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General introduction

INTRODUCTION

Definition of type 2 diabetes and prediabetes
Type 2 diabetes (T2D), the most common form of diabetes mellitus, is a serious (1-4), chronic 
metabolic disease, characterized by hyperglycemia that occurs due to reductions in both in-
sulin sensitivity and beta-cell function (5; 6). The current World Health Organization (WHO) 
diagnostic criteria define diabetes as fasting plasma glucose ≥ 7.0mmol/l (126mg/dl), or 2–h 
plasma glucose ≥ 11.1mmol/l (200mg/dl), or on medication for raised blood glucose, or with a 
history of diagnosis of diabetes (7). The precursor condition before diabetes is called prediabetes. 
Prediabetes should not be viewed as a clinical entity in its own, but rather as an increased risk 
for diabetes (8), in which not all of the symptoms that are required to diagnose diabetes have to 
be present, but blood glucose level is abnormally high. WHO opted to keep its upper limit of 
normal at under 110 mg/dl (6.1 mmol/l) for fear of causing too many people to be diagnosed with 
prediabetes (9), whereas the American Diabetes Association (ADA) lowered the upper limit of 
normal to a fasting plasma glucose under 100 mg/dl (5.6 mmol/l) (10).

Epidemiology of type 2 diabetes
In recent decades, both the number of cases and the prevalence of T2D have been steadily in-
creasing in epidemic proportions worldwide (11). The global prevalence of diabetes has nearly 
doubled since 1980, rising from 4.7% (108 millions) to 8.5% (422 millions) in the adult popula-
tion (12), becoming one of the most challenging public health issues of 21st century (13). The 
prevalence of T2D vastly exceeds that of type 1 diabetes (T1D), accounting for > 95% of diabetes 
(14). However, separate global estimates of diabetes prevalence for T1D and T2D do not exist, 
because sophisticated laboratory tests are usually required. Diabetes, the fifth leading cause of 
death worldwide in 2015, is expected to be the seventh leading cause of death in 2030 according 
to WHO (15).
Due to its adverse effect on people’s health, diabetes imposes an economic burden not only on 
individuals affected and their families, but also on healthcare systems and the whole society 
(16; 17). Besides the chronic nature of diabetes, its many complications make it a costly disease. 
Much of the burden of diabetes is due to the development of vascular complications, divided 
into microvascular (due to damage to small blood vessels) and macrovascular (due to damage 
to larger blood vessels). These are major causes of disability, reduced quality of life, and death 
(18). T1D cannot be prevented with current knowledge, but effective approaches are available to 
prevent T2D or delay its onset (12; 13; 19). A better prevention requires a better investigation of 
its etiology and identification of T2D risk markers, preferably valuable for the earliest stages of 
the disease.

Pathogenesis of type 2 diabetes
The etiology of T2D is complex and multifactorial. Although T2D has a strong genetic com-
ponent (20-27), behavioral/environmental factors (prenatal factors, obesity, physical inactivity, 
dietary and socioeconomic factors) have a significant role in triggering this condition (28-30). 
The complex interaction between genes and environment through epigenetic modifications 
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(DNA methylation or histone modifications) makes a person susceptible to develop T2D (31; 32). 
It is generally agreed that all these factors trigger both tissue insulin resistance (in muscle, liver, 
adipose tissue) or beta-cell dysfunction, the two major pathophysiologic events driving type 2 
diabetes, coming into play with different time courses (5; 33; 34). Together, these abnormalities 
result in increased rates of glucose release by the liver and glucose filtration in kidney as well as 
decreased clearance from the circulation (35). The latter, insulin resistance in muscle is mostly 
recognized as the earliest detectable abnormality that persist leading the long run into predia-
betes and type 2 diabetes (36; 37). However, it is well accepted that for hyperglycemia to exist in 
type 2 diabetes, β-cell dysfunction has to be present (38), probably before the development of 
hyperglycemia, and may commence many years before diagnosis of the disease (39; 40). Despite 
the large number of previous studies, the mechanisms controlling the interplay of these two 
impairments remain unclear. A number of factors related to specific pathways have been sug-
gested as possibly linking insulin resistance and beta-cell dysfunction in the pathogenesis of type 
2 diabetes. In this regard, the ongoing investigation on traditional or novel type 2 diabetes risk 
factors is crucial. Therefore, in this thesis, we focused in three sets of type 2 diabetes risk factors: 
inflammatory markers, lipids and body fat and sex hormones.

Inflammation and type 2 diabetes
There has been growing evidence that chronic low-grade systemic inflammation is a key com-
ponent in the development of T2D, adding further weight to the concept of type 2 diabetes as 
an inflammatory disease (41-46). Chronic low-grade inflammation is an ongoing, destructive 
process, which instead of turning off when it should, it turns harmful acting like a slow-burning 
fire, continuing to stimulate pro-inflammatory immune cells that attack healthy areas of the body. 
It differs from normal inflammation in that there are no typical signs of inflammation, but it is 
similar in that it shares the disorders generated by typical inflammation mediators and signaling 
pathways (47). The proposed inflammation related mechanisms to explain impaired insulin se-
cretion and sensitivity in type 2 diabetes include oxidative stress (48; 49), endoplasmic reticulum 
stress (50-52), amyloid deposition in pancreas (53), lipotoxicity and ectopic lipid deposition in 
the muscle, liver and pancreas (54; 55) and glucotoxicity (55). These mechanisms may induce an 
inflammatory response or are exacerbated by inflammation. They are strongly linked and have a 
role in both insulin resistance and islet β-cell failure (41), except for amyloid deposition, which 
mainly leads to progressive loss of β-cells (56; 57). The mechanisms thought to be responsible 
for the inflammatory state in type 2 diabetes include reduced oxygenation (58), apoptosis of 
expanding adipose tissue (59) and β-cells (60), transcriptional pathways (JNK, IKK-β/ NF-κB 
or PKR pathways) (61-63), activation of interleukin-1β (64), and recruitment and activation of 
immune cells. The most common inflammatory state in type 2 diabetes is the metabolic one, 
termed metaflammation and defined as low-grade, chronic inflammation, orchestrated by meta-
bolic cells in response to excess nutrients and energy (44; 65). Overnutrition (lipotoxicity and 
glucotoxicity) stresses the pancreatic islets and insulin sensitive tissues (adipose tissue, the liver 
and muscle), leading to the local production and release of cytokines such as interleukins, adi-
pocytokines, chemokines (66). The release of all the mediators from the adipose tissues into the 
circulation promotes inflammation in other tissues, including the islets (67; 68). In this regard, 
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many inflammatory markers (TNF-α, CRP, IL-1β, IL-6 etc.) are associated with type 2 diabetes 
and are suggested as risk predictors for the disease (69-73). Similarly, IL-1Ra serum levels are 
elevated in obesity and prediabetes with an accelerated increase before the onset of T2D (74; 75).
However, the immune response involved in each phase of T2D development might be different 
(76). So far, the focus has been on a limited number of inflammatory markers that predict the 
progression from normoglycemia to T2D. The specific inflammatory profile of different phases of 
T2D development (prediabetes, T2D, insulin therapy initiation) remain unknown. Newly identi-
fied inflammatory markers may be key players in the induction of T2D and will shed light on the 
pathophysiology of the disease. Furthermore, missing links between lifestyle (mainly diet and 
physical activity), inflammation and T2D may be discovered, increasing the knowledge on T2D 
etiology and permitting more timely better prevention (77; 78). Among the modifiable lifestyle 
factors, diet seems to be of great importance for the earliest natural prevention of T2D, given that 
certain dietary patterns may increase chronic inflammation and raise the risk of developing type 
2 diabetes (79).

Body fat, lipids and type 2 diabetes
A vast body of evidence indicates that obesity is a strong risk factor for developing insulin 
resistance, prediabetes and T2D and may play a causal role in their development (80-83). More-
over, the term “diabesity”, indicating the coexistence of both T2D and obesity has been created 
to highlight the importance of obesity as an etiologic cause of T2D (84). Although most T2D 
patients are obese, yet most obese individuals do not develop T2D (85). This fact emphasizes the 
role of the body fat distribution, rather than obesity itself in the development of the unfavorable 
metabolic profiles, such as T2D (82; 86).
There are generally two types of fat storage: the visceral (surrounding internal organs) and the 
subcutaneous (beneath the skin, about 80% of all body fat). There are two basic areas of body fat 
location: around the buttocks and thighs or “pear-shaped”, mostly found in women and around 
the abdomen or “apple-shaped”, mostly found in men.
Central (intra-abdominal) obesity is observed in the majority of patients with T2D (85). While 
the dose relationship between general obesity and T2D risk is mainly defined by BMI (87), the 
most common measures of central obesity are waist circumference and waist-to- hip ratio, which 
have also been implicated as T2D risk markers in previous studies (88; 89). Although the clinical 
perspective focusing on central obesity is appealing, these three obesity indicators have similar 
associations with incident diabetes (89; 90).
Recently, excess visceral fat, but not general adiposity, has been independently associated with 
incident prediabetes and type 2 diabetes in obese adults (91; 92). Furthermore, ectopic and 
visceral fat deposition were reported to be high in diabetics with or without obesity (93; 94). 
Given that the golden standards to measure visceral fat such as MRI and CT are expensive, the 
identification of a routinely applicable indicator for the evaluation of visceral adipose function, 
with higher sensitivity and specificity than classical parameters (BMI, WC) could be useful for 
T2D risk assessment (95-97).
Insulin resistance is induced by fat deposited intracellularly and the secretory products of the ex-
panded adipocyte mass, which has been recognized as the body’s most prolific endocrine organ 
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(98). The result is the release of a host of inflammatory adipokines and excessive amounts of free 
fatty acids that promote ectopic fat deposition and lipotoxicity in muscle, liver, and pancreatic 
β cells. Hence, T2D as outcome is the sum total of multiple components, one of which is distur-
bances in lipid metabolism (99; 100), present also in prediabetes (101).Thus, the optimal indicator 
of visceral fat should preferably reflect both its quantitative part and its metabolic activities, with 
particular regard to effects on serum lipids and lipoproteins (102). In this regard, the investiga-
tion of associations between different lipoprotein components (such as apolipoproteins), newly 
proposed metabolic/body composition indices (such as visceral adiposity index) or specific vis-
ceral fat portions (such as epicardial fat) and T2D may shed light on the underlying mechanisms 
of the disease and help better discrimination of subjects at high risk for T2D. Moreover, there are 
controversial conclusions on the value of traditional body composition parameters for T2D risk 
prediction (103-105). Although the strong association between visceral fat and increased risk of 
T2D (106) suggests that measures of central fat distribution (WC) may be better than measures 
of general obesity (BMI)(107), further research is needed to clarify the issue.

Sex hormones and type 2 diabetes
Previous literature indicates that endogenous sex hormones may differentially modulate glycemic 
status and risk of type 2 diabetes in men and women (108). Moreover, the association between 
adiposity and T2D risk was reported to be stronger in postmenopausal women than in men 
(109). This might be explained by hormonal changes during menopause, which contribute to an 
increase in visceral adiposity and therefore may influence the risk of T2D (110; 111).
Emerging evidence from observational studies shows that, irrespective of sex, higher levels of 
sex-hormone binding globulin (SHBG) are associated with lower risk of developing T2D (112). 
Increasing genetic evidence is showing that SHBG and sex hormones are involved in the etiology 
of T2D (113; 114). However, literature on the associations of steroid sex hormones, such as endog-
enous estradiol and testosterone with T2D is scarce. Studies have shown that high testosterone 
levels are associated with higher risk of type 2 diabetes in women but with lower risk in men 
(108; 115). The previous literature on the association between estradiol and T2D risk remains 
controversial (116). Higher concentrations of total estradiol are associated with increased risk 
of T2D (117-119), while randomized controlled trials have consistently shown decreased T2D 
incidence in women assigned to menopausal treatment with estrogens (120).
Less is known about the relation between dehydroepiandrosterone (DHEA) and the risk of 
T2D development in humans. Most of the evidence on the positive role of DHEA in glucose 
metabolism comes from animal studies (121), while the results from human studies are rare, 
controversial (122-124) and mainly conducted in postmenopausal women .
Despite extensive research on sex hormones and the risk of T2D development, the evidence on 
the role of upstream hormones such as DHEA from longitudinal studies including both healthy 
women and men remains scarce. Moreover, further research is needed on the way sex hormones 
affect T2D etiological components such as obesity and body fat distribution.
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Outline of this thesis
In this thesis, I attempt to provide additional evidence from the large prospective population-
based Rotterdam Study, regarding the role of already known or novel risk markers for prediabetes 
and type 2 diabetes risk. I mainly focus on markers of inflammation, body fat and lipids as well 
as sex hormones role in the development of T2D. The second chapter is focused on the role of in-
flammation in T2D. Chapter 2.1 investigates the association between several novel inflammatory 
markers and incident prediabetes, T2D as well as insulin therapy start. Chapter 2.2 examines the 
role of total antioxidant capacity of diet and plasma markers of oxidant-antioxidant status in low-
grade chronic inflammation. The objective of chapter 2.3 is to determine whether serum uric 
acid is associated with incident prediabetes among normoglycaemic individuals and incident 
T2D among prediabetic individuals.
The third chapter focuses on the role of body fat and lipids in type 2 diabetes risk. Chapter 
3.1investigates the capacity of different HDL apolipoproteins as biomarkers for incident type 2 
diabetes. In chapter 3.2 novel metabolic indices are studied as potential markers for the risk of 
T2D separately in women and men from the Rotterdam Study. Moreover, this chapter assesses 
the associations of truncal fat depot measured by DXA with incident type 2 diabetes.
Chapter 3.3 examines the associations between epicardial fat volume and incident type 2 diabetes 
as well as stroke and hard coronary heart disease.
In the fourth chapter, I focus on the role of sex hormones in T2D risk. Chapter 4.1 aims to 
assess the associations between serum levels of DHEA, its main derivatives- DHEAS and an-
drostenedione as well as the DHEAS-to-DHEA ratio with the risk of type 2 diabetes. Chapter 
4.2 aims to explore if endogenous sex hormone levels relate to changes in body composition in 
postmenopausal women.
Finally, the general discussion (chapter 5) summarizes the key findings of the studies included in 
this thesis, places the results in the context of the current literature, elaborates on their potential 
clinical implications and discusses the directions for future research.
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ABSTRACT

Background
The immune response involved in each phase of type 2 diabetes (T2D) development might be 
different. We aimed to identify novel inflammatory markers that predict progression from nor-
moglycemia to pre-diabetes, incident T2D and insulin therapy.

Methods
We used plasma levels of 26 inflammatory markers in 971 subjects from the Rotterdam Study. 
Among them 17 are novel and 9 previously studied. Cox regression models were built to perform 
survival analysis.

Main Outcome Measures
During a follow-up of up to 14.7 years (between April 1, 1997, and Jan 1, 2012) 139 cases of pre-
diabetes, 110 cases of T2D and 26 cases of insulin initiation were identified.

Results
In age and sex adjusted Cox models, IL13 (HR = 0.78), EN-RAGE (1.30), CFH (1.24), IL18 (1.22) 
and CRP (1.32) were associated with incident pre-diabetes. IL13 (0.62), IL17 (0.75), EN-RAGE 
(1.25), complement 3 (1.44), IL18 (1.35), TNFRII (1.27), IL1ra (1.24) and CRP (1.64) were associated 
with incident T2D. In multivariate models, IL13 (0.77), EN-RAGE (1.23) and CRP (1.26) remained 
associated with pre-diabetes. IL13 (0.67), IL17 (0.76) and CRP (1.32) remained associated with 
T2D. IL13 (0.55) was the only marker associated with initiation of insulin therapy in diabetics.

Conclusions
Various inflammatory markers are associated with progression from normoglycemia to pre-
diabetes (IL13, EN-RAGE, CRP), T2D (IL13, IL17, CRP) or insulin therapy start (IL13). Among 
them, EN-RAGE is a novel inflammatory marker for pre-diabetes, IL17 for incident T2D and IL13 
for pre-diabetes, incident T2D and insulin therapy start.

Keywords
inflammatory markers, phase-specific, pre-diabetes, type 2 diabetes, insulin therapy, novel, IL13, 
IL17, EN-RAGE.
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Novel inflammatory markers for incident prediabetes and type 2 diabetes.

INTRODUCTION

There is increasing evidence that inflammation plays a role in the development of type 2 diabetes 
mellitus (DM) (1-3). In this context, the identification of novel inflammatory markers associated 
with the risk of type 2 DM will shed light on the pathophysiology of the disease and might also 
help clinicians to target individuals at highest risk (4; 5). So far, a limited number of inflamma-
tory markers have been investigated. Previous studies reported inflammatory markers including 
C-reactive protein (CRP), interleukin 6 (IL6) and adiponectin to associate with the risk of type 2 
DM (6-11). These studies merely investigated inflammatory markers that predict the conversion 
from normoglycemia to type 2 DM.
Healthy individuals are thought to experience a pre-diabetes phase before developing type 2 DM. 
Pre-diabetes is the presence of blood glucose levels higher than normal, but not yet high enough 
to be classified as diabetes (12). Moreover, type 2 DM could further deteriorate to a stage, where 
glucose control is only possible by insulin therapy (12; 13). Progression from normoglycemia 
to pre-diabetes is thought to be driven by insulin resistance, while progression to type 2 DM 
and need for insulin therapy is further affected by beta cell dysfunction (14-16). Therefore, the 
immune response involved in each of these phases might be different (17).
We hypothesized that inflammatory markers are phase-specific for conversion from normogly-
cemia to pre-diabetes, diabetes and need for insulin therapy. We agnostically studied the associa-
tion of a set of inflammatory markers with progression from normoglycemia to pre-diabetes, 
type 2 DM and finally to insulin therapy.

MATERIALS AND METHODS

Study population
The Rotterdam Study is a prospective population-based cohort study in Ommoord, a district 
of Rotterdam, the Netherlands. The design of the Rotterdam Study has been described in more 
detail elsewhere (18). Briefly, in 1989 all residents within the well-defined study area aged 55 
years or older were invited to participate of whom 78% (7983 out of 10275) agreed. There were 
no other eligibility criteria to enter the Rotterdam Study except minimum age and residency are 
based on ZIP code. The first examination took place from 1990 to 1993, after which follow-up 
examinations were conducted every 3-5 years. This study was based on data collected during the 
third visit (1997-1999). We used data from 971 individuals with available data on inflammatory 
markers, drawn as a random control sample in a case-cohort study of markers for dementia. The 
Rotterdam Study has been approved by the medical ethics committee according to the Popula-
tion Screening Act: Rotterdam Study, executed by the Ministry of Health, Welfare and Sports 
of Netherlands. All participants in the present analysis provided written informed consent to 
participate and to obtain information from their treating physicians.
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Measurement of inflammatory markers
Fasting blood samples were collected at the research centre. Plasma was isolated and immediately 
put on ice and stored at -80°C. Citrate plasma (200Ul) was sent in July 2008 to Rules-Based 
Medicine, Austin, Texas (www.myriadrbm.com). The samples were thawed at room temperature, 
vortexed, spun at 4000 RPM for 5 minutes for clarification and volume was removed for MAP 
analysis into a master microtiter plate. Using automated pipetting, an aliquot of each sample was 
introduced into one of the capture microsphere multiplexes of the Multi Analyte Profile. The 
mixture of sample and capture microspheres were thoroughly mixed and incubated at room tem-
perature for 1 hour. Multiplexed cocktails of biotinylated, reporter antibodies for each multiplex 
were then added robotically and after thorough mixing, were incubated for an additional hour 
at room temperature. Multiplexes were developed using an excess of streptavidin-phycoerythrin 
solution which was thoroughly mixed into each multiplex and incubated for 1 hour at room 
temperature. The volume of each multiplexed reaction was reduced by vacuum filtration and 
the volume increased by dilution into matrix buffer for analysis. Analysis was performed in a 
Luminex 100 instrument and the resulting data stream was interpreted using proprietary data 
analysis software developed at Rules-Based Medicine (https://myriadrbm.com/scientific-media/
quality-control-systems-white-paper/). For each multiplex, both calibrators and controls were 
included on each microtiter plate. 8-point calibrators were run in the first and last column of 
each plate and 3-level controls were included in duplicate. Testing results were determined first 
for the high, medium and low controls for each multiplex to ensure proper assay performance. 
Unknown values for each of the analytes localized in a specific multiplex were determined using 
4 and 5 parameter, weighted and non-weighted curve fitting algorithms included in the data 
analysis package.
Fifty inflammatory markers were quantified using multiplex immunoassay on a custom designed 
human multi-analyte profile. The intra-assay variability was less than 4% and the inter assay 
variability was less than 13%. Markers with more than 60% completeness of measurements were 
selected for analysis (26 from 50) (19).

Type 2 diabetes mellitus diagnosis
The participants were followed from the date of baseline center visit onwards. At baseline and 
during follow-up, cases of pre-diabetes and type 2 DM were ascertained through active follow-up 
using general practitioners’ records, hospital discharge letters and glucose measurements from 
Rotterdam Study visits which take place approximately every 4 years (20). Diabetes, pre-diabetes 
and normoglycemia were defined according to the current WHO guidelines. Normoglycemia 
was defined as a fasting blood glucose level < 6.0 mmol/L; pre-diabetes was defined as a fasting 
blood glucose between 6.0 mmol/L and 7.0 mmol/L or a non-fasting blood glucose between 7.7 
mmol/L and 11.1 mmol/L (when fasting samples were unavailable); type 2 diabetes was defined as 
a fasting blood glucose ≥ 7.0 mmol/L, a non-fasting blood glucose ≥ 11.1 mmol/L (when fasting 
samples were unavailable), or the use of blood glucose lowering medication (20). Information 
regarding the use of blood glucose lowering medication was derived from both structured home 
interviews and linkage to pharmacy dispensing records. At baseline, more than 95% of the Rot-
terdam Study population was covered by the pharmacies in the study area. All potential events of 
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pre-diabetes and type 2 diabetes were independently adjudicated by two study physicians. In case 
of disagreement, consensus was sought with an endocrinologist. Follow-up data was complete 
until January 1st 2012, calculated as a separate variable for every outcome, taking in account the 
hierarchy of events as follows: pre-diabetes, type 2 diabetes, insulin therapy start (20).

Covariates
Height and weight were measured with the participants standing without shoes and heavy outer 
garments. Body mass index (BMI) was calculated as weight divided by height squared (kg/m2). 
Waist circumference was measured at the level midway between the lower rib margin and the 
iliac crest with participants in standing position without heavy outer garments and with emptied 
pockets, breathing out gently. Blood pressure was measured at the right brachial artery with 
a random-zero sphygmomanometer with the participant in sitting position, and the mean of 
2 consecutive measurements was used. Information on medication use, medical history and 
smoking behaviour was collected via computerized questionnaires during home visits. Smoking 
was classified as current versus non-current smokers. Participants were asked whether they were 
currently smoking cigarettes, cigars, or pipes. History of cardiovascular disease was defined as 
a history of coronary heart diseases (myocardial infarction, revascularization, coronary artery 
bypass graft surgery or percutaneous coronary intervention) and was verified from the medical 
records of the general practitioner. Alcohol intake was assessed in grams of ethanol per day. In-
sulin, glucose, total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), triglycerides 
(TG) were measured on the COBAS 8000 Modular Analyzer (Roche Diagnostics GmbH). The 
corresponding interassay coefficients of variations are the following: insulin <8%, glucose <1.4%, 
lipids <2.1%. HOMA-IR (the homeostatic model assessment to quantify insulin resistance) was 
calculated dividing the product of fasting glucose (in mmol/L) and fasting insulin (in mU/L) by 
22.5. HOMA-B (the homeostatic model assessment of β-cell function) was calculated dividing 
the product of fasting insulin (in mU/L) and 20 by the difference of glucose (in mmol/L) with 
3.5 (21).

Statistical analyses
We used linear regression to investigate the association between each inflammatory marker 
and fasting glucose and fasting insulin in 851 subjects free of diabetes at baseline (excluding 120 
prevalent diabetes cases from 971 subjects with available data) as presented at Figure 1.1, Figure 
1.2, Supplementary table 2.1, Supplementary table 2.2. Also the associations between markers 
with HOMA-IR and HOMA-B were investigated using linear regression (Supplementary table 
3). Markers with a right-skewed distribution were transformed to the natural logarithmic scale 
(including fasting glucose and insulin). For a better comparison between the inflammatory 
markers, all markers were standardized by dividing the measured value by the standard devia-
tion. We defined marker values as an outlier when the value was > 4 standard deviations higher 
or lower than the mean of the normal variable (not natural log transformed). Participants were 
excluded from the analyses when the marker value for this person was an outlier. A multiple 
imputation procedure was used for missing covariates (N= 5 imputations). The analyses with 
incident pre-diabetes, incident type 2 DM and need for insulin therapy were performed using 
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Figure 1.1. Associations of infl ammatory markers with fasting glucose.
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CD40, cluster of diff erentiation 40; CD40 ligand, cluster of diff erentiation 40 ligand ; EN-RAGE, Extracellular Newly identi-
fi ed Receptor for Advanced Glycation End-products binding protein; FAS, Fas Cell Surface Death Receptor; HCC4, Human 
CC chemokine-4; IL13, interleukin 13; IL16, interleukin 16; IL17, interleukin 17; IL8, interleukin 8; MDC, Monocyte De-
rived Chemokine; MIP1alpha, Macrophage Infl ammatory Protein 1 alpha; MIP1beta, Macrophage Infl ammatory Protein 1 
beta; PARC, Pulmonary and Activation-Regulated Chemokine; sRage, Soluble Receptor of Advanced Glycation End-products; 
TRAILR3, Tumor Necrosis Factor-related Apoptosis-inducing Ligand Receptor 3; CFH, Complement Factor H; IL18, interleu-
kin 18; MCP1, Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally T-Expressed, And Presum-
ably Secreted; TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antagonist; CRP, C-Reactive Protein. 
*Signifi cant associations between the marker and fasting glucose. Adjusted for age, sex, BMI, waist circumference (WC), Total 
Cholesterol, HDL, medication for hypertension, smoking, prevalent CVD, lipid lowering medication.

Figure 1.2. Associations of infl ammatory markers with fasting insulin.
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kin 18; MCP1, Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally T-Expressed, And Presum-
ably Secreted; TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antagonist; CRP, C-Reactive Protein. 
*Signifi cant associations between the marker and fasting insulin. Adjusted for age, sex, BMI, waist circumference (WC), Total 
Cholesterol, HDL, medication for hypertension, smoking, prevalent CVD, lipid lowering medication.
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Cox proportional hazard models to calculate hazard ratios (HRs) and 95% confidence intervals 
(CI). The first model with incident pre-diabetes and diabetes was adjusted for age and sex (table 
2). Significant markers were further investigated in multivariable models (table 3). In the second 
model, we additionally adjusted for body mass index, waist circumference, total cholesterol, 
HDL-cholesterol, medication for hypertension, smoking, prevalent cardiovascular disease and 
lipid lowering medication. In the third model we additionally adjusted for C-reaction protein 
(CRP) levels (except for CRP marker). We sought to investigate the associations between the 
inflammatory markers and the need for insulin therapy in 115 prevalent diabetes cases with no 
prevalent use of insulin at baseline (from 120 prevalent cases in total). The inflammatory mark-
ers were not correlated to each other, representing 26 independent variables. As a sensitivity 
analysis, to identify the most robust findings in every analysis, we applied a Bonferroni corrected 
p-value of 1.9 × 10-3 (0.05/26 markers).The analyses were performed using IBM SPSS Statistics for 
Windows (IBM SPSS Statistics for Windows, Armonk, New York: IBM Corp) and R V.3.0.1 (R 
Foundation for Statistical Computing, Vienna, Austria).

RESULTS 

Table 1 summarizes the baseline characteristics of 971 participants, including 120 prevalent 
diabetes cases. The mean (SD) age at baseline was 73.0 (7.5) years and 44.8% of our population 
sample were males. The mean BMI (SD) was 26.7 (3.9) kg/m2 and 12.6% of the study population 
used statin.

Table 1. Baseline characteristics of the study participants.
Characteristic Value *

Total population number 971

Age, years 73.0 ± 7.5

Men, n (%) 435.0 (44.8)

Waist Circumference, m 0.9 ± 0.1

Body mass index, kg/m2 26.7 ± 3.9

Systolic blood pressure, mmHg 144.0 ± 21.7

Diastolic blood pressure, mmHg 75.0 ± 11.0

Hypertension medication with indication, n (%) 744.0 (76.6)

Total cholesterol, mmol/L 5.8 ± 1.0

HDL cholesterol, mmol/L 1.4 ± 0.4

Fasting glucose, mmol/L 5.6 (3.54)

Fasting insulin, uIU/L 9.4 (19.87)

Current smokers, n (%) 137.0 (14.1)

Former smokers, n (%) 483.0 (49.7)

Prevalent CVD, n (%) 201.0 (20.7)

Alcohol intake in drinkers (76%), g/day 5.71 (42.73)

Lipid lowering medication, n (%) 122.0 (12.6)

Abbreviations: HDL, high density lipoproteins; CVD, cardiovascular disease.
 * Plus-minus values are means ± standard deviation or median (inter-quartile range).
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Baseline levels of inflammation markers are presented in Supplementary table 1.4.

