans from the DiaGene
cohort. After enzymatic release of glycans, sialic acids were stabilized in linkage-specific manner and
analyzed by positive-ion reflectron 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 quantified glycan species, see
Supplementary Table S1. The inset shows the enlarged mass window of m/z 3130-3800.
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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
statistical 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
g = 0.05 (5% false discovery rate).

3 RESULTS

3.1 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 relative 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 robustness 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].

3.2 Subject characteristics

Detailed characteristics 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 proportion of cases were smokers and had cardiovascular disease (Table 1). Additionally,
in the discovery cohort, controls were more often female (62.6% vs. 47.3%) and had lower serum
creatinine than cases.
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3.3 Association of glycans with age, sex, and risk factors for type 2 diabetes

The largest effects associated with increasing age were found for decreased galactosylation
and increased bisection of diantennary glycans (Supplementary Figure S2A and Table S4). With
increasing age, both a2,3-linked and a2,6-linked sialylation increased for fucosylated glycans, but
decreased for non-fucosylated glycans. Different glycosylation features 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 associations 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 a2,3-linked (A3L) and higher o2,6-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 A4FOE 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, MHYy) in opposite directions (Supplementary
Figure S2B).

3.4 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 covariate 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, particularly 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 o2,6-linked sialylation was increased and
triantennary a2,3-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 diantennary traits were associated with type 2 diabetes (A2FSB and AZ2F).
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
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3 (Supplementary Table S5). For instance, the abundance of diantennary 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 to 19G (A2FS0G and A2FSO0B). In contrast,
galactosylation of sialylated diantennary glycans was increased (A2SG). Alpha2,3-sialylation of
tetraantennary species (A4L) was decreased in type 2 diabetes, while «2,3-sialylation of
fucosylated diantennary glycans (A2F(G)L) was increased, although only in the models adjusted
for BMI (models 2 and 3).

Figure 2: Associations of selected derived
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4 DISCUSSION

Here, we describe associations of multiple plasma protein N-glycosylation features with
type 2 diabetes. We found that sialylation of diantennary glycans was higher in type 2 diabetes
than in healthy controls, while fucosylation and bisection were lower. Intriguingly, diabetes was
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strongly associated with the type of sialic-acid linkage, with lower a2,3-linked sialylation of
triantennary glycans and higher a2,6-linked sialylation of diantennary structures.

Table 2. Associations between N-glycans and type 2 diabetes.

Sample number (cases/controls)

Trait  Description
Bisection (B)

CB in complex

A2B in diantennary (A2)

A2FSB in fucosylated sialylated A2
Fucosylation (F)

CF in complex

A2F in diantennary (A2)

A2LOF in A2 w/o a2,3-sialylation
Sialylation (S)

CSs in complex

A2S in diantennary (A2)

A2GS  per galactose in A2

A2FS  infucosylated A2

A2FGS per galactose in fucosylated A2
02,6-sialylation (E)

A2E in diantennary (A2)

A2GE per galactose in A2

A2FE  in fucosylated A2

A2FGE per galactose in fucosylated A2
a2,3-sialylation (L)

A3L in triantennary (A3)

A3FL  infucosylated A3
19G-related

TA2FSO fucosylated nonsialylated A2 in total

Model 1: Age, sex, interaction

Model 2: Age, sex, interaction,
BMI

Model 3: Age, sex, interaction,
BMI, HDL-c, nonHDL-c, smoking

Discovery
1583/728
OR

Replication
232/108

p OR

0.82
0.85
0.83

2.17E-05
3.02E-04
9.19E-05

0.62
0.64
0.68

1.10E-04
2.69E-04
1.71E-03

0.77
0.77
0.77

2.45E-08
1.17E-08
1.49E-08

0.62
0.61
0.61

1.21E-04
6.53E-05
6.77E-05

1.47
1.50
1.57
1.61
1.84

2.83E-16
3.31E-18
2.48E-21
9.72E-23
5.72E-33

1.72
1.95
2.18
1.89
2.35

1.20E-05
2.68E-07
6.83E-09
1.32E-06
1.31E-09

1.66
1.76
1.63
1.79

0.55

0.69

4.74E-26
7.36E-31
4.82E-23
5.01E-30

2.15
2.45
177
2.09

1.325-47-

7.45E-29] 0.42

1.53E-08
3.26E-10
1.19E-05
6.37E-08

2.42E-11
4.76E-08

5.90E-15/ 0.59 1.69E-05

Discovery
1457 /711
OR

Replication
232 /106

p OR

0.86
0.87
0.87

3.37E-03
9.80E-03
1.12E-02

0.61
0.61
0.67

4.14E-04
4.73E-04
5.53E-03

0.78
0.79
0.79

6.10E-06
8.24E-06
4.75E-06

0.60
0.59
0.59

3.61E-04
2.33E-04
2.74E-04

1.38
1.38
1.40
1.46
1.58

8.78E-10
7.83E-10
2.66E-10
9.88E-12
7.58E-16

1.54
1.80
1.98
1.59
1.94

2.10E-03
8.54E-05
1.15E-05
1.80E-03

3.4E-05

1.44
1.45
1.38
1.44

0.69

2.04E-11
6.32E-12
7.84E-09
2.26E-10

1.36E-18- 1.42E-04

3.35E-10| 0.60| 2.85E-03

1.84
2,01
1.36
1.53

7.96E-05
1.62E-05
3.48E-02
5.20E-03

0.74 8.07E-09| 0.65 1.73E-03

Discovery
1308 /650
OR

Replication
206/ 100

OR
1.45E-02

2.84E-02.