Cross-sectional analysis
Figure 1.1 and 1.2 present the multivariable adjusted associations between the inflammatory 
markers and fasting glucose, fasting insulin in 851 subjects free of diabetes at baseline. Three 
markers, EN-RAGE, IL13 and sRAGE were significantly associated with fasting glucose. CD40, 
EN-RAGE, FAS, HCC4, IL13, IL18, TRAILR3, CFH, complement 3, IL18 and IL1ra were signifi-
cantly associated with fasting insulin.

Prospective analyses
During a median follow-up of 9.5 years in 698 subjects free of pre-diabetes at baseline, 139 cases 
of pre-diabetes were identified (21 pre-diabetes cases per 1000 person-years). Supplementary 
table 1.1 presents baseline characteristics among pre-diabetes cases and non-cases.
In age and sex adjusted model, EN-RAGE, IL13, CFH, IL18 and CRP were associated with inci-
dent pre-diabetes (table 2). In multivariate models, IL13 (HR = 0.77), EN-RAGE (HR = 1.23) and 
CRP (HR = 1.26) remained associated with incident pre-diabetes (table 3).
During a median follow-up of 12.1 years in 851 subjects free of diabetes at baseline, 110 cases of 
incident type 2 diabetes were identified (11 diabetes cases per 1000 person-years). Supplementary 
table 1.2 presents baseline characteristics among diabetes cases and non-cases.
In age and sex adjusted model, EN-RAGE, IL13, IL17, complement 3, IL18, TNFRII, IL1ra and 
CRP were associated with incident type 2 diabetes (table 2).
In multivariate models, IL13 (HR = 0.67), IL17 (HR = 0.76) and CRP (HR = 1.32) remained associ-
ated with incident type 2 diabetes (table 3).
During a median follow-up of 7.5 years in 115 prevalent diabetics free of insulin at baseline, 
26 started insulin therapy (30 insulin starters per 1000 person-years). Supplementary table 1.3 
presents baseline characteristics among insulin starters and non-starters.
The only marker associated with need for insulin therapy was IL13. In age and sex adjusted model, 
the risk for insulin therapy start was 45% lower per standard deviation increase in the natural 
log-transformed IL13 (HR=0.55, 95% CI: 0.34, 0.90), (Supplementary Table 4). The association 
between 1L13 and initiation of insulin therapy remained significant after further adjustment 
for BMI, waist circumference, total cholesterol, HDL, medication for hypertension, smoking, 
prevalent CVD, lipid lowering medication (HR = 0.49, 95% CI: 0.28, 0.91).

DISCUSSION

Although a sizable number of studies have documented the association of inflammatory markers 
with type 2 DM, most of them investigated the risk to become diabetic, but not the risk of pre-
diabetes and insulin therapy start (8). In this study we investigated a wide range of inflammatory 
markers for phase-specific prediction of progression to type 2 DM and identified EN-RAGE, IL13 
and IL17 as novel inflammatory markers. Higher EN-RAGE levels were associated with an in-
creased risk of incident pre-diabetes, whereas higher IL13 levels were associated with a decreased 
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risk of pre-diabetes, incident type 2 DM and need for insulin therapy. Higher IL17 levels were 
associated with a decreased risk of incident type 2 DM. In addition, this study reconfirm the 
previously found associations between high CRP levels and the increased risk for type 2 diabetes 
(6-8).

Table 2. Age and sex-adjusted associations between markers and incident pre-diabetes, incident type 2 diabe-
tes mellitus.

Marker

 Incident pre-diabetes  Incident diabetes

HR(95%CI) P-value HR(95%CI) P-value

CD40, ng/mL 0.93 (0.72, 1.19) 0.5 1.18 (0.91, 1.52) 0.2

CD40 ligand *, ng/mL 0.95 (0.79, 1.16) 0.6 1.06 (0.85, 1.32) 0.6

EN-RAGE *, ng/mL 1.30 (1.08, 1.56) 5.0 × 10-3 1.25 (1.01, 1.54) 4.0 × 10-2

Eotaxin *, pg/mL 0.95 (0.79, 1.15) 0.6 0.98 (0.80, 1.21) 0.8

FAS *, ng/mL 1.09 (0.88, 1.35) 0.4 1.09 (0.87, 1.38) 0.4

HCC4, ng/mL 1.11 (0.90, 1.35) 0.3 1.24 (0.99, 1.53) 5.4 × 10-2

IL13 *, pg/mL 0.78 (0.64, 0.94) 8.0 × 10-3 0.62 (0.50, 0.76) b5.0 × 10-6

IL16, pg/mL 1.07 (0.88, 1.29) 0.4 1.17 (0.94, 1.45) 0.1

IL17 *, pg/mL 0.97 (0.81, 1.16) 0.7 0.75 (0.62, 0.91) 3.0 × 10-3

IL8 *, pg/mL 1.05 (0.87, 1.27) 0.5 1.19 (0.97, 1.47) 0.1

MDC, pg/mL 0.94 (0.75, 1.17) 0.5 1.19 (0.94, 1.50) 0.1

MIP1 alpha *, pg/mL 1.09 (0.90, 1.32) 0.3 1.08 (0.87, 1.34) 0.5

MIP1 beta *, pg/mL 1.05 (0.87, 1.26) 0.6 1.00 (0.81, 1.25) 0.9

PARC, ng/mL 1.08 (0.88, 1.32) 0.4 0.94 (0.75, 1.19) 0.6

sRAGE *, ng/mL 0.95 (0.79, 1.14) 0.6 0.91 (0.75, 1.11) 0.3

TRAILR3 *, ng/mL 1.18 (0.98, 1.41) 8.1 × 10-2 1.19 (0.97, 1.47) 9.1 × 10-2

CFH *, ug/mL 1.24 (1.02, 1.49) 2.8 × 10-2 1.05 (0.87, 1.28) 0.6

Complement 3*, mg/mL 1.13 (0.94, 1.36) 0.1 1.44 (1.17, 1.77) b1.0 × 10-3

IL18*, pg/mL 1.22 (1.02, 1.47) 3.2 × 10-2 1.35 (1.10, 1.65) 4.0 × 10-3

MCP1*, pg/mL 0.93 (0.76, 1.14) 0.4 0.99 (0.79, 1.25) 0.9

MIF*, ng/mL 0.97 (0.82, 1.14) 0.6 1.11 (0.92, 1.35) 0.2

RANTES*, ng/mL 0.89 (0.75, 1.05) 0.1 1.05 (0.87, 1.27) 0.6

Resistin*, ng/mL 1.02 (0.85, 1.24) 0.8 0.96 (0.78, 1.18) 0.7

TNFRII*, ng/mL 0.97 (0.79, 1.18) 0.7 1.27 (1.03, 1.58) 2.9 × 10-2

Il1ra*, pg/mL 1.04 (0.87, 1.25) 0.6 1.24 (1.02, 1.51) 3.4 × 10-2

CRP*, ug/mL 1.32 (1.10, 1.58) 3.0 × 10-3 1.64 (1.33, 2.02) b4.0 × 10-6

* Naturally log-transformed
CD40, cluster of differentiation 40; CD40 ligand, cluster of differentiation 40 ligand ; EN-RAGE, Extracellular Newly identi-
fied Receptor for Advanced Glycation End-products binding protein; FAS, Fas Cell Surface Death Receptor; HCC4, Human 
CC chemokine-4; IL13, interleukin 13; IL16, interleukin 16; IL17, interleukin 17; IL8, interleukin 8; MDC, Monocyte De-
rived Chemokine; MIP1alpha, Macrophage Inflammatory Protein 1 alpha; MIP1beta, Macrophage Inflammatory Protein 1 
beta; PARC, Pulmonary and Activation-Regulated Chemokine; sRage, Soluble Receptor of Advanced Glycation End-products; 
TRAILR3, Tumor Necrosis Factor-related Apoptosis-inducing Ligand Receptor 3; CFH, Complement Factor H; IL18, interleu-
kin 18; MCP1, Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally T-Expressed, And Presum-
ably Secreted; TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antagonist; CRP, C-Reactive Protein. 
bSensitivity analysis: significant after Bonferroni correction (p = 0.05/26 = 1.9 × 10-3)
 The p-values are bold when they are less than or equal to the significance level cut-off of 0.05.
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Table 3. Multivariable-adjusted associations between markers and incident pre-diabetes, incident type 2 diabetes 
mellitus.

Marker

Incident pre-diabetes Incident type 2 diabetes

HR(95%CI) P-value HR(95%CI) P-value

IL13

Model 1 0.78 (0.64, 0.94) 8.0 × 10-3 0.62 (0.50, 0.76) 5.0 × 10-6 

Model 2 0.78 (0.63, 0.98) 2.9 × 10-2 0.68 (0.53, 0.88) 4.0 × 10-3

Model 3 0.77 (0.62, 0.96) 2.2 × 10-2 0.67 (0.52, 0.86) 2.0 × 10-3

IL17

Model 1 0.97 (0.81, 1.16) 0.7 0.75 (0.62, 0.91) 3.0 × 10-3 

Model 2 0.97 (0.82, 1.16) 0.7 0.75 (0.62, 0.91) 4.0 × 10-3

Model 3 0.98 (0.82, 1.17) 0.8 0.76 (0.63, 0.93) 7.0 × 10-3

EN-RAGE

Model 1 1.30 (1.08, 1.56) 5.0 × 10-3 1.25 (1.01, 1.54) 4.0 × 10-2 

Model 2 1.28 (1.06, 1.56) 1.2 × 10-2 1.13 (0.89, 1.41) 0.3

Model 3 1.23 (1.01, 1.51) 4.1 × 10-2 1.05 (0.83, 1.32) 0.6

Complement 3

Model 1 1.13 (0.94, 1.36) 0.1 1.44 (1.17, 1.77) 1.0 ×10-3 

Model 2 1.05 (0.86, 1.27) 0.6 1.19 (0.96, 1.49) 0.1

Model 3 0.99 (0.82, 1.21) 0.9 1.10 (0.87, 1.39) 0.4

CFH

Model 1 1.24 (1.02, 1.49) 2.8 × 10-2 1.05 (0.87, 1.28) 0.6 

Model 2 1.19 (0.99, 1.45) 6.5 × 10-2 0.98 (0.81, 1.18) 0.8

Model 3 1.18 (0.97, 1.42) 9.7 × 10-2 0.98 (0.81, 1.18) 0.8

IL18

Model 1 1.22 (1.02, 1.47) 3.2 × 10-2 1.35 (1.10, 1.65) 4.0 × 10-3 

Model 2 1.17 (0.97, 1.41) 0.1 1.22 (0.98, 1.50) 6.7 × 10-2

Model 3 1.13 (0.94, 1.36) 0.1 1.18 (0.96, 1.46) 0.1

TNFRII

Model 1 0.97 (0.79, 1.18) 0.7 1.27 (1.03, 1.58) 2.9 × 10-2 

Model 2 0.89 (0.73, 1.09) 0.2 1.08 (0.86, 1.37) 0.5

Model 3 0.81 (0.66, 1.01) 6.1 × 10-2 0.99 (0.78, 1.28) 0.9

IL1ra

Model 1 1.04 (0.87, 1.25) 0.6 1.24 (1.02, 1.51) 3.4 × 10-2 

Model 2 0.97 (0.80, 1.17) 0.7 1.03 (0.83, 1.27) 0.8

Model 3 0.94 (0.78, 1.14) 0.5 0.98 (0.79, 1.22) 0.8

CRP

Model 1 1.32 (1.10, 1.58) 3.0 × 10-3 1.64 (1.33, 2.02) 4.0 × 10-6 

Model 2 1.26 (1.04, 1.53) 1.8 × 10-2 1.32 (1.05, 1.67) 1.7 × 10-2

Model 3 NA NA NA NA

Model 1: age and sex adjusted
Model 2: additionally adjusted for BMI, waist circumference (WC), Total Cholesterol, HDL, medication for hypertension, 
smoking, prevalent CVD, lipid lowering medication
Model 3: additionally adjusted for CRP
The p-values are bold when they are less than or equal to the significance level cut-off of 0.05.
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EN-RAGE, also known as S100A12 or Calgranulin C, is a calcium-binding pro inflammatory 
protein mainly secreted by granulocytes. The best known target protein of EN-RAGE are RAGE 
(Receptor for Advanced Glycation Endproducts) (22) and TLR4 (Toll-like receptor 4) (23). Liga-
tion of EN-RAGE with RAGE or TLR4, which are both gatekeepers of the innate immune system, 
activates inflammatory cascades, including the NF-κB pathway and JNK (c-Jun NH 2 –terminal 
kinase) (24). NF-κB and JNK are both signaling pathways involved in the pathogenesis of insulin 
resistance and type 2 DM (25). EN-RAGE is positively associated with chronic inflammatory 
disorders such as inflammatory bowel disease, chronic kidney disease, subclinical atherosclerosis 
and coronary artery disease. A cross-sectional study in Italian population found that prediabetic 
patients exhibited lower RAGE plasma levels as well as increased levels of proinflammatory 
S100A12 in both prediabetic and diabetic patients (26). In addition, we have previously reported 
the positive association between EN-RAGE and incident CHD in the Rotterdam Study (19). Ko-
saki et al observed increased plasma EN-RAGE levels in patients with type 2 DM (27). EN-RAGE 
was significantly associated with both HOMA-IR and HOMA-B, suggesting proinflammatory 
EN-RAGE leads to incident type 2 DM via inflammation –induced insulin resistance as well as 
via B-cell dysfunction (Supplementary table 3).
Interleukin 13 (IL13) is a cytokine mainly produced by the T-helper (Th)-2 subset of lymphocytes, 
but also from non-T-cell populations such as mast cells, basophils, dendritic cells, keratinocytes 
and eosinophils (28-30). IL13 is a regulator of inflammation and immune responses (31). IL13 
has a common receptor unit (α-chain) with interleukin 4 (IL4), which explains the similarities 
between IL13 and IL4 (32). Previous research has reported a preventive effect of IL4 on the onset 
of diabetes in non-obese diabetic mice (NOD mice) (33). Furthermore, Zaccone et al found that 
IL13 prevents autoimmune diabetes in NOD mice, providing evidence that IL13 down-regulates 
the immune-inflammatory diabetogenic pathways (34), which is in agreement with our findings. 
Wong et al suggested the stimulation of IL13 receptors on T-cells, as a new pathway for tolerance 
induction in NOD mice (35). In addition, IL13 is a B cell stimulating factor, which further sup-
ports our observation (36). Stanya et al conclude that IL13 mitigates proinflammatory response 
in mice and regulates glucose homeostasis via the IL-13rα1–STAT3 signaling pathway in the liver, 
and that this pathway might provide a target for glycemic control in type 2 DM (37).
We also investigated the associations of IL13 with HOMA-IR and HOMA-B. IL13 was associated 
with both of them, suggesting a protective role against insulin resistance and B-cell dysfunction 
(Supplementary table 3).
There are six members in the interleukin 17 (IL17) cytokine family, including IL17A, IL17B, IL17C, 
IL17D, IL17E (also known as IL25) and IL17F. Among all the members, the biological function 
and regulation of IL17A and IL17F are best understood. IL17A was produced mainly in T cells, 
whereas IL-17F was produced in T cells, innate immune cells, and epithelial cells. Functionally, 
both IL17A and IL17F mediate pro-inflammatory responses (38; 39). IL17 family cytokines have 
been linked to many autoimmune diseases, including multiple sclerosis, rheumatoid arthritis, 
inflammatory bowel disease and psoriasis (40). The role of IL17 on the risk for type 2 DM remains 
unclear. Roohi A et al. (41) reported no association between serum IL17 levels and type 1 and 2 
diabetes. Another study found that therapeutic improvement of glucoregulation in newly diag-
nosed type 2 DM patients is associated with a reduction of IL-17 levels (42). Our study suggest a 
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protective IL17 cytokine against the risk for type 2 DM (HR = 0.76), which is controversial and 
novel to the already known pro-inflammatory role of IL17 family cytokines. However, a cross-
sectional case-control study has reported inverse associations of serum levels of IL17 with type 2 
DM as well as with retinopathy, which is in line with our findings (43).
This study has certain strengths and limitations. To our knowledge, this is the first prospective 
population-based cohort study to investigate the association between a large set of novel inflam-
matory markers and the progression of type 2 DM with long-term follow-up. Furthermore, we 
performed sensitivity analysis, adjusting the type I error for multiple testing in order to highlight 
the most robust associations in every analyses. However, given the novelty of the markers, we re-
ported significant findings at the level of 0.05 to avoid missing possibly important findings (44). 
Beyond the identification of new novel inflammatory markers for type 2 diabetes, our findings 
relate them specifically to different stages of the disease. We are also aware of some limitations of 
the study. First, we had to exclude inflammatory markers with very low serum concentrations. 
However, the selected markers have > 60% completeness of measurements, indicating acceptable 
quality of quantification. Second, our population is 55 years and older, thus generalization of the 
results to a younger age should be done with caution. Also, the Rotterdam Study mainly includes 
individuals from European Ancestry (98%). The effect estimates might differ between ethnicities.
A better prevention of type 2 DM requires the targeting of subjects at high risk in very early 
phases, such as pre-diabetes (12). In this context, it is worth to investigate novel inflammatory 
markers that might be detectors of different stages of type 2 DM development (17).
In conclusion, our results show various inflammatory markers are associated with the progres-
sion from normoglycemia to type 2 DM and need for insulin therapy in a phase-specific manner. 
Among them, EN-RAGE is a novel inflammatory marker for pre-diabetes, IL17 for incident type 
2 DM and IL13 for pre-diabetes, incident type 2 DM and insulin therapy start. This study only 
indicates new associations, emphasizing the need for further studies to establish the role of EN-
RAGE, IL13 and IL17 in the development of type 2 diabetes.
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Supplementary Table 1.1. Baseline characteristics among non- pre-diabetes cases/ pre-diabetes cases.
Characteristic Non- pre-diabetes cases Incident pre-diabetes cases p-value

Total population number 559 139

Age, years 73 ± 7.6 71 ± 6.1 < 0.001

Men, n (%) 238 (43) 60 (43.2) 0.9

Waist Circumference, m 0.9 ± 0.1 0.9 ± 0.1 0.3

Body mass index, kg/m2 25.9 ± 3.6 27.0 ± 3.8 0.003

Systolic blood pressure, mmHg 143 ± 21.7 142 ± 20.1 0.4

Diastolic blood pressure, mmHg 74.6 ± 10.9 74.9 ± 10.9 0.7

Hypertension medication with indication, 
n (%)

107 (19.3) 30 (21.6) 0.052

Total cholesterol, mmol/L 5.8 ± 1.0 5.8 ± 0.9 0.9

HDL cholesterol, mmol/L 1.5 ± 0.4 1.4 ± 0.4 0.016

Fasting glucose, mmol/L 5.3 (4.7 – 5.9) 5.6 (4.9 – 6.0) < 0.001

Fasting insulin, uIU/L 8.2 (3.7 – 18.4) 9.6 (3.7 – 22.4) 0.002

Current smokers, n (%) 85 (15.4) 19 (13.7) 0.6

Former smokers, n (%) 255 (46.1) 77 (55.4) 0.1

Prevalent CVD, n (%) 94 (17) 15 (10.8) 0.07

Alcohol intake in drinkers (76%), g/day 2.9 (0.0 – 40.2) 2.9 (0.0 – 40.0) 0.6

Lipid lowering medication, n (%) 57 (10.3) 26 (18.7) 0.007

Abbreviations: HDL, high density lipoproteins; CVD, cardiovascular disease.
 Plus-minus values are means ± standard deviation or median (inter-quartile range).
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Supplementary Table 1.2. Baseline characteristics among non- diabetes cases/ diabetes cases.
Characteristic Non- diabetes cases Incident diabetes cases p-value

Total population number 741 110

Age, years 73 ± 7.5 70 ± 5.9 < 0.001

Men, n (%) 330 (44.9) 46 (41.8) 0.5

Waist Circumference, m 0.9 ± 0.1 0.9 ± 0.1 < 0.001

Body mass index, kg/m2 26.2 ± 3.7 28.4 ± 4.2 < 0.001

Systolic blood pressure, mmHg 143.4 ± 21.7 144.9 ± 19.6 0.4

Diastolic blood pressure, mmHg 75.0 ± 11.2 75.7 ± 11.2 0.5

Hypertension medication with indication, n (%) 154 (21) 36 (32.7) 0.02

Total cholesterol, mmol/L 5.8 ± 1.0 5.9 ± 0.9 0.4

HDL cholesterol, mmol/L 1.4 ± 0.4 1.3 ± 0.4 < 0.001

Fasting glucose, mmol/L 5.4 (4.7 – 6.3) 6.1 (5.1 – 6.8) < 0.001

Fasting insulin, uIU/L 8.5 (3.7 – 19.3) 12.9 (5.3 – 27.3) < 0.001

Current smokers, n (%) 107 (14.6) 18 (16.4) 0.6

Former smokers, n (%) 355 (48.3) 57 (51.8) 0.6

Prevalent CVD, n (%) 124 (16.9) 9 (8.2) 0.02

Alcohol intake in drinkers (76%), g/day 2.9 (0.0 – 41.9) 2.9 (0.0 – 40.1) 0.5

Lipid lowering medication, n (%) 81 (11) 14 (12.7) 0.8

Abbreviations: HDL, high density lipoproteins; CVD, cardiovascular disease.
 Plus-minus values are means ± standard deviation or median (inter-quartile range).
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Supplementary Table 1.3. Baseline characteristics among non-insulin starters/ insulin starters.
Characteristic Non-insulin starters Insulin starters p-value

Total population number 89 26

Age, years 74.9 ± 8.3 73.6 ± 6.5 0.001

Men, n (%) 45 (50.6) 12 (46.2) 0.3

Waist Circumference, m 0.9 ± 0.1 0.9 ± 0.1 0.6

Body mass index, kg/m2 28.3 ± 4.4 28.7 ± 4.7 0.09

Systolic blood pressure, mmHg 145.8 ± 21.0 149.7 ± 28.5 0.7

Diastolic blood pressure, mmHg 75.3 ± 10.1 75.4 ± 9.5 0.7

Hypertension medication with indication, n (%) 39 (43.8) 8 (30.8) 0.5

Total cholesterol, mmol/L 5.7 ± 0.9 5.8 ± 0.8 0.5

HDL cholesterol, mmol/L 1.2 ± 0.4 1.1 ± 0.2 0.2

Fasting glucose, mmol/L 7.5 (5.4 – 12.5) 8.8 (6.6 – 17.2) 0.02

Fasting insulin, uIU/L 12.2 (4.6 – 41.1) 12.7 (5.9 – 52.9) 0.7

Current smokers, n (%) 11 (12.4) 0 (0) 0.03

Former smokers, n (%) 49 (55.1) 17 (65.4) 0.1

Prevalent CVD, n (%) 22 (24.7) 8 (30.8) 0.005

Alcohol intake in drinkers (76%), g/day 1.4 (0.0 – 21.1) 1.4 (0.0 – 18.1) 0.4

Lipid lowering medication, n (%) 15 (16.9) 8 (30.8) 0.6

Abbreviations: HDL, high density lipoproteins; CVD, cardiovascular disease.
Plus-minus values are means ± standard deviation or median (inter-quartile range).
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Supplementary Table 1.4. Baseline characteristics of the inflammatory markers.
Marker Value

Total population free of diabetes 851

CD40, ng/mL 0.73 ± 0.27

CD40 ligand *, ng/mL 0.03 (0.01 – 0.06)

EN-RAGE *, ng/mL 10.70 (4.82 – 24.45)

Eotaxin *, pg/mL 161.00 (65.40 – 330.65)

FAS *, ng/mL 4.65 (2.94 – 8.18)

HCC4, ng/mL 4.87 ± 1.95

IL13 *, pg/mL 76.20 (48.70 - -123.00)

IL16, pg/mL 381.98 ± 103.89

IL17 *, pg/mL 12.90 (6.22 – 23.30)

IL8 *, pg/mL 9.24 (4.25 – 20.92)

MDC, pg/mL 365.61 ± 124.01

MIP1 alpha *, pg/mL 46.20 (27.22 – 73.46)

MIP1 beta *, pg/mL 122.00 (66.06 – 323.20)

PARC, ng/mL 29.93 ± 11.12

sRAGE *, ng/mL 2.67 (1.27 – 5.66)

TRAILR3 *, ng/mL 6.55 (3.48 – 12.48)

CFH *, ug/mL 2520 (890.95 – 3700)

Complement 3*, mg/mL 0.82 (0.62 – 1.06)

IL18*, pg/mL 187 (100 – 381.40)

MCP1*, pg/mL 184 (113 – 309)

MIF*, ng/mL 0.06 (0.01 – 0.15)

RANTES*, ng/mL 0.51 (0.18 – 1.79)

Resistin*, ng/mL 0.42 (0.17 – 0.99)

TNFRII*, ng/mL 3.51 (2.25 – 6.21)

Il1ra*, pg/mL 66.80 (25.99 – 191)

CRP*, ug/mL 1.37 (0.23 – 8.90)

 Plus-minus values are means ± standard deviation or median (inter-quartile range). * Naturally log-transformed markers. 
CD40, cluster of differentiation 40; CD40 ligand, cluster of differentiation 40 ligand ; EN-RAGE, Extracellular Newly identi-
fied Receptor for Advanced Glycation End-products binding protein; FAS, Fas Cell Surface Death Receptor; HCC4, Human 
CC chemokine-4; IL13, interleukin 13; IL16, interleukin 16; IL17, interleukin 17; IL8, interleukin 8; MDC, Monocyte De-
rived Chemokine; MIP1alpha, Macrophage Inflammatory Protein 1 alpha; MIP1beta, Macrophage Inflammatory Protein 1 
beta; PARC, Pulmonary and Activation-Regulated Chemokine; sRage, Soluble Receptor of Advanced Glycation End-products; 
TRAILR3, Tumor Necrosis Factor-related Apoptosis-inducing Ligand Receptor 3; CFH, Complement Factor H; IL18, interleu-
kin 18; MCP1, Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally T-Expressed, And Presum-
ably Secreted; TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antagonist; CRP, C-Reactive Protein.
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Supplementary Table 2.1. Age and sex adjusted associations between markers of inflammation and fasting 
glucose and insulin.

Marker N

Fasting glucose Fasting insulin

Beta (95%CI) P-value Beta (95%CI) P-value

CD40, ng/mL 848 0.009 (0.001, 0.018) 3.2 × 10-2 0.097 (0.050, 0.143) b4.4 × 10-5

CD40 ligand *, ng/mL 780 -0.001 (-0.008, 0.007) 0.8 -0.018 (-0.060, 0.024) 0.3

EN-RAGE *, ng/mL 843 0.012 (0.005, 0.019) b1 × 10-3 0.078 (0.041, 0.12) b3.6 x 10-5

Eotaxin *, pg/mL 841 -0.005 (-0.012, 0.002) 0.1 -0.032 (-0.070, 0.007) 0.1

FAS *, ng/mL 837 0.004 (-0.003, 0.012) 0.2 0.113 (0.072, 0.153) b7.0 × 10-8

HCC4, ng/mL 850 0.008 (0.001, 0.016) 2.6 × 10-2 0.098 (0.058, 0.138) b1.0 × 10-6

IL13 *, pg/mL 814 -0.014 (-0.021, -0.007) b7.7 × 10-5 -0.155 (-0.190, -0.119) b9.6 × 10-17

IL16, pg/mL 849 0.001 (-0.006, 0.008) 0.7 0.052 (0.015, 0.090) 7.0 × 10-3

IL17 *, pg/mL 805 -1 x 10-4 (-0.007, 0.007) 0.9 -0.026 (-0.063, 0.011) 0.1

IL8 *, pg/mL 824 0.003 (-0.004, 0.011) 0.3 0.057 (0.019, 0.096) 4.0 × 10-3

MDC, pg/mL 846 2 x 10-4 (-0.008, 0.008) 0.9 0.049 (0.006, 0.091) 2.7 × 10-2

MIP1 alpha *, pg/mL 846 -1.1 x 10-4 (-0.007, 0.007) 0.9 0.052 (0.014, 0.090) 8.0 × 10-3

MIP1 beta *, pg/mL 844 0.001 (-0.007, 0.008) 0.8 0.063 (0.023, 0.103) 2.0 × 10-3

PARC, ng/mL 845 0.002 (-0.005, 0.010) 0.5 0.039 (-0.003, 0.082) 7.0 × 10-2

sRAGE *, ng/mL 847 -0.012 (-0.019, -0.005) b1 × 10-3 -0.045 (-0.082, -0.008) 1.8 × 10-2

TRAILR3 *, ng/mL 844 0.003 (-0.003, 0.010) 0.3 0.082 (0.046, 0.118) b7.0 × 10-6

CFH *, ug/mL 840 0.004 (-0.002, 0.011) 0.1 -0.001 (-0.037, 0.034) 0.9

Complement 3*, mg/mL 851 0.014 (0.008, 0.021) b2.3 × 10-5 0.179 (0.144, 0.213) b6.0 × 10-23

IL18*, pg/mL 844 0.003 (-0.004, 0.010) 0.3 0.083 (0.046, 0.119) b9.0 × 10-6

MCP1*, pg/mL 846 -0.008 (-0.016, -8 x 10-0.005) 4.7 × 10-2 -0.015 (-0.058, 0.027) 0.4

MIF*, ng/mL 831 4 x 10-4 (-0.006, 0.007) 0.8 0.040 (0.004, 0.076) 3.1 × 10-2

RANTES*, ng/mL 849 -0.003 (-0.010, 0.004) 0.3 -0.023 (-0.059, 0.013) 0.2

Resistin*, ng/mL 844 -0.005 (-0.012, 0.002) 0.1 0.022 (-0.015, 0.058) 0.2

TNFRII*, ng/mL 846 2 x 10-4 (-0.007, 0.007) 0.9 0.105 (0.066, 0.144) b1.0 × 10-7

Il1ra*, pg/mL 821 0.011 (0.004, 0.018) b1 × 10-3 0.139 (0.104, 0.175) b1.9 × 10-14

CRP*, ug/mL 837 0.012 (0.005, 0.019) b4.8 × 10-4 0.119 (0.083, 0.156) b1.1 × 10-10

* Naturally log-transformed
CD40, cluster of differentiation 40; CD40 ligand, cluster of differentiation 40 ligand ; EN-RAGE, Extracellular Newly identi-
fied Receptor for Advanced Glycation End-products binding protein; FAS, Fas Cell Surface Death Receptor; HCC4, Human 
CC chemokine-4; IL13, interleukin 13; IL16, interleukin 16; IL17, interleukin 17; IL8, interleukin 8; MDC, Monocyte De-
rived Chemokine; MIP1alpha, Macrophage Inflammatory Protein 1 alpha; MIP1beta, Macrophage Inflammatory Protein 1 
beta; PARC, Pulmonary and Activation-Regulated Chemokine; sRage, Soluble Receptor of Advanced Glycation End-products; 
TRAILR3, Tumor Necrosis Factor-related Apoptosis-inducing Ligand Receptor 3; CFH, Complement Factor H; IL18, interleu-
kin 18; MCP1, Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally T-Expressed, And Presum-
ably Secreted; TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antagonist; CRP, C-Reactive Protein. 
bSensitivity analysis: significant after Bonferroni correction (p = 0.05/26 = 1.9 × 10-3)
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Supplementary Table 2.2. Multivariable adjusted associations between markers of inflammation and fasting 
glucose and insulin.

Marker N

Fasting glucose Fasting insulin

Beta (95%CI) P-value Beta (95%CI) P-value

CD40, ng/mL 848 0.006 (-0.003, 0.014) 0.1 0.045 (0.005, 0.086) 2.9 × 10-2

CD40 ligand *, ng/mL 780 -4 x 10-4 (-0.008, 0.007) 0.9 -0.022 (-0.057, 0.014) 0.2

EN-RAGE *, ng/mL 843 0.009 (0.002, 0.015) 1.2 × 10-2 0.047 (0.015, 0.080) 5 × 10-3

Eotaxin *, pg/mL 841 -0.001 (-0.008, 0.006) 0.6 0.011 (-0.023, 0.044) 0.5

FAS *, ng/mL 837 -0.001 (-0.008, 0.007) 0.8 0.051 (0.014, 0.087) 6 × 10-3

HCC4, ng/mL 850 0.004 (-0.003, 0.012) 0.2 0.054 (0.019, 0.088) 3 × 10-3

IL13 *, pg/mL 814 -0.008 (-0.016, 0.000) 4.7 × 10-2 -0.071 (-0.107, -0.034) b1.6 × 10-4

IL16, pg/mL 849 -0.003 (-0.010, 0.004) 0.3 0.006 (-0.027, 0.039) 0.7

IL17 *, pg/mL 805 0.001 (-0.005, 0.008) 0.7 -0.010 (-0.042, 0.022) 0.5

IL8 *, pg/mL 824 0.004 (-0.003, 0.011) 0.2 0.058 (0.024, 0.091) b1.0 × 10-3

MDC, pg/mL 846 -0.004 (-0.012, 0.004) 0.3 0.003 (-0.035, 0.041) 0.8

MIP1 alpha *, pg/mL 846 -0.002 (-0.009, 0.005) 0.5 0.023 (-0.010, 0.056) 0.1

MIP1 beta *, pg/mL 844 -0.002 (-0.009, 0.005) 0.5 0.032 (-0.003, 0.067) 6.9 × 10-2

PARC, ng/mL 845 -1 x 10-4 (-0.008, 0.008) 0.9 0.016 (-0.021, 0.053) 0.3

sRAGE *, ng/mL 847 -0.009 (-0.015, -0.002) 1.4 × 10-2 -0.023 (-0.056, 0.009) 0.1

TRAILR3 *, ng/mL 844 4 x 10-4 (-0.006, 0.007) 0.8 0.048 (0.017, 0.079) 3.0 × 10-3

CFH *, ug/mL 840 0.001 (-0.005, 0.008) 0.6 -0.031 (-0.062, -0.001) 4.6 × 10-2

Complement 3*, mg/mL 851 0.005 (-0.002, 0.012) 0.1 0.096 (0.062, 0.130) b2.3 × 10-8

IL18*, pg/mL 844 -1 x 10-4 (-0.007, 0.007) 0.9 0.040 (0.008, 0.072) 1.5 × 10-2

MCP1*, pg/mL 846 -0.007 (-0.014, 0.001) 7.5 × 10-2 3 x 10-4 (-0.037, 0.037) 0.9

MIF*, ng/mL 831 -0.002 (-0.008, 0.005) 0.5 0.007 (-0.025, 0.039) 0.6

RANTES*, ng/mL 849 -0.002 (-0.008, 0.005) 0.6 -0.007 (-0.040, 0.026) 0.6

Resistin*, ng/mL 844 -0.006 (-0.013, 1 x 10-4) 5.6 × 10-2 0.003 (-0.028, 0.035) 0.8

TNFRII*, ng/mL 846 -0.005 (-0.013, 0.002) 0.1 0.028 (-0.007, 0.064) 0.1

Il1ra*, pg/mL 821 0.005 (-0.002, 0.012) 0.2 0.061 (0.028, 0.094) b2.7 × 10-4

CRP*, ug/mL 837 0.002 (-0.005, 0.010) 0.4 0.025 (-0.010, 0.060) 0.1
* Naturally log-transformed. CD40, cluster of differentiation 40; CD40 ligand, cluster of differentiation 40 ligand ; EN-RAGE, 
Extracellular Newly identified Receptor for Advanced Glycation End-products binding protein; FAS, Fas Cell Surface Death 
Receptor; HCC4, Human CC chemokine-4; IL13, interleukin 13; IL16, interleukin 16; IL17, interleukin 17; IL8, interleukin 8; 
MDC, Monocyte Derived Chemokine; MIP1alpha, Macrophage Inflammatory Protein 1 alpha; MIP1beta, Macrophage In-
flammatory Protein 1 beta; PARC, Pulmonary and Activation-Regulated Chemokine; sRage, Soluble Receptor of Advanced 
Glycation End-products; TRAILR3, Tumor Necrosis Factor-related Apoptosis-inducing Ligand Receptor 3; CFH, Complement 
Factor H; IL18, interleukin 18; MCP1, Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally 
T-Expressed, And Presumably Secreted; TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antago-
nist; CRP, C-Reactive Protein. Adjusted for age, sex, BMI, waist circumference (WC), Total Cholesterol, HDL, medication for 
hypertension, smoking, prevalent CVD, lipid lowering medication. bSensitivity analysis: significant after Bonferroni correction 
(p = 0.05/26 = 1.9 × 10-3).
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Supplementary Table 3. Associations between markers of inflammation and HOMA indices.

Marker N

HOMA-IR HOMA-B

Beta (95%CI) P-value Beta (95%CI) P-value

CD40, ng/mL 848 0.105 (0.056, 0.155) b3.4 × 10-5 0.077 (0.033, 0.122) b1.0 × 10-3

CD40 ligand *, ng/mL 780 -0.020 (-0.065, 0.025) 0.3 -0.012 (-0.052, 0.029) 0.5

EN-RAGE *, ng/mL 843 0.090 (0.050, 0.130) b1.0 × 10-5 0.045 (0.009, 0.081) 1.4 × 10-2

Eotaxin *, pg/mL 841 -0.036 (-0.077, 0.005) 8.8 × 10-2 -0.019 (-0.056, 0.018) 0.3

FAS *, ng/mL 837 0.117 (0.073, 0.162) b1.7 × 10-7 0.101 (0.062, 0.141) b5.5 × 10-7

HCC4, ng/mL 850 0.107 (0.064, 0.150) b9.5 × 10-7 0.076 (0.037, 0.114) b1.1 × 10-4

IL13 *, pg/mL 814 -0.168 (-0.206, -0.130) b5.0 × 10-17 -0.120 (-0.155, -0.085) b2.0 × 10-11

IL16, pg/mL 849 0.054 (0.013, 0.095) 1.0 × 10-2 0.051 (0.014, 0.087) 7.0 × 10-3

IL17 *, pg/mL 805 -0.027 (-0.067, 0.013) 0.1 -0.024 (-0.060, 0.011) 0.1

IL8 *, pg/mL 824 0.060 (0.019, 0.102) 4.0 × 10-3 0.051 (0.014, 0.088) 7.0 × 10-3

MDC, pg/mL 846 0.049 (0.003, 0.095) 3.8 × 10-2 0.048 (0.006, 0.089) 2.4 × 10-2

MIP1 alpha *, pg/mL 846 0.051 (0.010, 0.092) 1.4 × 10-2 0.054 (0.018, 0.091) 4.0 × 10-3

MIP1 beta *, pg/mL 844 0.063 (0.020, 0.106) 4.0 × 10-3 0.063 (0.025, 0.102) b1.0 × 10-3

PARC, ng/mL 845 0.040 (-0.005, 0.086) 8.4 × 10-2 0.039 (-0.002, 0.080) 5.9 × 10-2

sRAGE *, ng/mL 847 -0.057 (-0.097, -0.017) 6.0 × 10-3 -0.009 (-0.045, 0.027) 0.6

TRAILR3 *, ng/mL 844 0.085 (0.047, 0.124) b1.5 × 10-5 0.073 (0.039, 0.108) b3.0 × 10-5

CFH *, ug/mL 840 0.003 (-0.036, 0.041) 0.8 -0.013 (-0.047, 0.022) 0.4

Complement 3*, mg/mL 851 0.193 (0.156, 0.230) b6.3 × 10-23 0.140 (0.106, 0.174) b8.8 × 10-16

IL18*, pg/mL 844 0.085 (0.046, 0.125) b2.2 × 10-5 0.077 (0.042, 0.112) b1.8 × 10-5

MCP1*, pg/mL 846 -0.023 (-0.069, 0.023) 0.3 0.007 (-0.034, 0.048) 0.7

MIF*, ng/mL 831 0.040 (0.001, 0.079) 4.2 × 10-2 0.040 (0.005, 0.075) 2.6 × 10-2

RANTES*, ng/mL 849 -0.026 (-0.065, 0.013) 0.1 -0.012 (-0.047, 0.022) 0.4

Resistin*, ng/mL 844 0.017 (-0.023, 0.057) 0.4 0.037 (0.002, 0.073) 3.9 × 10-2

TNFRII*, ng/mL 846 0.106 (0.064, 0.148) b6.9 × 10-7 0.103 (0.066, 0.141) b5.0 × 10-8

Il1ra*, pg/mL 821 0.150 (0.112, 0.189) b1.9 × 10-14 0.110 (0.076, 0.145) b4.4 × 10-10

CRP*, ug/mL 837 0.132 (0.093, 0.170) b3.6 × 10-11 0.086 (0.051, 0.122) b2.0 × 10-6

Age and sex adjusted. The number of subjects differs for each marker, after outliers exclusion. * Naturally log-transformed. 
CD40, cluster of differentiation 40; CD40 ligand, cluster of differentiation 40 ligand ; EN-RAGE, Extracellular Newly identi-
fied Receptor for Advanced Glycation End-products binding protein; FAS, Fas Cell Surface Death Receptor; HCC4, Human 
CC chemokine-4; IL13, interleukin 13; IL16, interleukin 16; IL17, interleukin 17; IL8, interleukin 8; MDC, Monocyte De-
rived Chemokine; MIP1alpha, Macrophage Inflammatory Protein 1 alpha; MIP1beta, Macrophage Inflammatory Protein 1 
beta; PARC, Pulmonary and Activation-Regulated Chemokine; sRage, Soluble Receptor of Advanced Glycation End-products; 
TRAILR3, Tumor Necrosis Factor-related Apoptosis-inducing Ligand Receptor 3; CFH, Complement Factor H; IL18, interleu-
kin 18; MCP1, Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally T-Expressed, And Presum-
ably Secreted; TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antagonist; CRP, C-Reactive Protein. 
bSensitivity analysis: significant after Bonferroni correction (p = 0.05/26 = 1.9 × 10-3)
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Supplementary Table 4. Associations between markers of inflammation and insulin therapy start in diabetics.

Marker N

 Insulin therapy start

HR(95%CI) P-value 

CD40, ng/mL 113 1.12 (0.69, 1.83) 0.6

CD40 ligand *, ng/mL 107 1.10 (0.69, 1.75) 0.6

EN-RAGE *, ng/mL 115 0.97 (0.62, 1.54) 0.9

Eotaxin *, pg/mL 113 1.39 (0.91, 2.12) 0.1

FAS *, ng/mL 114 0.76 (0.48, 1.22) 0.2

HCC4, ng/mL 115 0.93 (0.61, 1.41) 0.7

IL13 *, pg/mL 109 0.55 (0.34, 0.90) 1.7 × 10-2

IL16, pg/mL 115 0.99 (0.67, 1.47) 0.9

IL17 *, pg/mL 106 0.89 (0.62, 1.30) 0.5

IL8 *, pg/mL 111 0.79 (0.51, 1.24) 0.3

MDC, pg/mL 114 1.45 (0.97, 2.16) 6.8 × 10-2

MIP1 alpha *, pg/mL 114 1.02 (0.69, 1.49) 0.9

MIP1 beta *, pg/mL 114 0.66 (0.35, 1.24) 0.1

PARC, ng/mL 115 0.82 (0.53, 1.27) 0.3

sRAGE *, ng/mL 112 0.92 (0.63, 1.34) 0.6

TRAILR3 *, ng/mL 114 0.69 (0.43, 1.10) 0.1

CFH *, ug/mL 109 1.00 (0.69, 1.44) 0.9

Complement 3*, mg/mL 115 1.07 (0.73, 1.58) 0.7

IL18*, pg/mL 114 1.11 (0.71, 1.76) 0.6

MCP1*, pg/mL 115 0.92 (0.62, 1.35) 0.6

MIF*, ng/mL 115 1.09 (0.68, 1.73) 0.7

RANTES*, ng/mL 115 0.89 (0.59, 1.34) 0.5

Resistin*, ng/mL 113 0.89 (0.59, 1.32) 0.5

TNFRII*, ng/mL 115 0.77 (0.49, 1.21) 0.2

Il1ra*, pg/mL 114 1.32 (0.86, 2.03) 0.2

CRP*, ug/mL 110 1.05 (0.71, 1.54) 0.8

Age and sex adjusted. The number of diabetics at baseline differs for each marker, after outliers exclusion. * Naturally log-
transformed. CD40, cluster of differentiation 40; CD40 ligand, cluster of differentiation 40 ligand ; EN-RAGE, Extracellu-
lar Newly identified Receptor for Advanced Glycation End-products binding protein; FAS, Fas Cell Surface Death Receptor; 
HCC4, Human CC chemokine-4; IL13, interleukin 13; IL16, interleukin 16; IL17, interleukin 17; IL8, interleukin 8; MDC, 
Monocyte Derived Chemokine; MIP1alpha, Macrophage Inflammatory Protein 1 alpha; MIP1beta, Macrophage Inflammatory 
Protein 1 beta; PARC, Pulmonary and Activation-Regulated Chemokine; sRage, Soluble Receptor of Advanced Glycation End-
products; TRAILR3, Tumor Necrosis Factor-related Apoptosis-inducing Ligand Receptor 3; CFH, Complement Factor H; IL18, 
interleukin 18; MCP1, Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally T-Expressed, And 
Presumably Secreted; TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antagonist; CRP, C-Reactive 
Protein. bSensitivity analysis: significant after Bonferroni correction (p = 0.05/26 = 1.9 × 10-3)
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ABSTRACT

Background
The role of dietary antioxidants and plasma oxidant-antioxidant status in low-grade chronic 
inflammation and adipocytokine levels is not established yet.

Objectives
We aimed to evaluate whether total dietary antioxidant capacity (assessed by dietary ferric 
reducing antioxidant potential (FRAP)), serum uric acid (UA) and gamma glutamyltransferase 
(GGT) were associated with low-grade chronic inflammation and circulating adipocytokines.

Methods
Data of 4,506 participants aged ≥55 years from the Rotterdam Study were analyzed. Baseline 
(1990-1993) FRAP score was assessed by a food frequency questionnaire. Baseline UA and GGT 
levels were assessed in non-fasting serum samples. Serum high sensitivity C-reactive protein 
(hs-CRP) was measured at baseline and 10 years later. Plasma leptin, adiponectin, plasminogen 
activator inhibitor-1 (PAI-1) and resistin levels were assessed 10 years later.

Results
A high FRAP score was associated with lower levels of UA and GGT. Overall, no association was 
found between FRAP and hs-CRP levels. FRAP score was associated with lower levels of leptin 
and PAI-1, higher levels of adiponectin, and no difference in resistin levels. Increased levels of UA 
were associated with higher levels of hs-CRP, PAI-1 and leptin; lower levels of adiponectin and no 
difference in resistin levels. Similarly, GGT was associated with higher levels of hs-CRP whereas 
no association was observed between GGT and adipocytokines.

Conclusion
These findings suggest that overall antioxidant capacity of diet and low levels of UA are associ-
ated with circulating adipocytokines whereas no consistent association was found with hs-CRP.

Key words
total antioxidant capacity of diet, uric acid, gamma- glutamyltransferase, C- reactive protein, 
adipocytokines, low-grade inflammation.
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1. INTRODUCTION

Low-grade chronic inflammation has been involved in the pathogenesis of atherosclerosis and 
development of coronary heart disease (CHD) (1; 2). C-reactive protein (CRP), an acute phase 
reactant, is a general marker of low-grade chronic inflammation and has been associated with 
markers of atherosclerosis and CHD (2-4). Plasma sensitive CRP (hs-CRP) correlates with obesity 
and obesity-related disorders, including insulin resistance and type 2 diabetes (5). Adipose tis-
sue synthesizes and releases many inflammatory mediators into the systemic circulation termed 
adipocytokines, and include leptin, adiponectin, plasminogen activator inhibitor-1 (PAI-1) and 
resistin, all of which can initiate the development of chronic inflammation and may directly 
contribute to metabolic and vascular diseases (6-15).
An imbalance between plasma oxidants-antioxidants (oxidative stress) as well as dietary 
antioxidants have been suggested to play a role in systemic low-grade chronic inflammation 
(16). Oxidative stress, defined as an increased load of free radicals, induces the activation of 
NF-κB, a transcription factor involved in cell survival, differentiation, and inflammation (17). 
Antioxidant molecules neutralize such free radicals and therefore diminish low-grade inflam-
mation. Dietary antioxidants, including vitamin A, E and C, can counteract oxidative stress 
and therefore its adverse effect on inflammation (18). However, studies evaluating the role of 
individual antioxidants on inflammation have shown contradictory results, which can be due to 
not taking into account the interactive effect among nutrients (19). Hence, assessing the overall 
effects of antioxidants in the diet instead of the individual effects can provide further information 
regarding the association between diet and inflammation (19). The ferric reducing antioxidant 
potential (FRAP) measures the overall antioxidant capacity of diet by measuring the reduction 
of ferric iron (Fe3+) to ferrous iron (Fe2+)(20) and, has been used as a marker of the overall 
effects of antioxidants in many studies. FRAP has been associated with inflammatory related 
diseases, including cardiovascular disease and cancer (21; 22). However, only a few studies have 
assessed its role on inflammation and adipocytokine levels (22-24). Furthermore, serum levels of 
uric acid (UA) and gamma-glutamyl transferase (GGT) are considered endogenous markers of 
oxidative stress (25). Both levels of UA and GGT positively correlate with markers of low-grade 
inflammation including hs-CRP, but how UA and GGT levels relate longitudinally with hs-CRP 
and adipocytokine levels remains unclear (26-29).
Therefore, we aimed to assess whether FRAP and endogenous markers of oxidative stress, UA 
and GGT, were associated with low-grade chronic inflammation and circulating adipocytokine 
concentrations in a prospective cohort of middle aged and elderly men and women.

2. MATERIALS AND METHODS

The study was performed within the Rotterdam Study (RS), a population-based cohort among 
individuals 55 years and over in the Ommoord district of Rotterdam, the Netherlands. The ratio-
nale and design of the RS is described elsewhere (30). The baseline examination (RS-I) took place 
in 1990-1993. Trained research assistants collected data on medical history, current health status, 
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use of medication, lifestyle and risk indicators for chronic diseases during an extensive home 
interview. Subsequently the participants visited the study center for detailed clinical examina-
tions and assessment of diet. Follow up visits were held every 3-4 years.

2.1 MEASUREMENTS

2.1.1 Assessment of ferric reducing antioxidant potential (FRAP)
Dietary antioxidant capacity was assessed from the FFQ (Online Supplemental Material) the 
participants filled in during the interview. We used the Antioxidant Food Table published by 
the Institute of Nutrition Research, University of Oslo, which includes measurements of >3,000 
foods (31), to calculate each food’s contribution to ferric reducing antioxidant potential. The 
FRAP assay assesses the antioxidant capacity of individual food items to reduce ferric iron (Fe3+) 
to ferrous iron (Fe2+) (20). Since the food table consisted of foods from several manufacturers, 
we consulted nutritional experts at Wageningen University (the Netherlands) to determine the 
linkage of foods from several manufacturers that were closest to the Dutch food products. For 
each participant, we multiplied the consumption frequency of each food by the correspond-
ing FRAP value (in mmol/100g), and summed these values across all dietary sources. Vitamin 
supplementation was not included in the FRAP assessment because there were no detailed data 
available. Most variation in dietary FRAP score was explained by intakes of coffee (65%) and tea 
(21%) as described previously(21).

2.1.2 Assessment of Uric Acid and Gamma–glutamyltransferase (GGT) 
Values of serum UA and GGT were obtained from baseline (1990-1993) non-fasting blood 
samples, which were centrifuged and the serum was subsequently frozen (−20°C) for 1 week. 
UA was determined with a Kone Diagnostica reagent kit and a Kone autoanalyzer. In order to 
check the calibration, 3 control samples were included every 10 samples. If the average values of 
the control samples of each run (100 samples) were not within 2.5% of the true value, the run was 
repeated. Day-by-day variation had to be within 5% (32). Serum GGT levels were determined 
within two weeks using a Merck Diagnostica kit (Merck, Whitehouse Station, NJ, USA) on an 
Elan Autoanalyzer (Merck).

2.1.3 Assessment of hs-CRP and adipocytokines 
hs-CRP was measured in non-fasting frozen serum of study participants at baseline (1990-1993) 
and at the third center visit (1997-1999). A rate near-infrared particle immunoassay (Immage Im-
munochemistry System, Beckman Coulter, Fullerton, CA, USA) was used. This system measures 
concentrations from 0.2 to 1440mg/l, with a within-run precision of 0.5%, a total precision <7.5% 
and a reliability coefficient of 0.995. Undetectable CRP was scored as 0.2 (n=72).
For assessment of adipocytokines, fasting blood samples were collected at the research center, 
in the third center visit (1997-1999). Plasma was isolated and immediately put on ice and stored 
at -80°C. Citrate plasma (200 Ul) was sent in July 2008 to Rules-Based Medicine, Austin, Texas 
(www.myriadrbm.com). Fifty inflammatory biomarkers were quantified using multiplex im-
munoassay on a custom designed human multianalyte profile. The intra-assay variability was 
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less than 4% and the inter assay variability was less than 13%. Biomarkers with more than 60% 
completeness of measurements were selected for imputation and further analysis. Data on leptin, 
adiponectin, plasminogen activator inhibitor 1 (PAI-1) and resistin, major inflammatory markers 
released by adipose tissue (7), were available. The inflammatory markers investigated in the cur-
rent study have no standard international calibration reference therefore, interpretation of the 
absolute values should be with caution. Since the current study is conducted within one set of 
individuals, the use of relative measures should not affect the effect estimates.

2.2 POPULATION FOR ANALYSIS

2.2.1 FRAP and inflammation
In the baseline examination (1990-1993) of the first cohort of the Rotterdam Study, 7,983 partici-
pants were included. Of out 7,983 participants, 6,521 participants were invited for dietary intake 
interview, out of which only 5,435 (83%) participants completed food frequency questionnaire 
and therefore had complete information on dietary intake. Moreover, out of 7,983 participants, 
randomly we invited 7,129 participants to assess cardiovascular risk factors, including CRP. How-
ever, only 6658 (93.3%) had C-reactive protein assessed. Participants with available information 
on both dietary and C-reactive protein levels were 5104. Further, we excluded 598 participants 
who reported use of anti-inflammatory drugs at baseline and/or during the follow-up (n=598), 
leaving 4,506 participants for the analysis of FRAP with CRP (Figure 1). In addition, leptin, 
adiponectin, PAI-1 and resistin were measured in a random subsample of 971 participants, hence 
only 798 participants were included in the analysis of FRAP with adipocytokines (Figure 1).

2.2.2 Uric acid, gamma-glutamyltransferase and inflammation 
In the baseline examination (1990-1993) of the first cohort of the Rotterdam Study, 7,983 partici-
pants were included. Uric acid and GGT data were available for 5,047 subjects (Figure 2). Out 
of these, 893 participants were excluded either because they did not have CRP measured at the 
first visit or because they reported use of anti-inflammatory drugs at baseline and/or during the 
follow-up, leaving 4,154 participants for the analysis of uric acid with CRP and GGT with CRP. 
3,447 participants were further excluded because they did not have measures of other inflamma-
tory markers, hence 707 participants were included in the analysis of uric acid and GGT with 
leptin, adiponectin, PAI-1 and resistin (Figure 2).

2.3 STATISTICAL ANALYSES
Data are presented as mean (± standard deviation) for normally distributed continuous variables, 
median (range) for continuous variables that are not normally distributed, and percentages for 
categorical variables. We used natural log-transformed values of serum CRP concentrations, 
GGT, non-fasting serum glucose, leptin, adiponectin, PAI-1 and resistin to better approximate a 
normal distribution. Pearson correlations were used to assess the correlations between inflam-
matory markers. To account for systematic measurement error in FRAP, FRAP was adjusted 
for total energy intake by using the residual method in the analysis(33). FRAP was analyzed 
continuously. For analyses evaluating CRP as outcome, we fitted linear regression models us-
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ing generalized estimating equations with exchangeable correlation structure adjusting for the 
within-subject correlations due to the repeated measurements of CRP in the same individual 
(inter-class correlation coefficient = 0.682 for natural log-transformed CRP) (34). Multivari-
able linear regression was used to examine whether FRAP, GGT and UA were independently 
associated with blood levels of adiponectin, leptin, resistin and PAI-1. Regression coefficients 
(βs) and 95% confidence intervals were obtained on the basis of robust standard errors (95% CI). 
First, we calculated age and gender adjusted coefficients (Model 1) for the following exposure: 
FRAP, GGT and UA. Subsequently in Model 2, we adjusted for potential confounders when the 
covariates changed the effect estimate by more than 10% in univariate models of each exposure 
with any of the outcomes assessed. The following potential confounding factors, were evaluated: 

Figure 1. Flow chart of participants included in the analysis of overall antioxidant capacity of diet and inflam-
mation: the Rotterdam Study.
 

 

 

 

 

 

 

 

  

 

  

 

 

 

 

 

  

N = 7,983                                     
Participants eligible for 
baseline dietary intake 
interview (1990 – 1993).

N = 5,435                                 
Participants with baseline 
dietary intake data.

N = 4,506                                
Participants included in the 
analyses of Ferric Reducing 
Antioxidant Potential (FRAP) and 
CRP.

N = 798                                                            
Overall participants included in 
the analysis of FRAP with leptin, 
adiponectin, PAI-1 and resistin.

N = 2,548                                             
Excluded participants with no 
information on dietary intake.

N = 929                                                                          
Excluded participants with no data on C-
reactive protein (CRP) at first visit (1997-
1999) (n = 331) and who reported use of anti-
inflammatory drugs in the first (1990-1993) 
and the third visit (1997-19990 (n=598).

N = 3,708                                                                              
Excluded participants with no data on leptin, 
adiponectin, PAI-1, resistin.