5.94E-03| 0.61

p

0.86
0.87
0.83

1.42E-03
1.53E-03
1.05E-02

0.80
0.81
0.80

8.46E-04
1.26E-03
5.54E-04

0.61
0.61
0.61

9.05E-03
1.14E-02
1.17E-02

1.46
1.38
1.34
1.55
1.60

7.65E-09
9.92E-07
7.99E-06
4.09E-10
291E-11

1.65
1.87
1.90
1.75
1.93

8.26E-03
1.78E-03
1.30E-03
4.19E-03
9.69E-04

1.40
1.36
1.45
1.44

0.69

0.70

5.48E-07
4.91E-06
1.51E-07
3.52E-07

1.96
2.02
1.64
1.79

6.38E-11
1.02E-06

1.13E-08| 0.59

1.18E-03
8.21E-04
1.15E-02
4.26E-03

1.08E-02
5.68E-03

5.68E-03

Associations of N-glycans with type 2 diabetes were assessed with logistic regression, and the Benjamini-Hochberg
procedure was applied to control for multiple testing (cut-off at 5% false discovery rate). Glycan trait abbreviations
are as follows: B, bisection; C, within complex; A2, diantennary; F, fucosylation; L, a2,3-linked sialylation; S,
sialylation; G, galactose; E, 02,6-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; OR,

odds ratio; p, p-value.

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 pathophysiology
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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 patterns may point at pathophysiological processes
involving multiple proteins, as we discuss below.

4.1 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 a2,6-sialylation, while a.2,3-sialylation decreased.
Beta-galactoside alpha-2,6-sialyltransferase-1 (ST6Gall), encoded by the ST6GAL1 gene, is the
enzyme attaching a2,6-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 o2,6-sialylation and type 2 diabetes. ST6Gall enzyme activity was increased
upon inflammation in both serum and liver in rats [40]. Moreover, an inflammation-limiting role
of ST6Gall in plasma has been proposed in a study on aging [38]. It is tempting to speculate that
increased ST6Gall enzyme activity may be a response to the low-grade chronic inflammation in
type 2 diabetes.

The majority of the a2,6-sialylated diantennary fucosylated glycans (A2FGE) and the
triantennary mono-o2,6-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 -cells [44]. Increased a2,6-linked
sialylation of 1IgM and haptoglobin might augment binding to CD22, and may thus have a role in
inflammation and possibly also glucose homeostasis.

In contrast to a2,6-linked sialylation, o2,3-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 02,3- and
a2,6-linked sialylation of larger glycans were higher in inflammatory bowel disease patients
compared to healthy controls [45]. Large, sialylated, fucosylated glycans often contain terminal
sialyl-Lewis X epitopes (consisting of an antennary fucose with an a2,3-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 a2,3-linked sialylation in type 2
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diabetes might be a sign of either disrupted anti-inflammatory 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 02,3-linked sialylation is only seen in diabetes
or also in other diseases.
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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 percentiles and whiskers at 1st
quartile minus 1.5*interquartile range (Q1 - 1.5*IQR) and Q3 + 1.5*IQR of the relative intensities are
shown. P-values are shown for significant, replicated associations after adjustment for age, sex, and their
interaction (model 1). See Table 2 for the entire list of replicated associations and Supplementary Table
S2 for details on the derived glycan traits. A2, diantennary; F, fucosylation; G, galactosylation; S,
sialylation; E, a2,6-linked sialylation; A3, triantennary; L, a2,3-linked sialylation; T, in total spectrum; B,
bisection.

4.2 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), HSN4F1(E1),
H5N5F1, H3N4F1, and H4NSF1. In healthy individuals, these glycans 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 1gG glycans. Accordingly, decreased absolute 1gG levels have
been reported in type 2 diabetes [49]. Moreover, we recently found decreased fucosylation of
nonsialylated, non-bisected 1gG glycans in type 2 diabetes [19], which enhances the antibody-
dependent cytotoxicity of 1gG [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
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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 a2,3-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 triantennary 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 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 (lIg-derived) glycans.

4.3 Bisection

The addition of an N-acetylglucosamine in B1,4-linkage to the first mannose of the N-
glycan core by N-acetylglucosamine-transferase-3 is called bisection. This process is in
competition 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 1gG-related
bisection in the non-sialylated variant (A2FSOB) 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, bisection 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
1gG, 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.

4.4 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
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the smaller replication cohort or to a causal relationship of the risk factors 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 (A2FSO0G) 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 different types of inflammation and aging [55], it remains unclear
which mechanisms contribute to an increase of galactosylation in non-1gG plasma N-glycans.

4.5 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 correction 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 association lost significance in both
cohorts.

4.6 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 associations 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 investigations on a protein-specific
level, as previously studied in the DiaGene study for 1gG [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 technical 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

https://doi.org/10.1016/j.bbagen.2018.08.005 15
Elsevier B.V. All rights reserved



https://doi.org/10.1016/j.bbagen.2018.08.005

V. Dotz et al. POSTPRINT
Biochimica et Biophysica Acta - General Subjects 1862 (2018) 2613-262

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 (diabetes) with the
treatment. Collaborations are ongoing to assess treatment effects in the future.

5 CONCLUSIONS

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 02,3-linked sialylation. Further studies should
focus on protein-specific glycosylation changes. Moreover, prospective 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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