FRAP, ferric reducing antioxidant potential; PAI-1, Plasminogen activator inhibitor-1;
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body mass index (BMI) (continuous), energy intake (continuous), physical activity(continuous), 
smoking status (never or former, current), lipid lowering medication use (Yes, No), systolic blood 
pressure(continuous), total cholesterol(continuous), vitamin supplementation (Yes, No), hor-
mone replacement therapy (HRT) ( Yes, No), prevalent chronic diseases (CVD or T2D) (yes, no), 
non-fasting blood glucose(continuous), education (low, intermediate, high), income (low, inter-
mediate, high), alcohol, energy-adjusted processed meat intake (continuous), energy-adjusted 
unprocessed meat intake (continuous), Dutch Healthy Diet index (DHDI) (continuous). For the 
analysis on leptin, adiponectin, PAI-1 and resistin as outcomes, we also adjusted for CRP in the 
first visit (1990-1993) as a proxy of chronic inflammation at baseline as adipocytokines were 
measured only at the third round visit (1997-1999). To check for non-linear relation, a quadratic 

Figure 2. Flow Chart of participants included in the analysis of uric acid and gamma-glutamyltransferase 
(GGT) with inflammatory markers: the Rotterdam Study.
 

 

 

 

 

 

 

 

  

 

  

 

 

 

 

 

  

N = 7,983                                     
Participants eligible for 
baseline dietary intake 
interview (1990 – 1993).

N = 5,047                                 
Participants with baseline 
information on uric acid and 
GGT.

N = 4,154                                
Participants included in the 
analyses of uric acid, GGT and 
CRP.

N = 707                                                            
Overall participants included in 
the analysis of uric acid and GGT 
with leptin, adiponectin, PAI-1
and resistin.

N = 2,936                                     
Excluded participants with no
information on uric acid or GGT.

N = 893                                                                          
Excluded participants with no data on C-
reactive protein (CRP) at first visit (1997-
1999) (n = 331) and who reported use of anti-
inflammatory drugs in the first (1990-1993) 
and the third visit (1997-19990 (n=598).

N = 3,447                                                                             
Excluded participants with no data on leptin, 
adiponectin, PAI-1, resistin.

PAI-1, Plasminogen activator inhibitor-1;
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term was tested in multivariable model 2. Since there is evidence that the association between 
diet antioxidants and inflammatory biomarkers differs by sex (35), we tested for statistical in-
teraction by adding a product term in model 2. Furthermore, stratified analysis was performed 
and the results were presented for model 2. We further checked the association of FRAP with 
uric acid, and FRAP with GGT using multivariable linear regression models. We also performed 
sensitivity analyses (i) restricting all main analyses to participants with available information 
on all exposures and outcomes investigated (N=633), (ii) excluding participants with chronic 
diseases (CVD or T2D) and (iii) further adjusted for BMI change from first to the third visit. A 
P-value lower than 0.05 was considered as statistically significant, but to account for multiple 
testing, we adjusted the p-value from 0.05 to 0.0166 by applying the Bonferroni correction for 
the number of exposures studied (N=3).
To adjust for potential bias associated with missing data we used multiple imputation procedure 
(N= 5 imputations). All analyses were done using SPSS statistical software (SPSS, version 21.0; 
SPSS Inc., Chicago, Illinois).

3. RESULTS

The main characteristics of the study population are shown by gender in Table 1. FRAP score and 
GGT levels were lower in women compare to men (FRAP: 20.02 ± 5.07 mmol/day vs. 20.83 ± 5.95 
mmol/day; GGT: median 21 U/l, range 351U/l vs median 27U/l, range 576 U/l) whereas UA levels 
were higher in women (296.62 ± 71.44 µmol/l vs. 352.88 ± 74.40 µmol/l) (Table 1). CRP levels at 
baseline were slightly lower in women whereas no significant difference was observed in the CRP 
levels at the third visit (Table 1). Also, women had slightly higher BMI (26.55 vs. 25.68 kg/m2) and 
leptin levels (median: 14.0 vs 4.02 ng/mL) than men. Although the energy intake was lower in 
women (1796 vs. 2246.2 kcal/day), they had higher physical activity (89.45 vs 69.15 MET) as well 
as a healthier diet (DHDI: 31.95 vs. 27.95) than men. Among the adipocytokines, PAI-1 and leptin 
(r = 0.466, p = 0.01), PAI-1 and CRP (r = 0.325, p = 0.01), PAI-1 and adiponectin (r = -0.270, p 
= 0.01), leptin and CRP (r = 0.254, p = 0.01) showed the highest correlation (Supplementary 
Table S1). Compared to subjects who did not have information on leptin, adiponectin, PAI-1 and 
resistin, subjects who had information on these inflammatory markers did not differ with respect 
to FRAP, but had higher levels of CRP, BMI, systolic blood pressure and higher prevalence of 
chronic disease (Supplementary Table S2).

3.1 The association between FRAP score and inflammatory markers
There was no association between FRAP and hs-CRP levels in the age and gender-adjusted model 
or multivariable model (Table 2). In the multivariable models, FRAP score was associated with 
lower levels of leptin (β = -0.01, 95% CI = -0.02; -0.001), PAI-1 (β = -0.02, 95% CI= -0.03; -0.01) 
and higher levels of adiponectin (β = 0.01, 95% CI = 0.002; 0.015). No association was observed 
between FRAP and resistin. (Table 2).
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Table 1. Baseline characteristics of study participants (N=4506): the Rotterdam Study.
Total
(N=4506)

Women
(N=2571)

Men
(N=1935) P-valueb

FRAP (mmol/day) 20.37±5.48 20.02±5.07 20.83±5.95 <0.001

Age (years) 67.64±7.74 67.93±8.01 67.26±7.36 0.004

Energy intake (kcal/day) 1989.51±504.48 1796.30±405.97 2246.17±508.24 <0.001

Physical activity (MET hours/week) 78.30±44.28 89.45±43.90 69.15±41.56 <0.001

BMI (kg/m2) 26.18±3.57 26.55±3.99 25.68±2.85 <0.001

CRP first rounda (mg/ml) 1.78 (0.86-3.39) 1.74 (0.85-3.13) 1.85 (0.87-3.79) <0.001

CRP third rounda (mg/ml) 2.34 (1.16-4.34) 2.36 (1.15-4.26) 2.30 (1.16-4.46) 0.583

Non-fasting serum glucosea (mml/l) 6.20 (5.45-7.40) 6.10 (5.40-7.10) 6.40 (5.60-7.70) <0.001

SBP (mmHg) 183.84±22.05 139.10±22.22 138.50±21.83 0.363

DBP (mmHg) 78.80±11.26 73.29±11.14 74.47±11.39 <0.001

Total Cholesterol (mmol/l) 6.68±1.19 6.92±1.18 6.35±1.12 <0.001

Hormone replacement therapy, n (%) 65 (1.4%) 63 (2.5%) 2 (0.1%) <0.001

Uric Acid (µmol/l) 320.16±77.76 296.62±71.44 352.88±74.40 <0.001

Vitamin supplement use, n (%) 329 (7.3%) 245 (9.5%) 84 (4.3%) <0.001

GGTa (U/l) 23.00 (18.00-32.00) 21.00 (16.00-28.00) 27.00 (21.00-38.00) <0.001

Lipid reducing agents, n (%) 119 (2.6%) 66 (2.6%) 53 (2.7%) 0.395

DHDI 30.23±9.20 31.95±9.11 27.95±8.83 <0.001

Prevalent diseases*, n (%) 1490 (33.1%) 712 (27.7%) 778 (40.2%) <0.001

Smoking: Never or former, n (%) 3440 (76.3%) 2079 (80.9%) 1361 (70.3%) <0.001

Current, n (%) 1066 (23.7%) 492 (19.1%) 574 (29.7%)

Income: Low, n (%) 1014 (22.5%) 829 (32.2%) 185 (9.6%) <0.001

Middle, n (%) 2002 (44.4%) 1062 (41.3%) 940 (48.6%)

High, n (%) 1490 (33.1%) 680 (26.4%) 810 (41.9%)

Education: Low, n (%) 2321 (51.5%) 1597 (62.1%) 724 (37.4%) <0.001

Middle, n (%) 1781 (39.5%) 862 (33.5%) 919(47.5%)

High, n (%) 404 (9.0%) 112 (4.4%) 292 (15.1%)

Processed meat intake (servings/day) 1.47±1.24 1.19±1.05 1.84±1.37 <0.001

Unprocessed meat intake (servings/day) 0.74±0.47 0.69±0.42 0.82±0.53 0.048

Alcohol#: <0.001

Quartile I (<0.1886g), n (%) 1126 (25.0%) 847 (32.9%) 279 (14.4%)

Quartile II (0.1886-3.6813g), n (%) 1127 (25.0%) 798 (31.0%) 329 (17.0%)

Quartile III (3.6813-15.1401g), n (%) 1127 (25.0%) 572 (22.2%) 555 (28.7%)

Quartile IV (>15.1401g), n (%) 1126 (25.0%) 354 (13.8%) 772 (39.9%)

Leptinc (ng/mL) 7.63 (3.82-16.20) 14.00 (7.85-22.00) 4.02 (2.44-6.64) <0.001

Adiponectinc (µg/mL) 3.42 (2.25-5.00) 4.34 (3.17-5.89) 2.7 (1.94-3.63) <0.001

PAI-1c (ng/mL) 17.15 (9.98-28.63) 17.90 (10.30-33.20) 16.10 (9.66-26.15) 0.009

Resistinc (ng/mL) 0.42 (0.31-0.58) 0.42 (0.31-0.58) 0.43 (0.31-0.59) 0.951

FRAP, ferric reducing antioxidant potential; BMI, Body mass index; CRP, C-reactive protein; DHDI, Dutch healthy diet index 
(excluding fruits and vegetables); DBP, diastolic blood pressure; GGT, Gamma glutamyltransferase; PAI-1, Plasminogen activa-
tor inhibitor - 1; SBP, systolic blood pressure
a Median (Range between 25th percentile and 75th percentile)
b Comparison between men and women. For continuous variables = Independent sample T-Test; For categorical variables = 
Chi2 (χ 2)
c N=798 included in the analyses of FRAP and adipocytokines.
*Prevalent disease include cardiovascular disease and type 2 diabetes.
# Quartile I refers to values < 25th percentile; Quartile II refers to values between 25th and 50th percentile; Quartile III refers to 
values between 50th and 75th percentile; Quartile IV refers to values >75th percentile.
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3.2 The association between UA, GGT and inflammatory markers
After multivariable adjustment, increased levels of UA were associated with higher levels of hs-
CRP (β = 0.12, 95% CI = 0.09; 0.16), leptin (β = 0.10, 95% CI = 0.05; 0.15) PAI-1 (β = 0.15, 95% 
CI = 0.09; 0.20), and lower levels of adiponectin (β = -0.07, 95% CI = -0.10; -0.03) (Table 3). 
No association was observed between UA and resistin (Table 3). Similarly, after correcting for 
confounding factors, GGT was associated with higher levels of hs-CRP (β = 0.06, 95% CI = 0.13; 
0.19) whereas no association was observed between GGT and adipocytokines (Table 3).

Table 2. Association of ferric reducing antioxidant potential with C-reactive protein and adipocytokines: the 
Rotterdam Study.

Model 1
β (95% CI)

Model 2
β (95%CI)

CRP§ (N=4507) 0.001 (-0.004,0.007) -0.002(-0.007,0.003)a

Leptin§ (N=798) -0.012 (-0.023, -0.001) -0.009(-0.017, -0.00005)b

Adiponectin§ (N=798) 0.009 (0.002,0.015)* 0.009(0.003,0.016)*b

PAI-1§ (N=798) -0.018(-0.028, -0.008)* -0.018(-0.027, -0.008)*b

Resistin§ (N= 798) 0.002 (-0.006,0.009) 0.001(-0.006,0.009)b

CI, confidence interval; FRAP, ferric reducing antioxidant potential; CRP, C-reactive protein; PAI-I, Plasminogen Activator 
Inhibitor-1.
§ Variables were log transformed to better approximate normal distribution.
*remains significant after Bonferroni correction (p=0.0166)
βs and 95% confidence intervals were estimated using generalized estimated equations (for C-reactive protein as outcome) and 
linear regression models (for leptin, adiponectin, PAI-1 and resistin as outcomes) adjusted for age and gender (Model 1), and 
additionally adjusted for body mass index, smoking status, prevalent diseases, systolic blood pressure, non-fasting glucose, total 
cholesterol, index1(time), energy intake, income, alcohol, statin use (Model 2a). For adipocytokines, model 2 was further adjust-
ed for C-reactive protein (Model 2b). Additional adjustment for other covariates did not change the effect estimate with >10%.

Table 3. Association of uric acid and gamma glutamyltransferase with C-reactive protein and adipocytokines: 
the Rotterdam study.

Uric acid (per SD) GGT (per SD)§

Model 1
β (95% CI)

Model 2
β (95%CI)

Model 1
β (95% CI)

Model 2
β (95% CI)

CRP§(N=4154) 0.198 (0.167,0.228)* 0.123 (0.091,0.155)*a 0.213 (0.181,0.245)* 0.160 (0.128,0.191)* a

Leptin§(N=707) 0.257 (0.197,0.316)* 0.100 (0.048,0.152)*b 0.101 (0.040,0.161)* -0.020 (-0.070,0.030)b

Adiponectin§(N=707) -0.099 (-0.135,-0.064)* -0.066 (-0.103,-0.028)*b -0.041 (-0.075,-0.006)* -0.005 (-0.041,0.032)b

PAI-1§(N=707) 0.246 (0.193,0.300)* 0.147 (0.091,0.203)*b 0.148 (0.094,0.202) 0.047 (-0.007,0.100)b

Resistin§(N=707) 0.014 (-0.028,0.056) 0.026 (-0.020,0.072)b 0.006 (-0.035,0.046) 0.012 (-0.032,0.055)b

CI, confidence interval; CRP, C-reactive protein; GGT, gamma glutamyltransferase; PAI-1, Plasminogen Activator Inhibitor-1; 
SD, standard deviation.
§ Variables were log transformed to better approximate normal distribution.
* remains significant after Bonferroni correction (p=0.0166)
βs and 95% confidence intervals were estimated using generalized estimated equations (for C-reactive protein as outcome) 
and linear regression models (for leptin, adiponectin, PAI-1 and resistin as outcomes) adjusted for age and sex (Model 1) and 
additionally adjusted for baseline body mass time, time of measurement, non-fasting glucose, energy intake, total cholesterol, 
hormone replacement therapy, systolic blood pressure, diastolic blood pressure, statin use, income, alcohol+ GGT/uric acid 
(adjustment for GGT when uric acid was the exposure and vice versa) (Model 2a). For adipocytokines as outcomes, model 2 
was further adjusted for baseline C-reactive protein (Model 2b). Results are presented per standard deviation uric acid (for CRP 
as outcome: 1SD= 80.5611 µmol/L; for adipocytokines as outcome: 1SD=73,1832 µmol/L) and GGT levels (for CRP as outcome: 
1SD=29,9731 U/L ; for adipocytokines as outcome: 1SD=22,4034 U/L).
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3.3 Effect modification by gender 
A significant effect modification by sex was found for the association between FRAP score and 
hs-CRP (P-interaction = 0.009). After stratification, a high dietary FRAP score was associated 
with lower levels of hs-CRP in women (β = -0.01, 95% CI = -0.02; -0.003), whereas no association 
was observed in men (Supplementary Table S3). No effect modification by sex was observed 
for the association between FRAP score with the adipocytokine levels (All P-interaction > 0.05). 
Similarly, the analyses were not different between strata of sex (Supplementary Table S3). Also, 
no sex differences were observed for the association of UA and GGT with CRP and adipocyto-
kines (All P-intercation > 0.05) (Supplementary Table S4).

 3.4 Sensitivity analyses 
Higher levels of FRAP score were associated with lower levels of both UA (β = -0.003, 95% CI = 
-0.005; -0.002) and GGT (β = -0.006, 95% CI = -0.009; -0.003), after correcting for confound-
ers (Supplementary Figure S1 and Supplementary Table S5). There was no evidence against a 
linear relation in all the main analyses (all P-values for quadratic term > 0.05, data not shown). 
Also, all associations that were statistically significant in the main analyses remained unchanged 
in terms of statistical significance when the analyses were restricted to (i) participants with avail-
able measures of FRAP, UA, GGT, CRP, leptin, adiponectin, PAI-1 and resistin (n = 633) (data 
not shown), (ii) to subjects without chronic diseases (Supplementary Table S6 and S7) or (iii) 
when we further adjusted for changes in BMI between the first and third visit (data not shown). 
The associations of FRAP with adiponectin and PAI-1, of UA with hs-CRP, leptin, adiponectin, 
and PAI-1, and the association of GGT with hs-CRP, remained significant after we applied the 
Bonferroni correction (all p < 0.0166).

4. DISCUSSION

Overall a higher FRAP score was associated with leptin, adiponectin, and PAI-1 but not with CRP 
levels. Furthermore, increased levels of both GGT and UA levels were associated with higher 
levels of pro-inflammatory markers and lower levels of anti-inflammatory markers.
In the current investigation, no association was found between FRAP and CRP levels in the 
overall population, however, in women, a higher FRAP score was associated with diminished 
chronic inflammation. Similar to our findings, Detopoulou et al in a cross-sectional study of 532 
men and women found no association between FRAP and CRP levels in the total population 
(36). In contrast, a cross-sectional study from Brighenti et al (23) , which used the TAC assay to 
measure antioxidant capacity, showed an association with lower levels of CRP in an adult Italian 
population including both men and women. We did find an interaction with gender, suggesting 
that the association between FRAP and CRP levels is present only in women, which is in line 
with the results of previous studies conducted in women. For example, the study from Kobayashi 
at al. (24) showed that dietary total antioxidant capacity was associated with lower serum CRP 
concentrations in young Japanese women (474 women, aged 18-22 years) regardless of assay used 
to measure it. Also, in a 9-month observational study among postmenopausal women, Wang and 
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his colleagues showed that consumption of diets rich in total antioxidants was associated with 
lower plasma CRP levels (37).
Several studies show a stronger defense against oxidative damage in the female liver tissue, which 
is the major determinant of CRP levels (38). Animal studies have shown that, compared to males, 
antioxidant capacity of diet assessed by FRAP and other methods is higher in liver tissue (38). 
Also, females have greater mean hepatic alpha-tocopherol levels, total capacity of the cellular 
systems that detoxify reactive oxygen species or free radical-drug metabolites seems to be higher 
in the female rat liver(39). These evidence may account for the sex differences observed in the 
association between FRAP and CRP levels in our study, which merits further investigation.
Similar to our findings, previous studies (27; 40) have shown that increased UA levels are 
significantly associated with increased hs-CRP levels. Also in a study of Park et al. (41) in post-
menopausal women uric acid was associated with lower adiponectin levels. Another study from 
Ali et al. (42) found that high GGT levels are associated with high hs-CRP levels implicating that 
elevated GGT levels are associated with burden of subclinical vascular inflammation.
To our knowledge, this is the first study to show that the FRAP score was a determinant of leptin 
and PAI-I concentrations. In line with our findings, a previous study has shown an association 
between FRAP score and higher adiponectin levels (36). Previous studies (43) have indicated that 
total antioxidant capacity of diet is associated with less central adiposity, as well as to metabolic 
(e.g. insulin resistance index) and oxidative stress markers in healthy young adults (e.g. oxidized-
LDL, malondialdehyde). Central adiposity, mainly abdominal adiposity is the main producer of 
anti-inflammatory (adiponectin) and pro-inflammatory markers (leptin, resistin and PAI-1) (12; 
44; 45). Leptin is an adipocyte-derived hormone that reduces food intake and increases energy 
expenditure by acting in the hypothalamus (46; 47) and has also pro-inflammatory effects (7; 
8). Leptin levels correlate with higher indices of adiposity, however, individuals with similar de-
grees of adiposity have variations in serum leptin levels (46; 48). Adiponectin is one of the most 
abundant adipocyte-derived hormones and appears to improve insulin sensitivity and vascular 
inflammation through its actions in liver and muscle (7). Several studies have demonstrated that 
adiponectin is a marker and a mediator of metabolic risk, including the risk for conversion to 
diabetes and risk of myocardial infarction (49). PAI-1, is another hormone secreted from fat cells, 
and is suggested to be a possible contributor to obesity-induced diabetes and atherosclerosis (50). 
Resistin, on the other hand, is almost an exclusively white adipose tissue-expressed polypeptide, 
and has also been linked to energy homeostasis and diet-induced obesity, insulin resistance and 
diabetes (51). Other factors, including hormonal and nutritional factors have been suggested 
to influence concentrations of these inflammatory markers(52). Our study also indicates that 
the antioxidant diet, GGT and UA may affect the levels of leptin, adiponectin, and PAI-I but 
not resistin independent of obesity. It was reported that uric acid induces CRP expression by 
implication on cell proliferation and nitric oxide production of human vascular cells (53). Eleva-
tion of serum GGT is involved in the inflammatory response. It is plausible that elevation in 
GGT might occur before elevation in CRP, if oxidative stress leads to an inflammatory response 
(54). These data imply that inflammation may be one of the underlying mechanisms linking an 
antioxidant diet, GGT and UA with cardiometabolic outcomes, which needs to be elucidated by 
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future studies. However future studies are needed to clarify specific inflammatory markers that 
may be involved in the pathway.
Probably oxidative stress is the pathway that links antioxidants with a low inflammatory profile. 
The human body has a number of defense mechanisms against oxidative stress including anti-
oxidants, preventive and repair mechanism and physical defense (17). Antioxidants themselves 
can be divided into enzymatic antioxidants (glutathione peroxidase, peroxide dismutase and 
catalase) and non-enzymatic antioxidants like ascorbic acid (vitamin C), alpha-tocopherol (vita-
min E), carotenoids, flavonoids. Coffee and tea are the main contributors of FRAP in Rotterdam 
Study and in other studies as well (21; 55). The anti-inflammatory effects of both coffee and tea 
have been previously reported (56). On the other hand, the anti-inflammatory effect of fruits and 
vegetables is supposed to come from vitamins and flavonoids they contain (19). Antioxidants 
act scavenging ROS and inhibit NF-κβ, even though not all at the same level. This may lead to 
decreased oxidative stress, and therefore in diminished low-grade chronic inflammation.
Our study is unique among previous investigations because of its prospective design, large 
population-based study group and adjustment for a broad range of confounders. Also, to our 
knowledge, this is one of the first prospective studies to use measures of CRP in two time points. 
Also, in our study, we could assess the association between FRAP and markers of oxidative stress, 
such as GGT and UA, showing a strong association, and therefore supporting internal validity. 
Nevertheless, it has some limitations. First, assessment of diet was done at baseline and there may 
have been changes in antioxidant consumption over time. However, it has been shown that dietary 
habits change very little over time in middle-aged adults (57). Second, the FFQ can be limited by 
errors in reporting and recall and by incomplete assessment of all sources of antioxidant intake, 
which may introduce misclassification in dietary intake and would bias results toward the null. 
Third, we did not have repeated measures for leptin, adiponectin, PAI-1 and resistin. Also, these 
markers were assessed 10 years later from FRAP, UA and GGT measurements. Moreover, we had 
no measurements of other adipocyte-derived inflammatory markers like interleukin-6 or tumor 
necrosis factor-α or more accurate measures of oxidative stress such as ROS, that could have 
strengthened the results. Furthermore, we used a subpopulation for the analysis regarding adipo-
nectin, resistin, leptin and PAI-1 as outcome, which may have introduced selection bias since this 
population was different with respect to some health characteristics. However, it has been shown 
that using a restricted source population for a cohort study usually leads to bias towards the 
null which may have led to an underestimation of the observed associations in our study of the 
exposure (58). Moreover, it has been shown that using a selected source population for a cohort 
study usually leads to bias towards the null. Furthermore, the restriction of the main analysis 
in the participants with available information on all exposures and outcomes investigated in 
this study provided similar results, and therefore, selection bias is less likely to have happened. 
Finally, physical activity was measured at the third round of the Rotterdam Study. Therefore, we 
cannot fully exclude residual confounding by physical activity levels.
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5. CONCLUSIONS

In conclusion, we found no consistent association between FRAP and CRP levels, while both UA 
and GGT were associated with low CRP. Furthermore, high overall dietary antioxidant capacity 
of diet and lower levels of UA were associated with lower levels of pro-inflammatory adipocyto-
kines and higher levels of anti-inflammatory adipocytokines.
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SUPPLEMENTAL MATERIAL

Included in the Online Supplemental Material:

Assessment of diet
Assessment of covariates
Supplemental Table S1 Pearson correlation coefficient between hs-CRP and adipocytokines.
Supplemental Table S2 Association of FRAP with hs-CRP and adipocytokines by gender, the 
Rotterdam Study.
Supplemental Table S3 Association of uric acid (uric acid/sd) and GGT (GGT/sd) with hs-CRP 
and adipocytokines by gender, the Rotterdam Study.
Supplemental Table S4 Association of FRAP with Uric acid and GGT, The Rotterdam Study
Supplemental Table S5 Association of FRAP with hs-CRP and adipocytokines excluding people 
with CVD or type 2 diabetes, the Rotterdam Study.
Supplemental Table S6 Association of uric acid (uric acid/sd) and GGT (GGT/sd) with hs-CRP 
and adipocytokines excluding people with CVD or diabetes, the Rotterdam Study.
Supplemental Figure S1 Flow Chart of participants included in the analysis of overall antioxidant 
capacity of diet and Uric acid/ gamma-glutamyltransferse 

Assessment of diet
At baseline (1990-1993), participants completed a checklist of all foods and beverages they had 
consumed at least twice a month during the preceding year. Then based on the completed check-
list, they did an interview at the study center with a trained dietician. A computerized validated 
170-item semi quantitative food frequency questionnaire (FFQ) was used. A validation study 
comparing this questionnaire with a 2-week food diary demonstrated reproducible and valid 
estimates; Pearson correlation after adjustment for age, sex, energy and within-person variation 
were between 0.44 and 0.85 for macro- and micronutrients as described in detail previously. 
These dietary data were converted into total energy intake per day using the Dutch Food Com-
position Table of 1993.

Assessment of covariates
The information on current health status, medical history, medication use, smoking and socio-
economic status were assessed at the home interview at baseline. Education was defined as low 
(primary education), intermediate (secondary general or vocational education), or high (higher 
vocational education or university). Household income was categorized in low (< 1700euro/
month), middle (1700-3000euro/month) or high (≥ 3000euro/month). Participants were asked 
whether they were currently smoking cigarettes, cigars or pipe. Blood pressure was measured 
in the sitting position at the right upper arm with a random-zero-sphygmomanometer. Car-
diovascular diseases were defined as a history of myocardial infarction, coronary artery bypass 
or percutaneous transluminal coronary angioplasty. Type 2 diabetes mellitus was diagnosed 
if a random serum glucose level was ≥11 mmol/L or if a person used glucose lowering drugs. 
Development of chronic diseases until the third round of study was defined as the presence of 
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cardiovascular diseases or diabetes mellitus at baseline and until the end of the third round visits 
(December 1999). Total cholesterol was determined by an automated enzymatic procedure in a 
non-fasting blood sample. The Dutch Healthy Diet (DHD)-index was used to take into account 
overall dietary quality. The DHD represents compliance to the Dutch Guidelines for a Healthy 
Diet as assessed from the FFQ at baseline. To avoid over adjustment, components used to cal-
culate FRAP as fruits and vegetables were removed from the DHD-index. At the third visit to 
research center, the total weekly duration of physical activity was measured by an adapted version 
of the Zutphen Physical Activity Questionnaire and the LASA Physical Activity Questionnaire. 
Physical height and body weight were measured with the participants standing without shoes 
and heavy outer garments. BMI was calculated as weight divided by height squared (kg/m2).

Supplemental Table 1. Pearson correlation coefficient between hs-CRP and adipocytokines: the Rotterdam 
Study.

C-reactive 
protein

Leptin Adiponectin Plasminogen 
Activator 
Inhibitor-1

Resistin

 C-reactive protein 1

Leptin 0.254** 1

Adiponectin -0.166** 0.048 1

Plasminogen Activator Inhibitor-1 0.325** 0.466** -0.270** 1

Resistin 0.171** 0.018 0.029 -0.068 1

**Correlation is significant at the 0.01 level (2-tailed) 
 All variables were log transformed to better approximate normal distribution.
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Supplemental Table 2. Association of FRAP with hs-CRP and adipocytokines by gender: the Rotterdam Study.
Women Men

Model 2
β (95%CI)

Model 2 
β (95%CI)

CRP§ -0.010(-0.017, -0.003)a 0.006(-0.002,0.013)a

Leptin§ -0.009(-0.021,0.003)b -0.009(-0.022,0.003)b

Adiponectin§ 0.010(0.002,0.019)d 0.007(-0.002,0.016)d

PAI-1§ -0.013(-0.027,0.000)c -0.020(-0.033, -0.007)c

Resistin§ -0.004(-0.014,0.006)e 0.004(-0.007,0.015)e

FRAP, ferric reducing antioxidant potential; CRP, C-reactive protein; PAI-1, Plasminogen Activator Inhibitor-1.
§ Variables were log transformed to better approximate normal distribution.
All associations remain significant after Bonferroni correction (p=0.0166)
Model 1: Adjusted for age 
Model 2a: Model 1 + BMI, Smoking status, prevalent diseases, systolic blood pressure (SBP), non-fasting glucose, total choles-
terol, index1(time). Additional adjustment for physical activity, energy intake, DHDI, education, income, alcohol, Statin use, 
hormone replacement therapy (HRT), vitamin intake, processed meat intake, unprocessed meat intake did not change the effect 
estimate with >10%.
Model 2b: Model 1 + BMI, Smoking status, energy intake, baseline CRP, non-fasting glucose, total cholesterol. Additional 
adjustment for physical activity, DHDI, prevalent disease, SBP, education, income, alcohol, Statin use, HRT, vitamin intake, 
processed meat intake, unprocessed meat intake did not change the effect estimate with >10%.
Model 2c: Model 1 + BMI, energy intake, baseline CRP, non-fasting glucose, total cholesterol. Additional adjustment for physi-
cal activity, DHDI, prevalent disease, SBP, smoking status, education, income, alcohol, Statin use, HRT, vitamin intake, pro-
cessed meat intake, unprocessed meat intake did not change the effect estimate with >10%.
Model 2d: Model 1 + BMI, energy intake, baseline CRP, prevalent diseases, income, alcohol, statin use, non-fasting glucose, total 
cholesterol. Additional adjustment for physical activity, DHDI, SBP, smoking status, education, HRT, vitamin intake, processed 
meat intake, unprocessed meat intake did not change the effect estimate with >10%.
Model 2e: Model 1 + BMI, energy intake, baseline CRP, non-fasting glucose, total cholesterol. Additional adjustment for physi-
cal activity, DHDI, prevalent disease, SBP, smoking status, education, income, alcohol, Statin use, hormone replacement thera-
py, vitamin intake, processed meat intake, unprocessed meat intake did not change the effect estimate with >10%.
Outcome: hsCRP Male N= 1935 Female N=2571
Outcome: adipocytokines Male N= 365 Female N=433



73

Antioxidant capacity of diet and C-reactive protein, adipocytokines.

Supplemental Table 3. Association of uric acid (uric acid/sd) and GGT (GGT/sd) with hs-CRP and adipocy-
tokines by gender: the Rotterdam Study.

Uric Acid
Model 2
β (95%CI)

GGT§

Model 2
β (95%CI)

Women Men Women Men

CRP§ 0.135 (0.098,0.173) 0.105 (0.046,0.163) 0.184 (0.144,0.223)a 0.158 (0.108,0.208)a

Leptin§ 0.110 (0.044,0.176) 0.128 (0.042,0.214) -0.030 (-0.099,0.039)b -0.007 (-0.080,0.067)b

Adiponectin§ -0.075 (-0.122,-0.028) -0.033 (-0.095,0.028) -0.032 (-0.080,0.017)c 0.031 (-0.020,0.083)c

PAI-1§ 0.162 (0.086,0.237) 0.138 (0.055,0.220) 0.027 (-0.052,0.105)d 0.098 (0.029,0.168)d

Resistin§ 0.054 (-0.003,0.111) -0.024 (-0.100,0.052) -0.013 (-0.073,0.047)e 0.032 (-0.032,0.096)e

CRP, C-reactive protein; GGT, gamma glutamyltransferase; PAI-1, Plasminogen Activator Inhibitor-1.
§ Variables were log transformed to better approximate normal distribution.
All associations remain significant after Bonferroni correction (p=0.0166)
Model 1: Adjusted for Age 
Model 2a: Model 1 + BMI, Index 1(time) + GGT/uric acid
Model2b: Model1 +BMI, baseline CRP+GGT/uric acid (+glucose + Total cholesterol in GGT model)
Model2c: Model1+BMI, baseline CRP, non-fasting glucose +GGT/uric acid (+Energy intake in GGT model)
Model2d: Model1+BMI, baseline CRP, non-fasting glucose +GGT/uric acid (+Energy intake in GGT model)
Model2e: Model1+BMI, baseline CRP, non-fasting glucose, cholesterol, income, alcohol, statin use, diastolic blood pressure 
+GGT (for uric acid as outcome)
Model2e: Model1+BMI, baseline CRP, non-fasting glucose, cholesterol, income, alcohol, statin use, systolic blood pressure, 
energy intake, hormone replacement therapy + uric acid (for GGT as outcome)
Outcome: hsCRP Men N= 1668 Women N=2486 Outcome: adipocytokines Men N=306 Women N=401
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Supplemental Table 4. Association of FRAP with uric acid and GGT, The Rotterdam Study.

FRAP
Model 1
β (95% CI)

Model 2
β (95% CI)

Uric acid (N=3505) -0.002(-0.004-0.001) -0.003(-0.005-0.002)a

GGT§ (N=3505) -0.008(-0.011-0,004) -0.006(-0.009-0.003)b

FRAP, ferric reducing antioxidant potential; GGT, gamma glutamyltransferase; 
§ Variables were log transformed to better approximate normal distribution.
Model 1: Age and gender
Model 2a: Model 1+ BMI + baseline CRP. Additional adjustment for smoking status, physical activity, energy intake, DHDI, 
prevalent diseases, systolic blood pressure(SBP), total cholesterol, education, income, alcohol, Statin use, hormone replacement 
therapy (HRT), vitamin intake, processed meat intake, unprocessed meat intake, glomerular filtration rate(GFR), waist-to-hip 
ratio did not change the effect estimate with >10%.
Model 2b: Model 1+ SBP + diastolic blood pressure+ uric acid + total cholesterol.
Additional adjustment for smoking status, physical activity, energy intake, DHDI, prevalent diseases, BMI, baseline CRP, educa-
tion, income, alcohol, Statin use, HRT, vitamin intake, processed meat intake, unprocessed meat intake, GFR, waist-to-hip ratio 
did not change the effect estimate with >10%.
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Supplemental Table 5. Association of FRAP with hs-CRP and adipocytokines excluding people with CVD or 
type 2 diabetes: the Rotterdam Study.

Model 1
β (95% CI)

Model 2
β (95%CI)

CRP§ (N=4507) 0.003(-0.004,0.009) -0.003(-0.009,0.003)a

Leptin§ (N=798) -0.010(-0.022,0.003) -0.008(-0.018,0.002)b

Adiponectin§ (N=798) 0.007(0.000,0.014) 0.009(0.002,0.016)c

PAI-1§ (N=798) -0.014(-0.026, -0.003) -0.015(-0.026, -0.004)d

Resistin§ (N= 798) -0.00008(-0.008,0.008) -0.001(-0.009,0.008)e

FRAP, ferric reducing antioxidant potential; CRP, C-reactive protein; PAI-1, Plasminogen Activator Inhibitor-1.
§ Variables were log transformed to better approximate normal distribution.
Model 1: Adjusted for age and gender
Model 2a: Model 1 + BMI, smoking status, prevalent diseases, systolic blood pressure (SBP), non-fasting glucose, total choles-
terol, index1(time). Additional adjustment for physical activity, energy intake, DHDI, education, income, alcohol, Statin use, 
hormone replacement therapy(HRT), vitamin intake, processed meat intake, unprocessed meat intake did not change the effect 
estimate with >10%.
Model 2b: Model 1 + BMI, Smoking status, energy intake, baseline CRP, non-fasting glucose, total cholesterol. Additional 
adjustment for physical activity, DHDI, prevalent disease, SBP, education, income, alcohol, Statin use, HRT, vitamin intake, 
processed meat intake, unprocessed meat intake did not change the effect estimate with >10%.
Model 2c: Model 1 + BMI, energy intake, baseline CRP, prevalent diseases, income, alcohol, statin use, non-fasting glucose, 
total cholesterol.
Additional adjustment for physical activity, DHDI, SBP, smoking status, education, HRT, vitamin intake, processed meat intake, 
unprocessed meat intake did not change the effect estimate with >10%.
Model 2d: Model 1 + BMI, energy intake, baseline CRP, non-fasting glucose, total cholesterol. Additional adjustment for physi-
cal activity, DHDI, prevalent disease, SBP, smoking status, education, income, alcohol, Statin use, HRT, vitamin intake, pro-
cessed meat intake, unprocessed meat intake did not change the effect estimate with >10%.
Model 2e: Model 1 + BMI, energy intake, baseline CRP, non-fasting glucose, total cholesterol.
Additional adjustment for physical activity, DHDI, prevalent disease, SBP, smoking status, education, income, alcohol, Statin 
use, HRT, vitamin intake, processed meat intake, unprocessed meat intake did not change the effect estimate with >10%.
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Supplemental Table 6. Association of uric acid (uric acid/sd) and GGT (GGT/sd) with hs-CRP and adipocy-
tokines excluding people with CVD or type 2 diabetes: the Rotterdam Study.

Uric acid GGT§

Model 1
β (95% CI)

Model 2
β (95%CI)

Model 1
β (95% CI)

Model 2
β (95% CI)

CRP§(N=4154) 0.195 (0.160,0.230) 0.111 (0.074,0.148)a 0.214 (0.178,0.249) 0.164 (0.128,0.199)a

Leptin§(N=707) 0.270 (0.203,0.337) 0.127 (0.069,0.185)b 0.094 (0.027,0.161) -0.042 (-0.097,0.013)b

Adiponectin§(N=707) -0.092 (-0.130, -0.054) -0.055 (-0.096, -0.015)c -0.040 (-0.078, -0.003) -0.001 (-0.039,0.037)c

PAI-1§(N=707) 0.257 (0.196,0.317) 0.178 (0.115,0.241)d 0.124 (0.063,0.185) 0.022 (-0.037,0.081)d

Resistin§(N=707) 0.035 (-0.012,0.082) 0.049 (-0.002,0.101)e 0.013 (-0.032,0.058) 0.013 (-0.035,0.062)e

CRP, C-reactive protein; GGT, gamma glutamyltransferase; PAI-1, Plasminogen Activator Inhibitor
§ Variables were log transformed to better approximate normal distribution.
Model 1: Age and gender
Model 2a: Model 1 + BMI, Index 1(time)+GGT/uric acid
Model 2b: Model1 +BMI, baseline CRP+GGT/uric acid (+glucose + total cholesterol in GGT model)
Model 2c: Model1+BMI, baseline CRP, non-fasting glucose +GGT/uric acid (+Energy intake in GGT model)
Model 2d: Model1+BMI, baseline CRP, non-fasting glucose +GGT/uric acid (+Energy intake in GGT model)
Model 2e: Model1+BMI, baseline CRP, non-fasting glucose, total cholesterol, income, alcohol, statin use, diastolic blood pres-
sure +GGT (for uric acid as outcome)
Model 2e: Model1+BMI, baseline CRP, non-fasting glucose, energy intake, total cholesterol, hormone replacement therapy, 
systolic blood pressure, Statin use, alcohol, income +uric acid ( for GGT as outcome)



77

Antioxidant capacity of diet and C-reactive protein, adipocytokines.

Supplemental Figure S1. Flow Chart of participants included in the analysis of overall antioxidant capacity of 
diet and Uric acid/ gamma-glutamyltransferase (GGT): the Rotterdam Study.
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ABSTRACT

Background
Limited evidence is available about the association between serum uric acid and sub-stages of 
the spectrum from normoglycaemia to type 2 diabetes mellitus. We aimed to investigate the 
association between serum uric acid and risk of prediabetes and type 2 diabetes mellitus.

Methods
Eligible participants of the Rotterdam Study (n = 8,367) were classified into mutually exclusive 
subgroups of normoglycaemia (n = 7,030) and prediabetes (n = 1,337) at baseline. These subgroups 
were followed up for incident prediabetes (n = 1,071) and incident type 2 diabetes mellitus (n = 
407), respectively. We used Cox proportional hazard models to determine hazard ratios (HRs) 
for incident prediabetes among individuals with normoglycaemia and incident type 2 diabetes 
mellitus among individuals with prediabetes.

Results
The mean duration of follow-up was 7.5 years for incident prediabetes and 7.2 years for incident 
type 2 diabetes mellitus. A standard deviation increment in serum uric acid was significantly 
associated with incident prediabetes among individuals with normoglycaemia (HR 1.10, 95% 
confidence interval (CI) 1.01; 1.18), but not with incident type 2 diabetes mellitus among indi-
viduals with prediabetes (HR 1.07, 95% CI 0.94; 1.21). Exclusion of individuals who used diuretics 
or individuals with hypertension did not change our results. Serum uric acid was significantly 
associated with incident prediabetes among normoglycaemic women (HR 1.13, 95% CI 1.02; 1.25) 
but not among normoglycaemic men (HR 1.08, 95% CI 0.96; 1.21). In contrast, serum uric acid 
was significantly associated with incident type 2 diabetes mellitus among prediabetic men (HR 
1.23, 95% CI 1.01; 1.48) but not among prediabetic women (HR 1.00, 95% CI 0.84; 1.19).

Conclusions
Our findings agree with the notion that serum uric acid is more closely related to early-phase 
mechanisms in the development of type 2 diabetes mellitus than late-phase mechanisms.
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INTRODUCTION

Uric acid is generated during nucleotide and adenosine triphosphate (ATP) metabolism and 
comprises the end product of human purine metabolism.(1) We have previously demonstrated 
in a large population-based cohort study that elevated serum levels of uric acid are associated 
with increased risk of type 2 diabetes mellitus (DM) independently of other risk factors.(2) This 
association has since then been replicated in many other prospective studies and subsequent 
meta-analyses.(3-6) In addition, serum uric acid has been associated with various cardiovascular 
and metabolic conditions such as hypertension, obesity, heart failure and atrial fibrillation in 
large population-based studies.(7) 
Prediabetes is a disorder of glucose homeostasis characterized by impaired glucose tolerance or 
impaired fasting glucose. These are both reversible stages of intermediate hyperglycaemia that 
provide an increased risk of type 2 DM.(8) Prediabetes can therefore be regarded as an important 
reversible stage that could lead to type 2 DM, and early identification of prediabetes might con-
tribute to the prevention of type 2 DM. Despite its established association with incident type 2 
DM, serum uric acid has not been studied extensively in relation to incident prediabetes in indi-
viduals with normoglycaemia or incident type 2 DM in individuals with established prediabetes.
Therefore, the objective of the present study is to determine whether serum uric acid is associated 
with incident prediabetes among normoglycaemic individuals and type 2 DM among predia-
betic individuals. This study is performed within the framework of the Rotterdam Study, a large 
population-based prospective cohort study of participants aged 45 years and older.(9)

MATERIALS AND METHODS

The Rotterdam Study
The methodology of the Rotterdam Study has been outlined extensively elsewhere.(9) Briefly, the 
study initially consisted of 7,983 residents of the Ommoord district aged 55 years and over in the 
city of Rotterdam, the Netherlands (RS-I). Following extension of the cohort in 2000 (RS-II), 
when individuals who had become 55 years of age or moved into the district since the study start 
were added to the cohort, and 2006 (RS-III), when individuals aged 45-54 years also became 
eligible for participation, the total number of subjects was 14,926 by the end of 2008.(9) These 
participants undergo physical examinations at the Rotterdam Study research facility and home 
interviews every 3-4 years. Data is collected on health status, risk factors for various diseases com-
mon in the elderly, anthropometric characteristics, incident disease and cause-specific mortality.
(9) The Medical Ethics Committee of the Erasmus Medical Centre Rotterdam and the review 
board of the Dutch Ministry of Health, Welfare and Sport have approved this population-based 
cohort study, and all participants have provided written informed consent. For the purposes of 
this analysis, we combined data from cohorts RS-I (using the third visit in 1997-1999 as baseline), 
RS-II (baseline visit 2000-2001) and RS-III (baseline visit 2006-2009) of the Rotterdam Study.
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Definition of type 2 diabetes mellitus, prediabetes and normoglycaemia
As per the Rotterdam Study protocol and WHO guidelines, type 2 DM was defined as having a 
fasting plasma glucose level ≥ 7.0 mmol/L, a non-fasting plasma glucose ≥ 11.1 mmol/L, the use 
of oral anti-diabetic medication or insulin, treatment by diet with type 2 DM as an indication 
and/or being registered by a general practitioner as having type 2 DM.(10; 11) Prediabetes was 
defined as a fasting plasma glucose level 6.0-6.9 mmol/L or a non-fasting plasma glucose level 
7.7-11.1 mmol/L, in addition to absence of all type 2 DM criteria. Normoglycaemia was defined 
as a fasting plasma glucose level ≤ 6.0 mmol/L and absence of any of the above criteria for 
prediabetes and type 2 DM. Fasting blood samples were obtained by means of venipuncture at 
the Rotterdam Study research facility. The samples were stored at −80°C in 5 mL aliquots. Within 
one week of sampling, glucose levels were measured by means of the glucose hexokinase method.
(12) All measurements were performed at the clinical chemistry laboratory of Erasmus Medical 
Center, Rotterdam.

Measurement of serum uric acid
Serum uric acid was determined in non-fasting blood samples, centrifuged for 10 minutes at 
3,000 RPM and then stored for one week at -20°C. Uric acid activity was determined using a 
Kone Diagnostica reagent kit and a Kone auto-analyser. After every 10 samples, 3 control samples 
were included to check calibration. If the average values of the control samples were not within 
2.5% of the true value in each run of 100 samples, this run was repeated. Day-by-day variation 
had to be within 5% of this average value.

Covariates
In our study, the following covariates are considered: age, sex, body mass index (BMI), smoking 
status, daily alcohol intake, total serum cholesterol, serum HDL cholesterol, systolic blood pres-
sure, serum insulin, serum glucose, hypertension (defined as having a systolic blood pressure 
> 140 mmHg, a diastolic blood pressure > 100 mmHg or receiving blood-pressure lowering 
medication with “hypertension” as an indication), physical activity, use of diuretics and esti-
mated glomerular filtration rate (eGFR). Data on serum glucose, total serum cholesterol, serum 
HDL-cholesterol, serum insulin, blood pressure and eGFR were obtained at baseline by means 
of venipuncture, performed during participants’ visits to the Rotterdam Study research facility. 
Anthropometric characteristics were also recorded at the Rotterdam Study research facility. 
eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 
equation.(13) The disease status with respect to type 2 DM and prediabetes was ascertained 
through follow-up using general practitioners’ records and hospital discharge letters, collected 
as part of the Rotterdam Study. Physical activity was assessed at baseline by means of a modified 
version of the Zutphen Study Physical Activity Questionnaire and the LASA Physical Activity 
Questionnaire.(9) Metabolic equivalents of task (MET) hours per week were calculated based 
on time spent in light, moderate and vigorous activity. Data concerning the use of medication, 
alcohol consumption and smoking at baseline was obtained through Rotterdam Study home 
interviews and, for medication, consulting pharmacy dispensing records.
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Statistical analysis
To determine the association between serum uric acid and risk of incident prediabetes or inci-
dent type 2 DM, Cox proportional hazards regression was performed with serum uric acid as 
the primary dependent variable and either incident prediabetes or incident type 2 DM as the 
response variable. Th e timescale in these models is follow-up time in years from baseline to either 
of the clinical endpoints, death, loss-to-follow-up or January 1st, 2012. Models adjusted only for 
age, sex and cohort as well as multivariable-adjusted Cox models were designed. Th e confound-
ers BMI, smoking status, daily alcohol intake, total serum cholesterol, serum HDL cholesterol, 
systolic blood pressure, serum insulin, serum glucose, hypertension status, physical activity, use 
of diuretics and eGFR, selected based on previous literature, were added to the models adjusted 
for age, sex and cohort incrementally. Th e covariates serum insulin level, serum glucose level, 
daily alcohol intake and physical activity were log-transformed in the analyses because they 
displayed non-normality. Non-linearity was accounted for by inclusion of polynomial terms in 
the regression models if necessary. Interaction of uric acid with age and sex was investigated by 

Figure 1. Selection of the study population.
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introducing the product of the variables age and sex with uric acid to the regression models. Five-
fold multiple imputation was performed to reduce bias that could arise from missing values. The 
results of our analyses are presented as hazard ratios (HR) with corresponding 95% confidence 
intervals. A p-value < 0.05 was considered statistically significant. Analyses were performed us-
ing SPSS Statistics version 21 (IBM Corp., Armonk, New York, USA) and R version 3.2.4 (The R 
foundation for Statistical Computing, Vienna, Austria).

RESULTS

The total study population eligible for analysis (n = 8,367) was divided into two mutually exclu-
sive subgroups: a subgroup with normoglycaemia at baseline (n = 7,030) and a subgroup with 
prevalent prediabetes at baseline (n = 1,337). The selection procedure of our study population and 
the subgroups is outlined in Fig 1. Baseline characteristics of the study population are presented 
in Table 1.

Table 1. Baseline characteristics of the study population.
Normoglycaemia
at baseline
n = 7,030

Missing
data 
(%)

Prediabetes
at baseline
n = 1,337

Missing
data 
(%)

Age (years) 64.2 (9.7) 0.0% 66.6 (9.4) 0.0%

Sex Male (%)
Female (%)

2,890 (41.1%)
4,140 (58.9%)

0.0% 665 (49.7%)
672 (50.3%)

0.0%

Body Mass Index 26.7 (3.9) 0.7% 28.5 (4.4) 0.6%

Serum Total Cholesterol (mmol/L) 5.8 (1.0) 0.0% 5.8 (1.0) 0.2%

Serum HDL (mmol/L) 1.4 (0.4) 0.6% 1.3 (0.4) 0.8%

Systolic Blood Pressure (mmHg) 137.2 (20.5) 0.5% 145.4 (20.8) 0.2%

Serum Insulin (pmol/L)a 66.0 (44.0) 0.2% 93.0 (67.0) 0.1%

Alcohol Consumption (g/day)ab 10.1 (12.6) 30.6% 13.7 (17.7) 35.2%

Active (%)
Former or Never (%)

6,008 (85.2%)
975 (14.1%)

0.7% 1,154 (86.3%)
176 (13.2%)

0.5%

Smoking Active (%)
Former or Never (%)

1,236 (17.6%)
5,794 (82.4%)

0.7% 237 (17.7%)
1,100 (82.3%)

0.4%

Hypertensionc Yes (%)
No (%)

3,981 (56.6%)
3.049 (43.4%)

1.3% 1,000 (74.8%)
337 (25.2%)

0.7%

Use of diuretics Yes (%)
No (%)

581 (8.3%)
6,449 (91.7%)

2.9% 199 (14.9%)
1,138 (85.1%)

3.1%

Serum Glucose (mmol/L)a 5.3 (0.6) 0.0% 6.3 (0.4) 0.2%

Estimated Glomerular Filtration Rate (mL/min/1.73m2) 79.9 (15.7) 1.2% 77.4 (16.1) 0.5%

Metabolic Equivalents of Task (hours/week)a 71.6 (64.5) 11.6% 68.7 (64.0) 10.2%

Serum Uric Acid (mmol/L) 0.31 (0.07) n/a 0.35 (0.08) n/a

Variables are presented as mean (standard deviation) unless otherwise indicated. aVariable is presented as median (interquartile 
range). bMedian alcohol consumption applies only to active drinkers. cHypertension is defined as having a systolic blood pres-
sure > 140 mmHg, a diastolic blood pressure > 100 mmHg or receiving blood-pressure lowering medication with “hyperten-
sion” as an indication.
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Over a mean follow-up time of 7.5 years, 1,071 individuals with normoglycaemia at baseline de-
veloped prediabetes (incidence rate 20.2 per 1,000 person-years). In this analysis, the percentage 
of individuals who were lost to follow up was 0.6% (40 out of 7,030 individuals). The results of 
our analysis of the association between serum uric acid and incident prediabetes are presented 
in Table 2. We found a significant association between serum uric acid and incident prediabetes 
within individuals who were normoglycaemic at baseline in a model adjusted only for age, sex 
and cohort (HR 1.31 per SD increment, 95% confidence interval (CI) 1.23 ; 1.40). This associa-
tion was attenuated but remained significant in the multivariable-adjusted model (HR 1.10, 95% 
CI 1.01; 1.18). Performing separate analyses for men and women, we found that the association 
between serum uric acid and incident prediabetes was present in both men (HR 1.28, 95% CI 
1.16; 1.41) and women (HR 1.34, 95% CI 1.23; 1.45) in models adjusted for age and cohort (Table 
3). After multivariable adjustment, serum uric acid was significantly associated with incident 
prediabetes among women (HR 1.13, 95% CI 1.02; 1.25) but not among men (HR 1.08, 95% CI 
0.96; 1.21). Exclusion of individuals who use diuretics or individuals with hypertension did not 
materially change our findings (Table 4). The association failed to reach statistical significance 
upon exclusion of individuals with a BMI ≥ 25 (HR 1.14, 95% CI 0.98; 1.33). In the multivariable-
adjusted model we also analysed serum uric acid in quartiles, providing quartile-specific HRs 
relative to the first quartile (Fig 2).

Table 2. The association between serum uric acid and incidence of prediabetes and type 2 diabetes mellitus.
Incident prediabetes in 
normoglycaemic individuals P-value

Incident type 2 DM in prediabetic 
individuals P-value

Model 1a 1.31 (1.23 ; 1.40) < 0.001 1.17 (1.06 ; 1.30) 0.002

Model 2b 1.30 (1.21 ; 1.40) < 0.001 1.21 (1.08 ; 1.35) 0.001

Model 3c 1.10 (1.01 ; 1.18) 0.022 1.07 (0.94 ; 1.21) 0.330

Results are presented as Hazard Ratio (95% confidence interval) for a standard deviation increment in serum uric acid. aModel 
1: adjusted for age, sex and Rotterdam Study cohort. bModel 2: model 1 + hypertension status, serum total cholesterol, eGFR, 
MET-hours per week, systolic blood pressure and use of diuretics. cModel 3: model 2 + daily alcohol intake, serum HDL, smok-
ing status, BMI, serum glucose and serum insulin.

Table 3. The association between serum uric acid and incidence of prediabetes and type 2 diabetes mellitus, 
stratified by gender.

Model
Incident prediabetes in 
normoglycaemic individuals P-value

Incident type 2 diabetes in 
prediabetic individuals P-value

Men 1a 1.28 (1.16 ; 1.41) < 0.001 1.19 (1.01 ; 1.40) 0.038

2b 1.26 (1.13 ; 1.40) < 0.001 1.30 (1.09 ; 1.56) 0.004

3c 1.08 (0.96 ; 1.21) 0.216 1.23 (1.01 ; 1.48) 0.039

Women 1a 1.34 (1.23 ; 1.45) < 0.001 1.18 (1.03 ; 1.35) 0.015

2b 1.35 (1.23 ; 1.48) < 0.001 1.19 (1.02 ; 1.38) 0.027

3c 1.13 (1.02 ; 1.25) 0.024 1.00 (0.84 ; 1.19) 0.877

Results are presented as Hazard Ratio (95% confidence interval) for a standard deviation increment in serum uric acid. aModel 
1: adjusted for age, sex and Rotterdam Study cohort. bModel 2: model 1 + hypertension status, serum total cholesterol, eGFR, 
MET-hours per week, systolic blood pressure and use of diuretics. cModel 3: model 2 + daily alcohol intake, serum HDL, smok-
ing status, BMI, serum glucose and serum insulin.
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Table 4. Subgroup analyses for the association between serum uric acid and incident prediabetes and incident 
type 2 diabetes mellitus.

Incident prediabetes in 
normoglycaemic individuals P-value

Incident type 2 DM in 
prediabetic individuals P-value

Exclusion of participants 
who use diuretics

1.11 (1.02 ; 1.21) 0.016 1.05 (0.92 ; 1.21) 0.497

Exclusion of participants 
with hypertension

1.16 (1.00 ; 1.34) 0.045 1.14 (0.84 ; 1.56) 0.412

Exclusion of participants 
with a BMI ≥ 25

1.14 (0.98 ; 1.33) 0.097 1.10 (0.75 ; 1.61) 0.647

Results are presented as multivariable-adjusted Hazard Ratios (95% confi dence interval) for a standard deviation increment in 
serum uric acid, adjusted for age, sex, Rotterdam Study cohort, hypertension status, serum total cholesterol, eGFR, MET-hours 
per week, systolic blood pressure, use of diuretics, daily alcohol intake, serum HDL, smoking status, BMI, serum glucose and 
serum insulin.

Figure 2. Quartile-specifi c hazard ratios for serum uric acid in association with incident prediabetes and inci-
dent type 2 diabetes mellitus.

1 
 

.
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A total of 407 individuals with prediabetes at baseline developed type 2 DM over a mean follow-
up time of 7.2 years (incidence rate 42.4 per 1,000 person-years). In this analysis, the percentage 
of individuals who were lost to follow up was 0.4% (6 out of 1,337 individuals). Serum uric acid 
was significantly associated with incident type 2 DM in individuals with prediabetes in a model 
adjusting only for age, sex and cohort (HR 1.17, 95% CI 1.06; 1.30), but this association weakened 
and was not statistically significant in the multivariable-adjusted model (HR 1.07, 95% CI 0.94; 
1.21) (Table 2). In sex-specific analyses, the association was significant among men (HR 1.19, 95% 
CI 1.01; 1.40), and women (HR 1.18, 95% CI 1.03; 1.35) in models adjusted for age and cohort (Table 
3). After multivariable adjustment, serum uric acid was significantly associated with incident 
type 2 DM among men (HR 1.23, 95% CI 1.01; 1.48) but not among women (HR 1.00, 95% CI 0.84; 
1.19). Exclusion of diuretic users, individuals with hypertension or individuals with a BMI ≥ 25 
did not change our findings (Table 4). No significant difference was observed in any serum uric 
acid quartile compared to the first quartile (Fig 2).

DISCUSSION

We have found that higher serum uric acid levels are associated with an increased risk of inci-
dent prediabetes in individuals with normoglycaemia aged 45 years or over, independently of 
confounders. No significant association was observed between serum uric acid and incident type 
2 DM in individuals with prediabetes after multivariable adjustment.
The result with relation to incident prediabetes is consistent with previous research on this subject 
using impaired fasting glucose as an endpoint.(14-17). This could indicate that serum uric acid 
is more closely associated with early-phase rather than late-phase mechanisms that play a role 
in the development of type 2 DM. Typically, insulin resistance impairs pancreatic β-cell physiol-
ogy and compensatory mechanisms, thereby inducing β-cell dysfunction as a consequence.(18) 
Insulin resistance could therefore be regarded as a reflection of early mechanisms that contribute 
to the development of type 2 DM, whereas β-cell dysfunction reflects the influence of late-stage 
mechanisms.(19) Currently, not much evidence is available concerning the relation between 
serum uric acid and pancreatic β-cell function. Tang and colleagues found an independent posi-
tive association between serum uric acid levels and residual pancreatic β-cell function.(20) In 
their cross-sectional analysis of 1,021 individuals with type 2 DM, they observed that patients 
with higher serum uric acid had greater insulin secretion ability in early disease stages, but their 
residual β-cell function decayed more quickly. The authors suggest that this increased insulin 
secretion might be a compensatory mechanism to overcome initial insulin resistance. In addi-
tion, Shimodaira and colleagues observed a significant negative association between serum uric 
acid and disposition index, a measure of pancreatic β-cell function, in a cross-sectional analysis 
among non-diabetic Japanese women after adjustment for age, BMI, systolic blood pressure, 
HbA1c, serum triglyceride level, serum HDL level and use of antihypertensive or antilipidemic 
drugs.(21) However, no definitive conclusions regarding the association between serum uric acid 
and pancreatic β-cell function can be drawn at this point. Further population-based, prospective 
studies investigating this association are warranted. Although the association between serum 
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uric acid and incident prediabetes was not significant among individuals with BMI < 25, this 
finding is most likely due to a lack of statistical power, because individuals with a BMI ≥ 25 
constitute over half of our sample size in this subgroup.
Serum uric acid has been investigated in relation to incident type 2 DM in individuals with 
impaired fasting glucose by Kramer and colleagues, who found a significant association (OR 1.75, 
95% CI 1.1 ; 2.9) after adjusting for various confounders in study population with characteristics 
similar to ours.(22) We were not able to replicate this finding in our analysis, in which we had 
a considerably larger sample available and were able to adjust for a more comprehensive set of 
confounding variables. It is possible that residual confounding in the previous study could ac-
count for this difference, because Kramer and colleagues were unable to adjust for smoking status 
and serum HDL level. These covariates were particularly impactful in our multivariable-adjusted 
model. Excluding these covariates from the model yields an increase in the effect estimate (HR 
1.13, 95% CI 1.00; 1.27) compared to the model which includes them (HR 1.07, 95% CI 0.94; 1.21). 
We also observe a steep decrease in the estimated hazard ratio for incident type 2 diabetes be-
tween model 2 and 3 in our analysis. The variable that is responsible for most of this decrease is 
serum HDL. It has been demonstrated that serum HDL is associated with plasma glucose levels 
and that it is strongly inversely associated with serum uric acid levels.(23; 24) Therefore, serum 
HDL can be regarded as a particularly strong confounder of this association.
There have been conflicting results reported in the literature about a possible sex-specific nature 
of the association between serum uric acid and impaired fasting glucose.(16; 17) In our study, 
we observe that serum uric acid is significantly associated with incident prediabetes among 
normoglycaemic women, but not among normoglycaemic men. Several studies report that the 
association between serum uric acid and glucose-related endpoints is especially pronounced 
among women.(15; 16; 25; 26) The difference between men and women with relation to incident 
prediabetes in our study can likely be attributed to residual confounding. We also have fewer 
events among men (n = 439) than among women (n = 632) in this analysis, which might lead to 
more imprecision in our estimated hazard ratio for men.
In contrast to this finding relating to incident prediabetes, serum uric acid was significantly 
associated with incident type 2 diabetes among men with prediabetes, but not among women 
with prediabetes in our study after multivariable adjustment. This observation was despite the 
fact that the number of events was higher among women (n = 222) than among men (n = 185) 
in this analysis. No other study has investigated the relation between serum uric acid and type 
2 diabetes specifically among men with established glucose intolerance. Our result might sug-
gest that serum uric acid affects women more strongly in the early stages of glucose intolerance 
development, whereas it affects men more strongly in more advanced stages. Potential biological 
mechanisms underlying this phenomenon have not yet been investigated in the literature, and 
further research is warranted.
Our findings build on the conclusion of a report by Kodama and colleagues, who performed a 
meta-analysis on the association between serum uric acid and incident type 2 diabetes in popu-
lations not stratified by glucose tolerance status (normoglycaemia or prediabetes) at baseline.
(27) They conclude that serum uric acid is significantly associated with incident type 2 diabetes 
mellitus across 11 cohort studies, and that their result should encourage other studies to identify 
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sub-populations for which the association might be especially important. We report that serum 
uric acid appears to be most strongly associated with the early stages of the development of 
type 2 diabetes. A similar meta-analysis by Jia and colleagues also found a positive association 
between serum uric acid and a combined endpoint of incident impaired fasting glucose and 
incident type 2 diabetes.(5) Our results further characterize the association between serum uric 
acid and glucose intolerance by treating incident prediabetes and incident type 2 diabetes as 
separate endpoints.
The strengths of our study include its prospective nature, which minimizes the chance of re-
verse causation, its long follow-up time and our ability to adjust for a large set of confounders. 
We provide a comprehensive overview of the relation between serum uric acid and different 
sub-stages on the spectrum between normoglycaemia and type 2 DM. However, our study 
population consisted of mainly elderly individuals and roughly 95% of our participants were of 
Caucasian ethnicity. Therefore, our results cannot be generalized to populations with a different 
composition without further consideration. Finally, we cannot exclude the possibility of residual 
confounding, although the fact that we adjusted for many covariates should minimize the chance 
of this type of bias.
In conclusion, serum uric acid was independently and positively associated with incident predia-
betes in individuals with normoglycaemia but not with incident type 2 DM in individuals with 
prediabetes in a large population-based cohort of individuals aged 45 years and over. Our results 
indicate that serum uric acid might be more closely associated with early-phase pathogenic 
mechanisms that contribute to the development of type 2 DM rather than late-phase mechanisms.
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ABSTRACT

Objective
We aimed to investigate the role of serum levels of different apolipoproteins on the risk for type 
2 diabetes (T2D).

Research design and Methods
We used data from 971 individuals from the prospective population-based Rotterdam Study. 
We studied the association of HDL-C, apoA1, apoCIII, apoD, apoE as well as ratios of apolipo-
proteins with apoA1 with the risk of T2D. All apolipoproteins, ratios and HDL-C were naturally 
log-transformed to reach normal distribution.
First, their cross-sectional associations with fasting glucose and insulin were investigated us-
ing linear regression. Second, Cox proportional hazard models were used to examine whether 
apolipoproteins predict the risk for T2D among individuals free of diabetes at baseline. We also 
studied the apolipoproteins jointly by calculating apolipoproteinic score from the first step and 
then performing Cox regression with it.

Results
During a median follow-up of 13.3 years, 110 individuals developed diabetes.
After adjustment for age, sex, body mass index, parental history of diabetes, hypertension, 
alcohol use, smoking, prevalent CVD, serum lipid reducing agents: HDL-C (per 1 SD naturally 
log-transformed, HR = 0.74; 95% CI: 0.57, 0.97), apoCIII (1.65;1.42, 1.91), apoE (1.36; 1.18, 1.55), 
apoCIII-to-apoA1 ratio (1.72; 1.51, 1.95), apoE-to-apoA1ratio (1.28; 1.13, 1.45) and apolipoproteinic 
score (1.60; 1.39, 1.83) remained significant. Only apoCIII (1.42; 1.03, 1.96) and apoCIII-to-apoA-
1ratio (1.56; 1.04, 2.36) survived the adjustment for triglycerides in the last model.

Conclusions
Serum apoCIII levels as well as apoCIII-to-apoA1 ratio are associated with incident type 2 dia-
betes. They are associated independent of known risk factors and stronger than HDL-C levels.
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INTRODUCTION

Low levels of high density lipoprotein cholesterol (HDL-C) is a known risk factor for type 2 
diabetes (T2D) preceding the onset of the disease (1).
Recently, not only HDL content, but different lipoprotein particles are progressively gaining at-
tention as new markers for T2D risk, independent of established risk factors (2; 3). Furthermore, 
a novel lipoprotein insulin resistance index (LP-IR), which combines six lipoproteins parameters 
(higher levels of large VLDL particles and small LDL particles, lower levels of large HDL par-
ticles, smaller mean LDL and HDL particle size, and larger mean VLDL particle size) was found 
to be independently associated with incident diabetes (3; 4).
Given that lipoproteins are biochemical assemblies, their role in T2D etiology is deeper explored 
by investigating associations between their main components such as apolipoproteins and the 
risk for T2D. Part of interest in studying apolipoproteins is also the lately reported lack of causal-
ity between reduced HDL-C and increased risk of T2D, raising the question whether part of the 
beneficial effects attributed to HDL-C may be due to the composition of HDL particles, includ-
ing apolipoproteins (apo) and supporting their role as probable determinants in the association 
between HDL-C levels and T2D (5).
Few studies have shown that serum levels of apolipoproteins such as apoA1 and apoB are stronger 
biomarkers of T2D or its complications than traditional lipids (6; 7). Higher HDL-C-to- apoA1 
ratio and HDL-C-to-apoAII ratio are strongly and independently related to a lower risk of 
T2D in different populations (8-10). We have previously found that apoCIII promotor variants 
increase T2D risk and need for insulin treatment in lean participants (11). Total serum apoCIII, 
mainly because of the fraction in HDL particle was found to be a key diabetogenic risk factor 
among Turks (12). However, the prospective study among Turks had a short follow-up of 4.4 ± 
1.2 years. A comprehensive investigation of the role of serum apolipoproteinic profile of different 
apolipoproteins, as biomarkers for incident T2D and possible targets for future therapy is still 
lacking.
We hypothesized that serum levels of different apolipoproteins, as well as the ratios of those 
apolipoproteins with apoA1, are stronger biomarkers for incident T2D than HDL-C.
To this end, we studied the associations of serum HDL-C, apoA1, apoCIII, apoD, apoE levels as 
well as the ratios of ApoCIII-to-apoA1, apoD-to-apoA1 and apoE-to-apoA1 with incident T2D in 
the Rotterdam Study, a prospective population-based cohort study.

RESEARCH DESIGN AND METHODS

Study population
The Rotterdam Study is a prospective population-based cohort study in Ommoord, a district 
of Rotterdam, the Netherlands. The design of the Rotterdam Study has been described in more 
details elsewhere (13). Briefly, in 1989 all residents within the well-defined study area aged 55 
years or older were invited to participate of whom 78% (7983 out of 10275) agreed. There were no 
other eligibility criteria to enter the Rotterdam Study except minimum age and residential area 
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based on postal code. The first examination took place from 1990 to 1993, after which, follow-up 
examinations were conducted every 3-5 years. This study was based on data collected during 
the third visit (1997-1999). The measures were done based on a case-cohort study design. In this 
analysis, we have only used the random subset of the Rotterdam Study. The Rotterdam Study 
has been approved by the medical ethics committee according to the Population Screening Act: 
Rotterdam Study, executed by the Ministry of Health, Welfare and Sports of Netherlands. All 
participants in the present analysis provided written informed consent to participate and to 
obtain information from their treating physicians.

Measurement of apolipoproteins 
In the third visit, fasting blood samples were collected at the research center. Plasma was isolated 
and immediately put on ice and stored at -80°C. Citrate plasma (200Ul) was sent in July 2008 to 
Rules-Based Medicine, Austin, Texas (www.myriadrbm.com). Fifty biomarkers were quantified 
using multiplex immunoassay on a custom designed human multianalyte profile, including four 
apolipoproteins. The intra-assay variability was less than 4% and the inter assay variability was 
less than 13%. The markers investigated in the current study have no standard international cali-
bration reference, therefore interpretation of the absolute values should be with caution. Since 
all values in our set of individuals have been quantified using the same assay, relative measures 
like hazard ratios of associations should not have been effected. In this study we included the 
apolipoproteins that, besides other lipoproteins, are constituents of high density lipoproteins as 
well: apolipoprotein A1 (apoA1), apolipoprotein CIII (apoCIII), apolipoprotein D (apoD) and 
apolipoprotein E (apoE). Their measurements were available in g/l. We turned them in mol/l 
dividing their value in g/l by their molecular weight in g/mol: apoA1 (30778 g/mol), apoCIII 
(10852 g/mol), apoD (19820 g/mol), apoE (36154 g/mol) (www.myriadrbm.com ).

Type 2 diabetes mellitus 
Participants were followed from the date of baseline center visit onwards. At baseline and during 
follow-up, cases of prediabetes and T2D were ascertained through active follow-up using general 
practitioners’ records, hospital discharge letters and glucose measurements from Rotterdam Study 
visits which take place approximately every 4 years. Diabetes, pre-diabetes and normoglycemia 
were defined according to the current WHO guidelines. Normoglycemia was defined as a fasting 
blood glucose level < 6.0 mmol/L; pre-diabetes was defined as a fasting blood glucose between 
6.0 mmol/L and 7.0 mmol/L or a non-fasting blood glucose between 7.7 mmol/L and 11.1 mmol/L 
(when fasting samples were unavailable); type 2 diabetes was defined as a fasting blood glucose ≥ 
7.0 mmol/L, a non-fasting blood glucose ≥ 11.1 mmol/L (when fasting samples were unavailable), 
or the use of blood glucose lowering medication (14). Information regarding the use of blood 
glucose lowering medication was derived from both structured home interviews and linkage to 
pharmacy dispensing records. At baseline, more than 95% of the Rotterdam Study population 
was covered by the pharmacies in the study area. All potential events of prediabetes and T2D 
were independently adjudicated by two study physicians. In case of disagreement, consensus was 
sought with an endocrinologist. Follow-up data was complete until January 1st 2012.
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Covariates
Height and weight were measured with the participants standing without shoes and heavy outer 
garments. Body mass index (BMI) was calculated by dividing weight in kilograms by height in 
meters squared. Waist circumference was measured at the level midway between the lower rib 
margin and the iliac crest with participants in standing position without heavy outer garments 
and with emptied pockets, breathing out gently. Blood pressure was measured at the right bra-
chial artery with a random-zero sphygmomanometer with the participant in sitting position, and 
the mean of 2 consecutive measurements was used. Insulin, glucose, high-density lipoprotein 
cholesterol (HDL-C), triglycerides (TG) were measured on the COBAS 8000 Modular Analyzer 
(Roche Diagnostics GmbH). The corresponding interassay coefficients of variations are the fol-
lowing: insulin < 8%, glucose < 1.4% and lipids < 2.1%. Information on medication use, parental 
diabetes history and tobacco smoking behaviour was collected by trained research assistants via 
computerized questionnaires during home visits. History of cardiovascular disease was defined 
as a history of coronary heart diseases (myocardial infarction, revascularization, coronary artery 
bypass graft surgery or percutaneous coronary intervention) and was verified from the medical 
records of the general practitioner. Smoking was classified as current versus non-current smok-
ers. Alcohol intake was assessed in grams of ethanol per day from the questionnaires. Participants 
were asked for the average daily consumption.

Statistical analyses
We used linear regression models to investigate the age, sex and prevalent diabetes adjusted 
association of serum levels of HDL-C, apoA1, apoCIII, apoD, apoE as well as ratios of apolipo-
proteins with apoA1with fasting glucose and with fasting insulin in 971 subjects (120 of them with 
prevalent diabetes). Markers with a right-skewed distribution were transformed to the natural 
logarithmic scale (all apolipoproteins, their ratios, HDL-C, triglycerides, fasting glucose and 
insulin). We defined apolipoprotein value as an outlier when the value was four standard devia-
tions higher or lower than the mean of the normal variable. After excluding the outliers, apoli-
poprotein levels were standardized by dividing the measured value by the standard deviation. To 
study the apolipoprotein levels jointly, not just individually, we calculated an apolipoproteinic 
score using beta values from the cross-sectional analysis with glucose levels (table 2). The score 
was calculated by the formula (-0.013 × apoA1 + 0.016 × apoCIII – 0.009 × apoD + 0.018 × apoE). 
Among 851 subjects free of diabetes, we assessed the association of serum levels of HDL-C itself, 
apoA1, apoCIII, apoD, apoE, molar ratios of every apolipoprotein with apoA1 as well as the apo-
lipoproteinic score, using Cox proportional hazard models. The first model was adjusted for age 
and sex. In the second model we additionally adjusted for body mass index. In the third model 
we added parental history of diabetes, hypertension, alcohol use, smoking, prevalent CVD and 
serum lipid reducing agents. In the fourth model we added triglycerides. Multiple imputation 
procedure was used (N= 5 imputations) to impute the missing data on covariates such as weight 
(0.82 %), height (0.82 %), smoking (1.03 %), triglycerides (2.37 %), prevalent CVD (0.62 %). We 
also assessed linearity of the associations by adding quadratic term to regression models. All 
analyses were conducted in SPSS software version 21 (IBM SPSS Statistics for Windows, Armonk, 
NY: IBM Corp).
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RESULTS

Table 1 summarizes the baseline characteristics of 971 participants. The mean (SD) age at baseline 
was 73 (7.5) years and 44.8% of the population were males. The mean BMI (SD) was 26.7 (3.9) kg/
m2 and 12.6% of the study population used lipid lowering medication.

Cross-sectional analysis
Table 2 presents the associations between HDL-C, apoA1, apoCIII, apoD, apoE as well as ratios 
of apolipoproteins with apoA1and fasting glucose and fasting insulin. ApoCIII was positively 
associated with fasting glucose. ApoE, apoCIII-to-apoA1ratio and apoE-to-apoA1ratio were 
positively associated with fasting glucose and fasting insulin. HDL-C, apoA1 and apoD were 
inversely associated with fasting glucose and insulin.

Table 1. Baseline characteristics of study participants.
Characteristics Total (n=971)

Age, y 73 ± 7.5

Men, n (%) 435 (44.8)

Parental history of diabetes 59 (6.1)

Waist circumference, m 0.93 ± 0.12

Body mass index, kg/m2 26.7 ± 3.9

Systolic blood pressure,mmHg 144 ± 21.7

Diastolic blood pressure, mmHg 75 ± 11

Hypertension medication, n (%) 241 (24.8)

Total cholesterol, mmol/L 5.8 ± 0.98

HDL cholesterol, mmol/L 1.4 ± 0.4
*Triglycerides, mmol/L 1.3 (0.62 - 3.40)

Current smokers, n (%) 137 (14.1)

Former smokers, n (%) 483 (49.7)

Never smokers, n (%) 351 (36.2)

Prevalent cardiovascular disease, n (%) 201 (20.7)
*Alcohol intake in drinkers, g/day 5.71 (42.73)

Lipid lowering medication, n (%) 122 (12.6)
*Fasting glucose, mmol/L  5.6 (3.54)
*Fasting insulin, pmol/L  65 (138)
*Apolipoprotein A1, umol/l 7.4 (8.4)
*Apolipoprotein CIII, umol/l 6.3 (8.2)
*Apolipoprotein D, umol/l 3.9 (4.1)
*Apolipoprotein E, umol/l 1.2 (1.7)
*ApoCIII-to-apoA1 ratio 0.8 (1.4)
*ApoD-to-apoA1 ratio 0.5 (0.8)
*ApoE-to-apoA1 ratio 0.2 (0.3)

Plus-minus values are means ± SD or
* median (inter-quartile range). Abbreviations: apoA1, apolipoprotein A1; apoCIII, apolipoprotein CIII; apoD, apolipoprotein 
D; apoE, apolipoprotein E; HDL-C, high density lipoprotein cholesterol.
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Prospective analyses
Among 851 subjects free of diabetes, 110 incident diabetes cases were identified during a median 
follow-up of 13.5 years (10 diabetes cases per 1000 person-years).
After adjustment for age, sex, body mass index, parental history of diabetes, hypertension, alcohol 
use, smoking, prevalent CVD, serum lipid reducing agents (table 3, model 3): high serum HDL-C 
levels remained associated with lower risk for T2D, whereas high serum levels of apoCIII, apoE 
as well as apoCIII-to-apoA1 ratio, apoE-to-apoA1ratio and the apolipoproteinic score remained 
associated with higher risk for T2D. Only apoCIII (per 1 SD naturally log-transformed, HR = 

Table 2. Serum levels of HDL-C, apolipoproteins, ratios and fasting glucose and insulin.

Biomarker N

Fasting Glucose Fasting Insulin

Beta(95%CI) p-value Beta(95%CI) p-value

HDL-C 949 -0.018 (-0.027, -0.009) 8.7 × 10-5 -0.185 (-0.222, -0.147) 5.1 × 10-24

apoA1 968 -0.013 (-0.022, -0.004) 4 × 10-3 -0.170 (-0.208, -0.131) 3.9 × 10-19

apoCIII 968 0.016 (0.008, 0.024) 1.8 × 10-4 0.036 (-0.001, 0.072) 5.8 × 10-2

apoD 943 -0.009 (-0.017, -0.001) 3 × 10-2 -0.120 (-0.157, -0.084) 1.5 × 10-10

apoE 938 0.018 (0.009, 0.026) 4.5 × 10-5 0.103 (0.06, 0.146) 9 × 10-6

ApoCIII-to-apoA1 ratio 965 0.023 (0.014, 0.031) 8.5 × 10-8 0.141 (0.104, 0.178) 7.9 × 10-14

ApoD-to-apoA1 ratio 940 0.004 9-0.005, 0.013) 0.3 0.025 (-0.015, 0.066) 0.2

ApoE-to-apoA1 ratio 935 0.02 (0.012, 0.029) 1 × 10-6 0.158 (0.118, 0.199) 3.5 × 10-11

Abbreviations: apoA1, apolipoprotein A1; apoCIII, apolipoprotein CIII; apoD, apolipoprotein D; apoE, apolipoprotein E; HDL-
C, high density lipoprotein cholesterol; N, number of subjects after the exclusion of the outliers for each apolipoprotein.
Adjusted for age, sex, prevalent diabetes.
Betas are per 1SD naturally log-transformed.
Apolipoproteins are in molar units per liter and their ratios are based on molar weights.

Table 3. Associations between HDL-C, apolipoproteins, their ratios and score and incident type 2 diabetes 
mellitus.

Biomarker

Model1 Model2 Model3 Model4

HR(95%CI) p-value HR(95%CI) p-value HR(95%CI) p-value HR(95%CI) p-value

HDL-C 0.68 (0.55, 0.84) 3.6 × 10-4 0.76 (0.61, 0.95) 1.4 × 10-2 0.74 (0.57, 0.97) 2.7 × 10-2 0.89 (0.65, 1.21) 0.4

apoA1 0.72 (0.58, 0.89) 3 × 10-3 0.80 (0.64, 1.00) 5.3 × 10-2 0.85 (0.65, 1.11) 0.2 1.01 (0.75, 1.35) 0.9

apoCIII 1.49 (1.21, 1.83) 1.4 × 10-4 1.48 (1.33, 1.64) 2.6 × 10-4 1.65 (1.42, 1.91) 1.2 × 10-5 1.42 (1.03, 1.96) 3.3 × 10-2

apoD 0.77 (0.64, 0.94) 8 × 10-3 0.85 (0.69, 1.04) 0.1 0.89 (0.71, 1.14) 0.3 0.89 (0.70, 1.14) 0.3

apoE 1.38 (1.11, 1.72) 4 × 10-3 1.25 (0.99, 1.56) 5 × 10-2 1.36 (1.18, 1.55) 1.6 × 10-2 1.10 (0.80, 1.52) 0.5

ApoCIII/apoA1 1.64 (1.35, 2.00) 8.3 × 10-7 1.55 (1.26, 1.89) 2.7 × 10-5 1.72 (1.51, 1.95) 2.4 × 10-4 1.56 (1.04, 2.36) 3 × 10-2

ApoD/apoA1 1.01 (0.81, 1.25) 0.9 1.02 (0.82, 1.26) 0.8 1.01 (0.89, 1.16) 0.9 0.89 (0.69, 1.15) 0.3

ApoE/apoA1 1.41 (1.16, 1.72) 1 × 10-3 1.26 (1.02, 1.54) 2.9 × 10-2 1.28 (1.13, 1.45) 1.5 × 10-2 1.04 (0.77, 1.40) 0.8

Apolipoproteinic 
score

1.65 (1.35, 2.02) 8.6 × 10-7 1.49 (1.21, 1.85) 1.8 × 10-4 1.60 (1.39, 1.83) 1 × 10-3 1.44 (0.96, 2.17) 7.9 × 10-2

Model 1: adjusted for age and sex
Model 2: additionally adjusted for body mass index
Model 3: additionally adjusted for parental history of diabetes, hypertension, alcohol use, smoking, prevalent CVD, serum lipid 
reducing agents
Model 4: additionally adjusted for triglycerides
HRs are per 1SD naturally log-transformed.
Apolipoproteins are in molar units per liter and their ratios are based on molar weights.
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1.42; 95% CI: 1.03, 1.96) and apoCIII-to-apoA1ratio (per 1 SD naturally log-transformed, HR = 
1.56; 95% CI: 1.04, 2.36) survived the adjustment for triglycerides in the last model.
All these adjustments slightly changed the effect estimates of the association between serum 
apoCIII levels as well as apoCIII-to-apoA1 ratio and incident T2D from the age and sex adjusted 
model (per 1 SD naturally log-transformed, HR = 1.49), (per 1 SD naturally log-transformed, HR 
= 1.64) to the final model (per 1SD naturally log-transformed, HR= 1.42), (per 1 SD naturally 
log-transformed, HR = 1.56).
We assessed linearity of the associations by adding quadratic term to regression models. None of 
the quadratic terms were significant (P value > 0.1).

DISCUSSION

In this prospective population-based cohort study, we investigated the associations of serum 
levels of apoliporoteins (apoA1, apoCIII, apoD, apoE), HDL-C as well as the ratios of the apoli-
poproteins with apoA1 and their apolipoproteinic score with the risk of T2D. After adjustment 
for age, sex, body mass index, parental history of diabetes, hypertension, alcohol use, smoking, 
prevalent CVD, serum lipid reducing agents high serum HDL-C levels remained associated with 
lower risk for T2D, whereas high serum levels of apoCIII, apoE as well as apoCIII-to-apoA1 
ratio, apoE-to-apoA1ratio and the apolipoproteinic score remained associated with higher risk 
for T2D. Only apoCIII and apoCIII-to-apoA1ratio survived the adjustment for triglycerides, 
being identified as stronger T2D risk marker than HDL-C.
ApoA1 is the major proteinic component of the antiatherogenic HDL and its main indictor 
(15; 16). Thus, we calculated molar ratios of serum apolipoproteins, which have in common 
the presence in HDL besides other lipoproteins, to investigate how the variability of the serum 
apoliporoteinic flux could be associated with the risk for T2D and whether this variability could 
be a better risk marker than HDL-C.
Few previous studies have shown that serum levels of apolipoproteins better estimate the risk of 
T2D or its complications than traditional lipids (6; 16). Higher HDL-C-to-apoA1 ratio and apoA1 
levels have been strongly and independently related to a lower risk of incident T2D in different 
populations (8-10). In agreement with these studies we report here that serum apoA1 levels are 
associated with risk of T2D. We, however, extended the list to a larger set of apolipoproteins and 
included serum levels of apoCIII, apoD and apoE. Our results indicate that apoCIII is a better 
predictor of T2D compared to apoA1. Associations of serum levels of apoCIII with the risk of 
T2D have been previously investigated prospectively (12), but in a shorter follow-up of 4.4 ± 1.2 
years using logistic regression, whereas we performed survival analysis having available incident 
diabetes date during a median follow-up of 13.3 years.
The studied apolipoproteins are found in combination with HDL, LDL, VLDL or chylomicrons 
(17). The variation in apolipoprotein levels, therefore, represents both the variation in apolipo-
proteins flux and the variation in the levels of lipids they bind. Even interventions that modify 
apolipoprotein levels affect lipid levels simultaneously. For instance, gemfibrozil increases apoA1 
and apoE concentrations as well as HDL-C levels (18). Since dyslipidemia starts before diagnosis 
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of T2D (19), the association of apolipoproteins and type 2 diabetes could be confounded by lipid 
levels. To disentangle the effect of apolipoproteins from HDL, LDL, VLDL or chylomicrons we 
used molar ratios of serum apolipoproteins levels to apoA1 and we adjusted their associations for 
lipid levels. ApoCIII was the only apolipoprotein that remained significant after adjustments and 
its ratio with apoA1 strongly predicted T2D as well. This may indicate that total flux of apoCIII 
and its ratio with the main indictor of HDL (apoA1) has a stronger impact in T2D aetiology than 
HDL-C itself.
Genetically elevated levels of apoCIII have been related to higher risk of diabetes. We have previ-
ously showed the associations of apoCIII promoter variants with the risk of T2D in lean healthy 
subjects (11). In a paper by Hokanson et al, an apoCIII haplotype was associated with type 1 
diabetes (20). These studies may indicate that the association we report in this study between 
apoCIII and T2D is likely to be causal. The mechanisms through which apoCIII may cause T2D 
remain unclear, however, Avall et al have recently found that apoCIII links islet insulin resistance 
to beta cell failure in diabetes (21). This may indicate that apoCIII is mainly working through beta 
cell dysfunction rather than insulin resistance.
The typical dyslipidemia of T2D is characterized by high triglyceride levels and low HDL-C 
levels (22). ApoCIII is an atherogenic protein found on HDL, VLDL and LDL. ApoCIII leads 
to hypertriglyceridemia through three actions that can impair plasma lipoprotein metabolism. 
First, apoCIII inhibits VLDL clearance which results not only in hypertriglyceridemia, but also 
increases the formation of small dense LDL, known as LP-IR index components (4; 23). Second, 
apoCIII at high concentrations inhibits the action of lipoprotein lipase to hydrolyze lipoprotein 
triglyceride in vitro, however not yet shown in humans (24). Third, it has been shown recently 
that apoCIII assists in the formation of TG-rich VLDL in liver cells, stimulating the secretion 
of VLDL (25). Furthermore, antisense inhibition of apoCIII lowers apoCIII and triglycerides 
in hypertriglyceridemia (26). All these previous findings provide evidence that triglycerides are 
downstream of apoCIII. This is in line with our results, as when adjusted for triglycerides, the as-
sociations between apoCIII and T2D became weaker although it remained significant, suggesting 
that other pathways might be involved.
Previous studies suggest that apolipoproteins in lipoproteins or plasma may predict CHD better 
(27-30) and their HDL fraction seems to be the most important (31). This might be true also for 
T2D. Total serum apoCIII, mainly because of the fraction in HDL particle was found to be a key 
diabetogenic risk factor in a study among Turks (12). However, further investigation is needed to 
better explore the role of apoiliporoteins in T2D etiology and to compare the importance of their 
HDL fraction with the non-HDL fraction.
 Our findings have important clinical implications. Our results emphasize the importance of the 
variability in the total serum apolipoproteinic flux rather than HDL-C levels itself. Patients with 
type 2 diabetes have defective HDL particles with altered composition, in addition to low HDL-C 
(32; 33). Thus, HDL components such as apolipoproteins might be good candidate biomarkers to 
evaluate the risk of T2D, and even potential targets for prevention or treatment of the disease if 
found to be casual (34; 35).
This study has certain strengths and limitations. To our knowledge, this is the first prospective 
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population-based cohort study to investigate the association between human serum levels of 
apoCIII, apoD and apoE as well as their ratios to apoA1, with incident T2D during a long-term 
follow-up. We use data from a well-characterized prospective cohort study, which allowed us 
to correct for a wide range of covariates. We are also aware of limitations of the study. Our 
population is 55 years and older and mainly comprised of individuals of European ancestry. Thus, 
generalization of the results to younger age groups and other ethnicities should be done with 
caution. Reference values for apolipoproteins depend on choice of assay techniques, therefore 
comparison of the values should take in account the chosen technique (36). We do not have 
available measurements of apolipoproteins amount separately in every lipoprotein particle and 
specifically in HDL, but only total serum levels of them, so we could not study the diabetes risk 
apolipoproteinic profile within HDL or other lipoprotein particles that are compound by the 
studied apolipoproteins. The studied apolipoproteins have all in common their presence in HDL, 
but serum apoA1 and apoD are totally found in HDL. Chylomicrons, secreted from the intestinal 
enterocyte, also contain apoA1, but it is quickly transferred to HDL in the bloodstream (15; 16).
In conclusion, serum levels of apoCIII and apoCIII-to-apoA1 ratio, are associated with risk of 
T2D independent of known risk factors and stronger than HDL-C levels. Aside the observational 
association between HDL-C and T2D, our findings highlight the role of variation in composi-
tion of HDL particles and other lipoproteins in relation to the disease. Therapeutic approaches 
for T2D should aim the normalization of both quantity and composition of HDL particles and 
other lipoproteins. More data are needed to determine importance of levels of apoCIII in specific 
lipoproteins for T2D risk assessment and management and to elucidate the interaction between 
triglycerides and apoC-III in relation to risk of T2D.
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ABSTRACT

Background and aims
Both visceral and truncal fat have been associated with metabolic disturbances. We aimed to 
investigate the associations of several novel metabolic indices, combining anthropometric and 
lipid measures, and DXA measurements on body fat with incident type 2 diabetes (T2D) among 
women and men from the large population-based Rotterdam Study.

Materials and methods
We used Cox proportional hazard models to investigate associations between Visceral Adipos-
ity Index (VAI), Lipid Accumulation Product (LAP), the product of Triglycerides and Glucose 
(TyG), their formula components, and DXA measurements with incident T2D. Associations 
were adjusted for traditional cardiovascular risk factors.

Results
Among 5576 women and 3988 men free of diabetes, 511 women and 388 men developed T2D 
during a median follow-up of 6.5 years. In adjusted models, the 3 metabolic indices; VAI (per 
1-SD naturally log-transformed HR; 95% CI: 1.49; 1.36, 1.65 in women, 1.37; 1.22, 1.53 in men), LAP 
(1.35; 1.16, 1.56 in women, 1.19; 1.01, 1.42 in men), and TyG (1.73; 1.52, 1.98 in women, 1.43; 1.26, 1.62 
in men), gynoid fat mass (0.64; 0.45,0.89) and android to gynoid ratio (1.48; 1.14, 1.94) in women 
and total fat mass (1.45; 1.00, 2.11) in men were associated with incident T2D. Body mass index 
(1.45; 1.28, 1.65) remained the strongest predictor for T2D in men.

Conclusions
Among women, novel combined metabolic indices were stronger risk markers for T2D than the 
traditional anthropometric and laboratory measures and were comparable to DXA measures. 
Neither combined metabolic indices nor DXA measures were superior to traditional anthropo-
metric and lipid measures in association with T2D among men.

Abbreviations:
VAI – Visceral Adiposity Index 
LAP – Lipid Accumulation Product 
TyG – the product of triglycerides and glucose 
DXA – Dual energy X-ray Absorptiometry 
T2D – Type 2 Diabetes
CVD – Cardiovascular Diseases
HR – Hazard Ratio
CI – Confidence Interval
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INTRODUCTION

Body fat distribution, rather than its magnitude, is increasingly linked to the risk for type 2 
diabetes (1). Both visceral adipose tissue (VAT) and truncal fat depot have been associated with 
type 2 diabetes (2-4) and metabolic syndrome (5; 6).
VAT is a hormonally active component of total body fat. The risk of developing diabetes has been 
shown to be higher in individuals with excess of visceral adiposity, with (3) or without (7) mani-
festations of obesity. While VAT plays a key role in the association between adiposity and glucose 
metabolism (4; 8-10), traditional anthropometric measures such as body mass index (BMI) and 
waist circumference (WC), are not able to distinguish VAT from subcutaneous adipose tissue 
(11). Furthermore, VAT accounts for an increased cardiometabolic risk regardless of BMI levels 
(12). Truncal fat depot can be partitioned into upper body (android or central) and lower body 
(gynoid or peripheral) area. High android-gynoid percent fat ratio has shown a greater correla-
tion with cardiometabolic dysregulation than BMI (13). Among the elderly, android fat depot 
seems to be more closely associated with metabolic syndrome than abdominal visceral fat (5).
The imaging modalities for assessing adipose tissue distribution are inconvenient and expensive. 
While Computed Tomography (CT) (2; 12) and Magnetic Resonance Imaging (MRI) (3) are the 
golden standard measures for quantification of VAT, Dual-energy X-Ray Absorptiometry (DXA) is 
the well-validated imaging method for precise measurement of body fat mass in various body com-
partments (i.e. android and gynoid fat) (14). Recently, different metabolic indices combining both 
anthropometric and lipid measures have been used as indicators of body fat. These novel indices, 
including Visceral Adiposity Index (VAI), Lipid Accumulation Product (LAP), and the product 
of Triglycerides and Glucose (TyG), have been suggested as early markers of insulin resistance 
mainly in cross-sectional studies (15-17). However, the associations of these novel metabolic indices 
with incident type 2 diabetes remain unclear. Therefore, we studied the associations of different 
novel metabolic indices and their formula components with incident type 2 diabetes among women 
and men from the large prospective population-based Rotterdam Study. We further assessed the 
associations of truncal fat depot measured by DXA with incident type 2 diabetes.

RESEARCH DESIGN AND METHODS

Study population
The study was performed in the framework of the Rotterdam Study (RS). RS is a prospective 
population-based cohort study in Ommoord, a district of Rotterdam, the Netherlands. The 
design of the Rotterdam Study has been described in more details elsewhere (18). The original 
cohort (RSI) started in 1989 when all residents within the well-defined study area aged 55 years or 
older were invited to participate of whom 78% (7983 out of 10275) agreed. The first examination 
of the original cohort (RSI-1) took place from 1990 to 1993. The cohort has been extended twice 
(RSII in 2000 and RSIII in 2006) to include the participants who were 45 years or older or moved 
to the study research area. For all 3 cohorts of RS, follow-up examinations were conducted every 
3-5 years. The study has been approved by the medical ethics committee according to the Popula-
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tion Screening Act: Rotterdam Study, executed by the Ministry of Health, Welfare and Sports of 
Netherlands. All participants provided written informed consent to participate in the study and 
to obtain information from their treating physicians.
The current study was based on data collected during the third visit of the first cohort (RSI-3; 
1997-1999), the first visit of the second cohort (RSII-1; 2000-2001), and the first visit of the third 
cohort (RSIII-1; 2006-2008). From 11740 subjects in the three visits of the Rotterdam Study, 
diabetes data were available for 10898 subjects (6241 women and 4657 men). After excluding 1334 
prevalent diabetes cases (665 women and 669 men), 9564 subjects (5576 women and 3988 men) 
were included in the analysis of different metabolic indices and incident type 2 diabetes. DXA 
measurements on body fat were available in 3518 subjects (2026 women and 1492 men) with avail-
able diabetes data at the fourth visit of the first cohort (RSI-4; 2002-2004) and the second visit of 
the second cohort (RSII-2; 2004-2005). After excluding 556 prevalent diabetes cases (292 women 
and 264 men) at the time of DXA measurement, 2962 subjects (1734 women and 1228 men) were 
included in the analysis between DXA measures of body fat and incident type 2 diabetes.

Combined metabolic indices
Novel metabolic indices combine anthropometric measures such as BMI and WC with lipid 
measures; triglyceride (TG) or high-density lipoprotein (HDL) cholesterol, or fasting plasma 
glucose (FPG).
LAP, VAI, and TyG were calculated using the published formulas. LAP was calculated as LAP = 
(WC − 65) × TG for men and LAP = (WC − 58) × TG (19). VAI was calculated as 

VAI = ⎡⎛
⎣⎝

WC ⎞
⎠ + (1.88 × BMI) ⎤⎦ × ⎛

⎝
TG ⎞

⎠ × ⎛
⎝

1.31 ⎞
⎠ for men and39.68 1.03 HDL

VAI = ⎡⎛
⎣⎝

WC ⎞
⎠ + (1.89 × BMI) ⎤⎦ × ⎛

⎝
TG ⎞

⎠ × ⎛
⎝

1.52 ⎞
⎠ for women (20). 36.58 0.81 HDL

In both formulas, TG and HDL levels are expressed in mmol/l, WC in cm, and BMI in kg/m2. The 
TyG index was calculated as 

Ln ⎛
⎝ TG ×

FPG ⎞
⎠ where both TG and FPG are expressed in mg/dl (15; 17).2

DXA measurements on body fat
Body composition was assessed using DXA. For the whole body DXA scans we used ProdigyTM 
total body-fan beam densitometer (GE Lunar Corp, Madison, WI, USA) (18). Total body weight 
(grams) was divided into bone mineral content, lean mass, and fat mass. In addition, we analyzed 
fat mass of the android body region and gynoid body region. Total fat mass percentage, android 
fat percentage, and gynoid fat percentage were calculated as percentages of total body weight. We 
also calculated the ratio of android to gynoid fat mass percentage.

Type 2 diabetes mellitus 
Participants were followed from the date of baseline center visit onwards. Cases of type 2 diabetes 
were ascertained through active follow-up using general practitioners’ records, hospital discharge 
letters and glucose measurements from RS visits which take place approximately every 4 years. 
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According to the current WHO guidelines, type 2 diabetes was defined as a fasting blood glucose 
≥ 7.0 mmol/L, a non-fasting blood glucose ≥ 11.1 mmol/L (when fasting samples were unavailable), 
or the use of blood glucose lowering medication (21). Information regarding the use of blood 
glucose lowering medication was derived from both structured home interviews and linkage to 
pharmacy dispensing records. At baseline, more than 95% of the Rotterdam Study population was 
covered by the pharmacies in the study area. All potential events of prediabetes and type 2 diabetes 
were independently adjudicated by two study physicians. In case of disagreement, consensus was 
sought with an endocrinologist. Follow-up data was complete until January 1st 2012.

Covariates
Height and weight were measured with the participants standing without shoes and heavy outer 
garments. BMI was calculated by dividing weight in kilograms by height in meters squared. 
Waist circumference was measured at the level midway between the lower rib margin and the 
iliac crest with participants in standing position without heavy outer garments and with emptied 
pockets, breathing out gently. Blood pressure was measured twice at the right brachial artery with 
a random-zero sphygmomanometer with the participant in sitting position, and the mean of 2 
consecutive measurements was used. Insulin, glucose, HDL cholesterol, and TG were measured 
on the COBAS 8000 Modular Analyzer (Roche Diagnostics GmbH). HOMA-IR (the homeo-
static model assessment to quantify insulin resistance) was calculated dividing the product of 
fasting glucose (in mmol/L) and fasting insulin (in mU/L) by 22.5. HOMA-B (the homeostatic 
model assessment of β-cell function) was calculated dividing the product of fasting insulin (in 
mU/L) and 20 by the difference of glucose (in mmol/L) with 3.5 (22). TG levels were not available 
in the same visit with DXA measures (RSI-4), thus they were taken from the closest previous visit 
(RSI-3).The corresponding interassay coefficients of variations are the following: insulin < 8%, 
glucose < 1.4% and lipids < 2.1%. Information on medication use and tobacco smoking behaviour 
was collected by trained research assistants via computerized questionnaires during home visits. 
Smoking was classified as current versus non-current smokers. History of cardiovascular disease 
(CVD) was defined as a history of coronary heart diseases (myocardial infarction, revasculariza-
tion, coronary artery bypass graft surgery or percutaneous coronary intervention) or stroke and 
was verified from the medical records of the general practitioners.

Statistical analysis
Considering gender differences in fat distribution and that the formulas of metabolic indices 
differ by gender, all analysis were performed among women and men separately. Descriptive 
characteristics were presented as mean ± standard deviation (SD) for continuous variables and 
numbers (percentages) for dichotomous variables. To compare general characteristics between 
men and women, we used One Way ANOVA for continuous variables and Chi-Square test (Chi2) 
for categorical variables. Markers with a right-skewed distribution were transformed to the 
natural logarithmic scale.
We used Cox proportional hazard models to investigate associations of different combined 
metabolic indices (VAI, LAP, TyG), the anthropometric (BMI, WC) or laboratory components 
(inverse HDL, TG) included in their formula, as well as DXA measurements on body fat (an-
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droid, gynoid, total fat mass, the ratio of android to gynoid fat mass percentage) with incident 
type 2 diabetes. We used inverse HDL to compare the estimates easier. The proportional hazard 
assumption of the Cox model was checked by visual inspection of log minus log plots and by 
performing a test for heterogeneity of the exposure over time. There was no evidence of violation 
of the proportionality assumption in any of the models (p for time-dependent interaction terms 
> 0.05). The first model was adjusted for age and cohort. In the second model, we additionally 
adjusted for BMI. In the third model, we additionally adjusted for systolic blood pressure, medi-
cation for hypertension, smoking and prevalent CVD. In the fourth model, we added HDL, TG, 
serum lipid reducing agents. In the fifth model, we added fasting glucose. As glucose is a mean 
for diagnosis of type 2 diabetes, this model should be considered a conservative model. For each 
novel lipid index, the covariates that were already in the index formula were excluded from the 
multivariable adjusted model.
To check whether the association of different markers with incident diabetes differ by obesity 
status, we further stratified the analyses based on BMI cut-off of 30 and performed the analyses 
among non-obese (BMI < 30) and obese (BMI ≥ 30) individuals. To compare the estimates be-
tween women and men, we applied an interaction test in model four. The p-value is derived from 
the z- score calculated from the ratio between the difference of the two estimates and standard 
error of this difference (23). The p-value indicates whether the difference between the estimates 
is significant.
Multiple imputation procedure was performed (N = 5 imputations) to impute missing data in 
covariates. All analyses were conducted in SPSS software version 21 (IBM SPSS Statistics for 
Windows, Armonk, NY: IBM Corp). A P-value <0.05 was considered statistically significant.

RESULTS

Metabolic indices and incident type 2 diabetes
Baseline characteristics of 5576 women and 3988 men included in the study are shown in Table 
1. Women were older, had lower levels of systolic blood pressure and glucose but higher levels of 
total cholesterol. A larger proportion of women were treated for hypertension. CVD was more 
prevalent among men and a larger proportion of men were receiving lipid reducing agents or 
were current smokers. BMI, HDL, TG and VAI were higher in women whereas WC, LAP and 
TyG were higher in men (Table 1).
The correlation coefficients for metabolic indices in relation to glycemic indices are shown in 
ESM Table 1. For both women and men, the correlation coefficients for VAI, LAP, and TyG 
ranged between 0.43-0.57 for HOMA-IR and between 0.04-0.28 for HOMA-B. The correlation 
coefficients for different visceral indices in relation to HOMA-IR were overall larger among 
women compared to men, albeit not statistically significant.
During a median follow-up of 6.5 years (maximum of 14.7 years) 899 incident type 2 diabetes 
cases were identified (511 women and 388 men). All indices were significantly associated with the 
risk of type 2 diabetes in age adjusted models. In the multivariable-adjusted model (model 4), 
TyG showed to be the strongest marker for type 2 diabetes in women (per 1 SD HR; 95% CI: 1.73; 
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1.52, 1.98) and in men (1.43; 1.26, 1.62). Other markers that remained significantly associated with 
incident type 2 diabetes in both genders in the multivariable-adjusted model were BMI (1.37; 1.26, 
1.49 in women and 1.45; 1.28, 1.65 in men), inverse HDL (per 1 SD naturally log-transformed HR; 
95% CI: 1.29; 1.14, 1.46 in women and 1.32; 1.14, 1.52 in men), VAI (1.49; 1.36, 1.65 in women and 
1.37; 1.22, 1.53 in men), LAP (1.35; 1.16, 1.56 in women and 1.19; 1.01, 1.42 in men). WC (1.24; 1.07, 
1.45) and TG (1.24; 1.10, 1.39) remained strongly associated with the risk for type 2 diabetes only 
in women (Table 2). Associations of metabolic indices with diabetes were overall stronger among 
women compared to men. However, the difference of the estimates between women and men was 
statistically significant only for TyG (Table 2).
After additionally adjusting for fasting glucose (model 5), only BMI (1.27; 1.17, 1.38 for women and 
1.25; 1.09, 1.43 for men), inverse HDL (1.29; 1.14, 1.47 for women and 1.41; 1.22, 1.63 for men), and 
VAI (1.29; 1.17, 1.43 for women and 1.23; 1.09, 1.38 for men) remained significantly associated with 
the risk for type 2 diabetes in both genders (Table 2).
In the analyses stratified for obesity status, in the multivariable adjusted model (model 4), BMI, 
inverse HDL, VAI, and TyG remained significantly associated with incident diabetes regard-
less of the obesity status. While LAP was significantly associated with incident diabetes among 
non-obese women and men, WC and TG remained strongly associated with the risk for type 2 

Table 1. Baseline characteristics of study participants (N=9564).
Characteristic Women (N = 5576) Men (N = 3988) p-value

Age (years) 65.1 ± 10.3 64.3 ± 9.5 < 0.001

Systolic Blood pressure (mm/Hg) 136.2 ± 21.6 138.6 ± 20.2 < 0.001

Treatment for hypertension 1225.0 (22.0%) 786.0 (19.7) 0.011

Prevalent cardiovascular disease (%) 282.0 (5.1) 564.0 (14.1) < 0.001

Serum lipid reducing agents use (%) 739.0 (13.3) 639.0 (16.0) 0.001

Current smokers 809.0 (14.5) 874.0 (21.9) < 0.001

Total cholesterol (mmol/l) 5.9 ± 0.9 5.5 ± 0.9 < 0.001
*Insulin (pmol/l) 69.0 (30.0 – 182.0) 71.0 (30.0 – 188.0) 0.2
*Glucose (mmol/l) 5.3 (4.6 – 6.4) 5.5 (4.7 – 6.5) < 0.001

Metabolic indices

BMI (kg/m2) 27.1 ± 4.5 26.7 ± 3.4 < 0.001

Waist circumference (cm) 89.1 ± 11.8 97.7 ± 10.0 < 0.001
*High density lipoprotein cholesterol (mmol/l) 1.5 (0.9 – 2.3) 1.2 (0.8 – 1.9) < 0.001
*Triglycerides (moml/l) 1.3 (0.7 – 2.8) 1.3 (0.7- 3.1) < 0.001
*VAI 1.6 (0.6 – 4.8) 1.5 (0.6 – 4.8) 0.008
*LAP 38.1 (11.4 – 106.8) 42.6 (15.7 – 122.4) < 0.001

TyG 2.8 ± 0.5 2.9 ± 0.5 < 0.001

DXA measurements Women (N = 1734) Men (N = 1228)
*Android fat % 3.3 (1.8 – 4.5) 3.1 (1.6 – 4.3) < 0.001
*Gynoid fat % 6.3 (4.5 – 8.1) 3.9 (2.6 – 5.3) < 0.001
*Android/Gynoid 0.5 (0.3 – 0.7) 0.7 (0.5 – 1.1) < 0.001
*Total fat mass % 39.2 (27.2 – 48.6) 27.5 (16.9 – 37.0) < 0.001

Values are presented as means ± standard deviation,* median (inter-quartile range), or numbers (percentages).
Abbreviations: BMI, body mass index; VAI, visceral adiposity index; LAP, lipid accumulation product; TyG, the product of 
fasting glucose and triglycerides.



Chapter 3.2

116

Table 2. Associations between different metabolic indices and incident type 2 diabetes mellitus (N = 9564).

Index

Incident type 2 diabetes
HR(95%CI)
Women (511 cases) Men (388 cases)

BMI
Model 1 1.51 (1.39, 1.63) 1.64 (1.45, 1.86) 
Model 2 NA NA
Model 3 1.49 (1.38, 1.62) 1.61 (1.42, 1.82)
Model 4 1.37 (1.26, 1.49) 1.45 (1.28, 1.65)
Model 5 1.27 (1.17, 1.38) 1.25 (1.09, 1.43)
WC
Model 1 1.62 (1.49, 1.77) 1.44 (1.31, 1.58) 
Model 2 1.39 (1.19, 1.61) 1.15 (0.94, 1.39)
Model 3 1.37 (1.18, 1.59) 1.13 (0.92, 1.38)
Model 4 1.24 (1.07, 1.45) 1.04 (0.83, 1.31)
Model 5 1.04 (0.89, 1.22) 1.04 (0.82, 1.30)
*1/HDL
Model 1 1.58 (1.44, 1.74) 1.53 (1.36, 1.73) 
Model 2 1.46 (1.33, 1.61) 1.42 (1.25, 1.61)
Model 3 1.46 (1.32, 1.61) 1.40 (1.24, 1.59)
Model 4 1.29 (1.14, 1.46) 1.32 (1.14, 1.52)
Model 5 1.29 (1.14, 1.47) 1.41 (1.22, 1.63)
*Triglycerides
Model 1 1.58 (1.44, 1.74) 1.44 (1.30, 1.58) 
Model 2 1.45 (1.31, 1.60) 1.30 (1.18, 1.45)
Model 3 1.41 (1.28, 1.56) 1.28 (1.15, 1.42)
Model 4 1.24 (1.10, 1.39) 1.12 (0.99, 1.27)
Model 5 1.07 (0.95, 1.21) 0.94 (0.83, 1.06)
*VAI
Model 1 1.65 (1.51, 1.81) 1.52 (1.36, 1.69) 
Model 2 NA NA
Model 3 1.49 (1.35, 1.65) 1.37 (1.22, 1.53)
Model 4 1.49 (1.36, 1.65) 1.37 (1.22, 1.53)
Model 5 1.29 (1.17, 1.43) 1.23 (1.09, 1.38)
*LAP
Model 1 1.83 (1.65, 2.03) 1.66 (1.47, 1.87) 
Model 2 1.60 (1.41, 1.82) 1.47 (1.27, 1.70)
Model 3 1.55 (1.36, 1.76) 1.43 (1.24, 1.66)
Model 4 1.35 (1.16, 1.56) 1.19 (1.01, 1.42)
Model 5 1.08 (0.93, 1.26) 0.96 (0.81, 1.15)
TyG
Model 1 2.06 (1.86, 2.29) 1.74 (1.56, 1.94) 
Model 2 1.88 (1.69, 2.09) 1.58 (1.41, 1.77)
Model 3 1.82 (1.64, 2.04) 1.55 (1.38, 1.75)
Model 4s 1.73 (1.52, 1.98) 1.43 (1.26, 1.62)
Model 5 NA NA

Model 1: Adjusted for age and cohort Model 2: Additionally adjusted for BMI Model 3: Additionally adjusted for SBP, treatment 
for hypertension, smoking, prevalent CVD Model 4: Additionally adjusted for HDL, triglycerides, serum lipid reducing agents 
Model 5: Additionally adjusted for fasting glucose; Hazard ratios are presented per 1 standard deviation increase in the marker. 
*Marker is naturally log-transformed.
s P-value for the difference in hazard ratio between women and men ≤ 0.05 
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diabetes only in non-obese women. Overall, the tendency for the association of visceral indices 
with diabetes was stronger among non-obese individuals (ESM Table 2).

DXA measurements on body fat and incident type 2 diabetes
Android fat, gynoid fat and total fat mass percentages were higher in women whereas the ratio of 
android to gynoid fat percentage was higher in men (Table 1). Complete baseline characteristics 
of 1734 women and 1228 men included in the analyses for DXA measures and type 2 diabetes are 
presented in ESM Table 3.
Among 1734 women and 1228 men included in the analyses for DXA measurements, 149 women 
and 107 men developed type 2 diabetes during a median follow-up of 8 years (maximum of 10 
years). Among the DXA measurements on body fat, gynoid fat percentage (per 1 SD naturally 
log-transformed HR; 95% CI: 0.64; 0.45, 0.89) and the ratio of android to gynoid fat percentage 
(1.48; 1.14, 1.94) remained significantly associated with incident type 2 diabetes in the multivari-

Table 3. Associations between DXA measurements on body fat and incident type 2 diabetes (N=2962).

DXA measurements

Incident type 2 diabetes

HR(95%CI)

Women (149 cases) Men (107 cases)
*Android fat mass %

Model 1 1.77 (1.42, 2.22) 1.43 (1.13, 1.81) 

Model 2 1.42 (1.06, 1.89) 1.44 (1.06, 1.95)

Model 3 1.36 (1.02, 1.82) 1.43 (1.05, 1.93)

Model 4 1.21 (0.89, 1.63) 1.33 (0.97, 1.83)

Model 5 1.09 (0.83, 1.45) 1.34 (0.99, 1.82)
*Gynoid fat mass %

Model 1 1.01 (0.76, 1.35) 1.21 (0.91, 1.59) 

Model 2 0.56 (0.40, 0.78) 1.03 (0.74, 1.44)

Model 3 0.57 (0.41, 0.79) 1.03 (0.74, 1.45)

Model 4s 0.64 (0.45, 0.89) 1.12 (0.78, 1.59)

Model 5 0.76 (0.54, 1.07) 1.08 (0.75, 1.54)
*Android/Gynoid Model 1 1.95 (1.55, 2.46) 1.53 (1.13, 2.07)

Model 2 1.73 (1.35, 2.21) 1.46 (1.07, 1.99)

Model 3 1.68 (1.31, 2.16) 1.45 (1.06, 1.98)

Model 4 1.48 (1.14, 1.94) 1.24 (0.89, 1.73)

Model 5 1.26 (0.97, 1.64) 1.32 (0.93, 1.88)
*Total fat mass %

Model 1 1.56 (1.17, 2.08) 1.43 (1.11, 1.84) 

Model 2 0.76 (0.53, 1.11) 1.43 (1.00, 2.04)

Model 3 0.76 (0.52, 1.09) 1.42 (0.99, 2.03)

Model 4s 0.77 (0.52, 1.14) 1.45 (1.00, 2.11)

Model 5 0.86 (0.59, 1.27) 1.45 (1.00, 2.11)

Model 1: Adjusted for age and cohort Model 2: Additionally adjusted for BMI Model 3: Additionally adjusted for SBP, treatment 
for hypertension, smoking, prevalent CVD Model 4: Additionally adjusted for HDL, triglycerides, serum lipid reducing agents 
Model 5: Additionally adjusted for fasting glucose; Hazard ratios are presented per 1 standard deviation increase in the marker. 
*Marker is naturally log-transformed.
s P-value for the difference in hazard ratio between women and men ≤ 0.05 
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able-adjusted model (model 4) in women. Total fat mass percentage was the only significant 
DXA measure associated with incident diabetes among men (1.45; 1.00, 2.11) (Table 3).
In the analyses stratified for obesity status, gynoid fat percentage (0.57; 0.38, 0.85) and the ratio of 
android to gynoid fat percentage (1.74; 1.27, 2.39) remained significantly associated with incident 
type 2 diabetes in the multivariable-adjusted model (model 4) only in non-obese women (ESM 
Table 4). After additionally adjusting for fasting glucose (model 5), only the ratio of android to 
gynoid fat mass percentage (1.47; 1.07, 2.02) remained associated with incident type 2 diabetes in 
non-obese women (ESM table 4).

DISCUSSION

In our large population-based Rotterdam Study, novel metabolic indices; VAI, LAP and TyG, 
were stronger risk markers for incident type 2 diabetes than the traditional anthropometric and 
lipid measures, particularly among women. The predictive value of these novel metabolic indices 
for type 2 diabetes was also comparable to DXA measured body fat compositions in women. 
Among men, neither combined metabolic indices nor DXA measures on body fat were superior 
to traditional anthropometric and lipid measures, in particular BMI, in association with type 2 
diabetes.
 VAT is a hormonally active component of total body fat. Among the two main fat depots; VAT 
and subcutaneous adipose tissue, VAT seems to be behind the term diabesity playing a key role 
in the association between adiposity and glucose metabolism (4; 8-10). Excess visceral adiposity 
has been linked to higher risk of type 2 diabetes, regardless of obesity (2; 3; 7; 12). The three 
combined metabolic indices: VAI, LAP and TyG have been introduced as indicators of “visceral 
adipose function” (20) and insulin resistance (15-17) and have been linked to cardio-metabolic 
risk (20), prediabetes (24) and diabetes (24) in cross-sectional studies. Our study is the first to 
simultaneously investigate the longitudinal associations of all these new indices, as well as their 
components, with incident type 2 diabetes among women and men. The three novel combined 
metabolic indices were all independently associated with increased risk of type 2 diabetes in our 
study. VAI and LAP combine both physical and metabolic parameters to evaluate body fatness, 
whereas TyG includes only metabolic parameters. By including both BMI and WC as well as TG 
and HDL cholesterol, VAI is a reflection of different obesity parameters as well as pro-atherogenic 
and anti-atherogenic properties of lipids. LAP includes WC and TG and is an index for excessive 
lipid accumulation. Being a product of combined TG and fasting glucose levels, TyG was the 
strongest risk marker for type 2 diabetes in our study. Since precise measurement of visceral 
fat content requires the use of expensive imaging techniques such as CT or MRI (2; 12), simple 
and economical quantification of these visceral adiposity indices could lead to improvements in 
identification of individuals at high risk for type 2 diabetes.
The counterbalance between insulin secretion and insulin resistance is critical for type 2 diabetes 
pathogenesis. VAI, LAP and TyG have been introduced as early indicators of insulin resistance 
(15-17). In our study, the three indices were all moderately correlated with insulin resistance 
(HOMA-IR) and showed a smaller correlation with insulin secretion (HOMA-B). As VAI and 
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LAP combine both lipid variables and adiposity status, they served as better surrogates for 
insulin resistance compared to either lipid or adiposity measures alone. The largest correlation 
of TyG with IR in our study is in line with other studies, supporting that both lipotoxicity and 
glucotoxicity have central role in modulation of insulin resistance (25). Since obesity has a strong 
impact on dyslipidemia, insulin resistance and development of type 2 diabetes, we further strati-
fied the analyses based on obesity status. Correlation of different combined adiposity indices 
with HOMA measures did not materially differ between non-obese and obese individuals. The 
overall tendency towards stronger associations of these metabolic indices with incident diabetes 
among non-obese individuals might be due to their lower discriminatory power among higher 
risk obese individuals.
While the exact mechanisms responsible for the relationship between excess abdominal/visceral 
fat and cardiometabolic risk are still unclear, several hypotheses are proposed (26). Subcutane-
ous fat faces obesogenic stress with a limited capacity for regional adipocyte hypertrophy or 
hyperplasia. Once this capacity is overpassed, adipose tissue storage is forced into other regions, 
such as organs or compartments of the body, which are named ectopic. Visceral fat is considered 
the classic ectopic fat depot, sick fat and is associated to dysfunctional adiposity or adiposopathy 
(27; 28). Fat accumulation in the liver is associated with defects in insulin suppression of glucose 
production and serum free fatty acids independent of obesity in normal men (29). Increased 
intramyocellular fat is associated with skeletal muscle insulin resistance (30). Other studies high-
light the role of genes that predispose to preferential fat distribution in cardiometabolic diseases 
(26; 31). The direct effect of lipolysis products in omental and mesenteric fat may play a critical 
role in insulin resistance of type 2 diabetes and metabolic syndrome (32).
It is worth noting that WC, TG, VAI, LAP, and TyG showed a stronger association with incident 
type 2 diabetes in women than in men in our study. Similarly, the correlations between VAI, 
LAP, and TyG with HOMA-IR in our study were overall stronger among women. The greater 
association of VAT with diabetes and adverse cardiovascular risk profiles among women has 
been suggested by some studies (33; 34). Gender differences in adverse metabolic complications 
associated with visceral fat have been related to a significantly lower visceral fat area in nondia-
betic women compared with nondiabetic men and a similar visceral fat area for both diabetic 
men and women (33). Among individuals with more visceral fat, a greater portion of hepatic 
free fatty acid delivery originates from visceral adipose tissue lipolysis (35). Contribution of the 
visceral lipolysis to hepatic free fatty acid delivery in relation to visceral fat has been found to be 
greater in women than in men (35). Moreover, correlation between visceral adipose tissue area 
and serum triglycerides has been found to be stronger in women than in men (36).
No previous study has investigated the associations of DXA measures on body fat with incident 
type 2 diabetes. Our study suggests gynoid fat percentage and android-gynoid percent fat ratio 
among women and total fat mass among men as independent risk markers for type 2 diabe-
tes. Previous studies have shown important relationships between the android/gynoid fat and 
metabolic risk in healthy adults. Android or truncal obesity has been associated with the risk 
for metabolic disorders and cardiovascular disease (37), yet there is evidence that gynoid fat 
distribution may be protective (38). Android fat depot is the adipose tissue mainly around the 
trunk including, but not exclusively, visceral fat and has been found to be more closely associated 
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with metabolic syndrome than abdominal visceral fat in elderly people (5). High android-gynoid 
percent fat ratio seems to have a larger correlation with cardiometabolic dysregulation than an-
droid percent fat, gynoid percent fat, or body mass index, which is in line with our findings (13). 
Android obesity in women has been correlated with a higher incidence of glucose intolerance 
relative to women with a predominantly gynoid distribution (39).
Excess android fat mass has recently been associated with high triglycerides and low HDL 
cholesterol levels in men and high LDL and low HDL cholesterol levels in women. It was also 
reported that excess gynoid fat mass was positively correlated with total cholesterol in men, 
whereas gynoid fat mass in women showed a favorable association with triglycerides and HDL 
cholesterol (40). It therefore seems that regional fat distribution in the android and gynoid 
regions have varying effects on lipid profiles among women and men. This is in line with our 
findings regarding an inverse association of gynoid fat and the android to gynoid ratio with 
the risk for type 2 diabetes in women and a positive association of the total fat mass with type 2 
diabetes risk in men. In line with our findings, another study provided evidence that increased 
gynoid fat mass may be protective against the progression of NAFLD in female Japanese patients 
with type 2 diabetes (41).
In our study, the magnitude of the association between DXA measures of body fat and diabetes 
was comparable to those of combined metabolic indices and traditional anthropometry and 
lipid measures. Therefore, considering the costs and radiation exposure associated with DXA 
measurement, its use as a screening tool for diabetes may not be justified.
To our knowledge, this is the first prospective population-based cohort study to simultane-
ously investigate the associations between novel metabolic indices as well as DXA measures 
with incident type 2 diabetes among women and men over a long follow-up. We used data from 
a well-characterized prospective cohort study, which allowed for direct comparison of several 
metabolic indices as well as correction for a wide range of covariates. The limitations of our study 
also warrant attention. Our population comprises 55 years and older individuals of European 
ancestry. Thus, generalization of the results to younger age groups and other ethnicities should 
be done with caution. Due to unavailability of CT or MRI in our population, comparison of our 
results against the gold standard measures for visceral fat is not possible.
In conclusion, novel combined metabolic indices; VAI, LAP and TyG, were stronger risk markers 
for incident type 2 diabetes, than the traditional anthropometric and lipid measures, particularly 
among women. The predictive value of these novel metabolic indices for type 2 diabetes was also 
comparable to DXA measured body fat compositions in women. Neither combined metabolic 
indices nor DXA measures on body fat were superior to traditional anthropometric and lipid 
measures in association with type 2 diabetes among men. Particularly, BMI remains the best 
marker for type 2 diabetes risk in men and among the best markers in women.
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ELECTRONIC SUPPLEMENT MATERIAL (ESM):

ESM Table 1. Correlation of metabolic indices and DXA measures with glycemic indices.
Pearson`s Correlation Coefficient

Sex FG FI HOMA-IR HOMA-B

Women BMI 0.270* 0.491* 0.494* 0.287*

WC 0.295* 0.501* 0.510* 0.271*

1/HDL 0.210* 0.352* 0.358* 0.198*

Triglycerides 0.291* 0.398* 0.424* 0.193*

VAI 0.295* 0.437* 0.455* 0.212*

LAP 0.341* 0.535* 0.551* 0.273*

TyG 0.596* 0.483* 0.574* 0.057*

Android fat mass % 0.201* NA NA NA

Gynoid fat mass % -0.001 NA NA NA

Android/Gynoid 0.239* NA NA NA

Total fat mass % 0.122* NA NA NA

Men BMI 0.223* 0.485* 0.484* 0.314*

WC 0.237* 0.478* 0.483* 0.291*

1/HDL 0.145* 0.319* 0.318* 0.218*

Triglycerides 0.246* 0.381* 0.399* 0.204*

VAI 0.240* 0.417* 0.431* 0.242*

LAP 0.290* 0.506* 0.523* 0.287*

TyG 0.575* 0.443* 0.547* 0.045*

Android fat mass % 0.157* NA NA NA

Gynoid fat mass % 0.116* NA NA NA

Android/Gynoid 0.098* NA NA NA

Total fat mass % 0.150* NA NA NA
*Correlation is significant at the 0.01 level (2-tailed).
NA-Not available (insulin was not measured in RSI-4 and RSII-2).
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ESM Table 2. Associations between different lipid indices and incident type 2 diabetes mellitus in obese/non-
obese subjects (N = 9564).

Index

 Incident type 2 diabetes

Women Men

BMI < 30
(N=309)

BMI ≥ 30
(N=167)

BMI<30
(N=278)

BMI ≥ 30
(N=79)

HR(95%CI) HR(95%CI) HR(95%CI) HR(95%CI)

BMI Model 1 1.79 (1.47, 2.16) 1.46 (1.22, 1.74) 1.78 (1.42, 2.24) 1.61 (1.13, 2.27) 

Model 2 NA NA NA NA

Model 3 1.72 (1.42, 2.09) 1.47 (1.23, 1.76) 1.74 (1.55, 1.96) 1.54 (1.09, 2.18)

Model 4 1.49 (1.22, 1.82) 1.42 (1.18, 1.71) 1.50 (1.18, 1.91) 1.45 (1.01, 2.06)

Model 5 1.45 (1.19, 1.77) 1.24 (1.02, 1.50) 1.23 (0.96, 1.58) 1.09 (0.75, 1.60)

WC Model 1 1.76 (1.51, 2.05) 1.38 (1.15, 1.64) 1.65 (1.37, 1.98) 1.66 (0.91, 1.49) 

Model 2 1.56 (1.28, 1.89) 1.18 (0.93, 1.48) 1.38 (1.05, 1.83) 0.95 (0.65, 1.39)

Model 3 1.50 (1.23, 1.83) 1.18 (0.94, 1.49) 1.35 (1.02, 1.79) 0.91 (0.62, 1.34)

Model 4 1.35 (1.10, 1.66) 1.06 (0.83, 1.36) 1.26 (0.94, 1.68) 0.84 (0.55, 1.27)

Model 5 1.14 (0.93, 1.41) 0.87 (0.68, 1.13) 1.26 (0.93, 1.71) 0.79 (0.49, 1.29)
*1/HDL Model 1 1.49 (1.34, 1.68) 1.57 (1.32, 1.87) 1.47 (1.28, 1.69) 1.52 (1.18, 1.96) 

Model 2 1.42 (1.26, 1.59) 1.51 (1.27, 1.81) 1.39 (1.21, 1.61) 1.49 (1.15, 1.92)

Model 3 1.41 (1.25, 1.60) 1.51 (1.27, 1.81) 1.38 (1.19, 1.59) 1.46 (1.12, 1.90)

Model 4 1.22 (1.05, 1.42) 1.38 (1.12, 1.71) 1.28 (1.09, 1.51) 1.40 (1.04, 1.89)

Model 5 1.23 (1.05, 1.43) 1.40 (1.13, 1.74) 1.39 (1.17, 1.64) 1.49 (1.09, 2.06)
*Triglycerides Model 1 1.57 (1.39, 1.77) 1.39 (1.17, 1.65) 1.41 (1.25, 1.59) 1.26 (1.03, 1.54) 

Model 2 1.23 (1.05, 1.43) 1.40 (1.13, 1.74) 1.39 (1.17, 1.64) 1.49 (1.09, 2.06)

Model 3 1.44 (1.28, 1.63) 1.36 (1.14, 1.62) 1.30 (1.15, 1.47) 1.23 (1.00, 1.51)

Model 4 1.29 (1.12, 1.50) 1.17 (0.95, 1.44) 1.14 (0.99, 1.32) 1.08 (0.86, 1.36)

Model 5 1.10 (0.95, 1.28) 1.03 (0.84, 1.27) 0.98 (0.84, 1.13) 0.90 (0.71, 1.16)
*VAI Model 1 1.62 (1.44, 1.82) 1.50 (1.27, 1.78) 1.48 (1.31, 1.69) 1.44 (1.14, 1.80) 

Model 2 NA NA NA NA

Model 3 1.57 (1.39, 1.77) 1.49 (1.26, 1.77) 1.45 (1.27, 1.64) 1.38 (1.09, 1.75)

Model 4 1.57 (1.39, 1.77) 1.50 (1.27, 1.77) 1.45 (1.27, 1.64) 1.38 (1.09, 1.75)

Model 5 1.35 (1.19, 1.52) 1.34 (1.13, 1.59) 1.29 (1.14, 1.48) 1.20 (0.94, 1.54)
*LAP Model 1 1.76 (1.54, 2.02) 1.66 (1.34, 2.07) 1.65 (1.42, 1.90) 1.49 (1.12, 1.98) 

Model 2 1.64 (1.41, 1.91) 1.51 (1.20, 1.91) 1.53 (1.29, 1.81) 1.39 (1.03, 1.88)

Model 3 1.57 (1.35, 1.84) 1.49 (1.19, 1.89) 1.48 (1.24, 1.76) 1.35 (0.99, 1.85)

Model 4 1.39 (1.17, 1.67) 0.92 (0.75, 1.12) 1.25 (1.03, 1.52) 1.09 (0.77, 1.55)

Model 5 1.11 (0.92, 1.33) 0.99 (0.75, 1.32) 1.04 (0.85, 1.27) 0.88 (0.61, 1.26)

TyG Model 1 2.02 (1.77, 2.29) 1.84 (1.53, 2.22) 1.72 (1.51, 1.96) 1.55 (1.24, 1.93) 

Model 2 1.91 (1.67, 2.18) 1.81 (1.49, 2.19) 1.62 (1.42, 1.86) 1.53 (1.23, 1.92)

Model 3 1.84 (1.61, 2.10) 1.80 (1.49, 2.18) 1.59 (1.38, 1.83) 1.51 (1.20, 1.89)

Model 4 1.79 (1.52, 2.10) 1.67 (1.32, 2.12) 1.47 (1.26, 1.72) 1.36 (1.05, 1.76)

Model 5 NA NA NA NA

Model 1: Adjusted for age and cohort Model 2: Additionally adjusted for BMI Model 3: Additionally adjusted for SBP, treatment 
for hypertension, smoking, prevalent CVD Model 4: Additionally adjusted for HDL, triglycerides, serum lipid reducing agents 
Model 5: Additionally adjusted for fasting glucose; Hazard ratios are presented per 1 standard deviation increase in the marker. 
*Marker is naturally log-transformed.
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ESM Table 3. Baseline characteristics of study participants with DXA measurements on body fat (N = 2962).
Characteristic Women (1734) (557(6259) Men (1228) p-value

Age (years) 63.4 ± 5.9 63.2 ± 5.8 0.3

Systolic Blood pressure (mm/Hg) 148.8 ± 21.6 147.0 ± 20.3 0.022

Treatment for hypertension, n (%) 12.0 (0.7) 13.0 (1.1) 0.3

Prevalent cardiovascular disease, n (%) 142.0 (8.2) 251.0 (20.4) < 0.001

Serum lipid reducing agents use, n (%) 349.0 (20.1) 282.0 (23) 0.06

Current smokers, n (%) 229.0 (13.2) 164.0 (13.4) < 0.001

Total cholesterol (mmol/l) 5.9 ± 0.9 5.4 ± 0.9 < 0.001
*Glucose (mmol/l) 5.4 (4.7 – 6.5) 5.4 (4.7 – 6.5) 0.001

BMI (kg/m2) 27.4 ± 4.3 26.9 ± 3.2 0.003

Waist circumference (cm) 88.1 ± 10.7 98.2 ± 9.8 < 0.001
*High density lipoprotein cholesterol (mmol/l) 1.5 (1.0 – 2.3) 1.3 (0.8 – 1.9) < 0.001
*Triglycerides (moml/l) 1.3 (0.7 – 2.7) 1.3 (0.7 – 2.9) 0.2

DXA measurements Women (1734) Men (1228)
*Android fat % 3.3 (1.8 – 4.5) 3.1 (1.6 – 4.3) < 0.001
*Gynoid fat % 6.3 (4.5 – 8.1) 3.9 (2.6 – 5.3) < 0.001
*Android/Gynoid 0.5 (0.3 – 0.7) 0.7 (0.5 – 1.1) < 0.001
*Total fat mass % 39.2 (27.2 – 48.6) 27.5 (16.9 – 37.0) < 0.001

Values are presented as means ± standard deviation or * median (inter-quartile range). Abbreviations: BMI, body mass index. 
Triglycerides were not available in RSI-4 and RSII-2 and were taken from RSI-3 (the closest previous visit).
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ESM Table 4. Associations between DXA measurements on body fat and incident type 2 diabetes in obese/
non-obese subjects (N=2962).

DXA measurements

 Incident type 2 diabetes

Women Men

BMI < 30
(N=98)

BMI ≥ 30
(N=50)

BMI < 30
(N=85)

BMI ≥ 30
(N=20)

HR(95%CI) HR(95%CI) HR(95%CI) HR(95%CI)
*Android fat mass %

Model 1 1.80 (1.35, 2.41) 1.38(0.78, 2.43) 1.58 (1.19, 2.09) 0.87 (0.36, 2.14) 

Model 2 1.54 (1.09, 2.19) 1.04 (0.57, 1.89) 1.39 (1.00, 1.94) 1.09 (0.41, 2.93)

Model 3 1.49 (1.05, 2.12) 0.97 (0.53, 1.77) 1.40 (1.01, 1.94) 1.05 (0.62, 1.76)

Model 4 1.37 (0.95, 1.97) 0.77 (0.41, 1.45) 1.33 (1.12, 1.59) 0.93 (0.32, 2.69)

Model 5 1.34 (0.94, 1.89) 0.59 (0.31, 1.16) 1.32 (0.92, 1.87) 1.15 (0.36, 3.65)
*Gynoid fat mass %

Model 1 0.82 (0.59, 1.13) 0.89 (0.45, 1.77) 1.23 (0.88, 1.70) 0.99 (0.41, 1.42) 

Model 2 0.50 (0.34, 0.74) 0.61 (0.30, 1.25) 0.98 (0.68, 1.41) 1.25 (0.47, 3.29)

Model 3 0.51 (0.35, 0.75) 0.62 (0.31, 1.26) 0.98 (0.68, 1.41) 1.23 (0.46, 3.33)

Model 4 0.57 (0.38, 0.85) 0.75 (0.35, 1.61) 1.09 (0.74, 1.60) 1.04 (0.38, 2.87)

Model 5 0.78 (0.52, 1.18) 0.70 (0.33, 1.49) 1.05 (0.71, 1.55) 1.07 (0.38, 3.02)
*Android/Gynoid

Model 1 2.10 (1.59, 2.77) 1.33 (0.82, 2.15) 1.61 (1.17, 2.22) 0.87 (0.34, 2.26) 

Model 2 1.93 (1.44, 2.59) 1.27 (0.78, 2.07) 1.46 (1.05, 2.05) 0.87 (0.34, 2.26)

Model 3 1.89 (1.41, 2.55) 1.24 (0.75, 2.02) 1.46 (1.05, 2.06) 0.85 (0.51, 1.41)

Model 4 1.74 (1.27, 2.39) 0.96 (0.56, 1.65) 1.26 (0.88, 1.80) 0.90 (0.33, 2.51)

Model 5 1.47 (1.07, 2.02) 0.85 (0.48, 1.51) 1.32 (0.90, 1.92) 1.05 (0.35, 3.16)
*Total fat mass %

Model 1 1.39 (0.96, 1.99) 0.87 (0.33, 2.31) 1.56 (1.14, 2.14) 1.17 (0.42, 3.23) 

Model 2 0.70 (0.43, 1.13) 0.34 (0.11, 1.00) 1.30 (0.89, 1.91) 1.71 (0.54, 5.42)

Model 3 0.71 (0.45, 1.13) 0.35 (0.12, 0.97) 1.31 (0.89, 1.92) 1.66 (0.55, 5.05)

Model 4 0.75 (0.46, 1.23) 0.37 (0.13, 1.09) 1.39 (0.92, 2.09) 1.34 (0.40, 4.46)

Model 5 1.03 (0.62, 1.69) 0.38 (0.21, 0.67) 1.37 (0.91, 2.06) 1.64 (0.46, 5.86)

Model 1: Adjusted for age and cohort Model 2: Additionally adjusted for BMI Model 3: Additionally adjusted for SBP, treatment 
for hypertension, smoking, prevalent CVD Model 4: Additionally adjusted for HDL, triglycerides, serum lipid reducing agents 
Model 5: Additionally adjusted for fasting glucose; Hazard ratios are presented per 1 standard deviation increase in the marker. 
*Marker is naturally log-transformed.
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ABSTRACT

Background
Epicardial fat volume (EFV) may be a marker of unfavorable cardio metabolic risk profile.
Objectives: We aimed to investigate the associations of EFV with incident type 2 diabetes (T2D), 
coronary heart disseat (CHD) and stroke in the large prospective population-based Rotterdam 
Study.

Methods
Among 2318 subjects, we used Cox proportional hazard models to investigate associations 
between EFV and incident T2D, CHD, and stroke. Associations were adjusted for traditional 
cardiometabolic risk factors.

Results
We identified 160, 91, and 109 incident T2D, CHD, and stroke cases respectively. In age and sex 
adjusted model, EFV was positively associated with T2D (per 1 SD naturally log-transformed, 
HR = 1.58; 95% CI: 1.33, 1.89) and CHD (1.26; 1.01, 1.58). In the multivariable adjusted model, 
the association remained significant only between the third tertile of EFV and T2D (2.70; 1.12, 
6.49). EFV was associated with a high risk for stroke in multivariable adjusted model (per 1 SD 
naturally log-transformed, HR = 1.58; 1.02, 2.45).

Conclusions
Increased amount of EFV may be associated with excessive risk for T2D, CHD and stroke in total 
population independent of traditional cardiometabolic risk factors.
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INTRODUCTION

Epicardial fat (EF), the visceral fat portion within the pericardial sac around the heart, located 
between the visceral pericardium and the outer wall of the myocardium (1), has been recently 
associated with cardio-metabolic risk (2-6). The contribution of EF to unfavorable cardio-
metabolic risk profile may be due to its endocrine and paracrine activities as well as its close 
proximity to the heart and coronary vasculature (7).
We have previously shown that larger volumes of EF are associated with larger amounts of coronary 
and extracranial carotid artery atherosclerosis in men (3). Furthermore, we reported an association 
of EF with atrial fibrillation (AF) in individuals free of cardiovascular disease (CVD) that was in-
dependent of coronary atherosclerosis (4). EF has been associated with fatal and nonfatal coronary 
events in the general population (2) and with cerebral ischemic stroke in a cross-sectional setting 
(8). Moreover, EF was found to be a significant marker of increased insulin resistance (9; 10). 
Recent findings indicated that increased EF thickness is independently associated with prevalence 
of diabetes in Korean men (11). However, to date large-population–based longitudinal data on the 
prognostic value of EF for incident stroke and incident type 2 diabetes events are lacking.
Therefore, we studied the associations of epicardial fat volume with incident events of type 2 
diabetes, coronary heart disease, as well as stroke, among women and men from the large pro-
spective population-based Rotterdam Study.

RESEARCH DESIGN AND METHODS

Study population
The study was performed in the framework of the Rotterdam Study (RS), a prospective population-
based cohort study in Ommoord, a district of Rotterdam, the Netherlands. The design of RS has been 
described in more details elsewhere (12). The original study (RSI) started in 1989 when all residents 
within the well-defined study area aged 55 years or older were invited to participate of whom 78% 
(7983 out of 10275) agreed. There were no other eligibility criteria to enter the RS except minimum 
age and residential area based on postal code. The first examination of the original cohort (RSI-1) 
took place from 1990 to 1993. The cohort has been extended twice (RSII and RSIII) to include the 
participants who were 45 years or older or moved to the study research area. For all 3 cohorts of RS, 
follow-up examinations were conducted every 3-5 years. For the current study, we used data from the 
fourth visit of the original cohort (RSI-4) and second visit of the extended cohort (RS-II-2) for whom 
the EF data was available. From 2524 subjects with available EF data, 154 were excluded due to image 
artefacts or segmentation errors. We further excluded 52 subjects because of missing diabetes data. 
Hence, the current study population consists of 2318 participants with complete data for EF volume 
and for outcomes of interest including diabetes, coronary heart disease (CHD), and stroke.
The RS has been approved by the medical ethics committee according to the Population Screen-
ing Act: Rotterdam Study, executed by the Ministry of Health, Welfare and Sports of Netherlands. 
All participants provided written informed consent to participate in the study and to obtain 
information from their treating physicians.
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Assessment of epicardial fat
From 2003 until 2006, all participants who completed a regular visit at the research centre 
were invited to undergo non-enhanced 16-slice (n ¼ 785) or 64-slice (n ¼ 1739) multidetector 
computed tomography (MDCT) scan of the coronary arteries, aortic arch, extracranial carotid 
arteries, and intracranial carotid arteries (Somatom Sensation, Siemens, Forchheim, Germany). 
Using a cardiac scan and a scan that reached from the aortic arch to the intracranial vasculature 
(1 cm above the sella turcica). Scans with image artefacts or segmentation errors were excluded. 
Detailed information regarding imaging parameters of both scans is provided elsewhere (13).
We used a fully automatic tool for quantification of epicardial fat in milliliters (14) . This quan-
tification method consisted of two steps: (i) whole heart segmentation and (ii) epicardial fat 
volume quantification. For whole heart segmentation, we used a multi-atlas-based segmentation 
approach. In this approach, eight manually segmented contrast-enhanced cardiac scans (atlases) 
were registered (spatially aligned) with every participant’s CT scan. The atlas scans and subject’s 
scan were initially aligned using an affine transformation, which was followed by a non-rigid 
registration. After registration, the segmentations of the atlases were mapped onto the subject’s 
scan to obtain the whole heart segmentation. All registrations were performed using Elastix (15), 
a publicly available software package. Next, we used the obtained whole heart segmentation as a 
region of interest and a threshold window of 230 to 2200 Hounsfield Units for the quantification 
of the amount of fat (16). A connected-component analysis was applied to all adipose tissue 
voxels using an 18-neighbourhood rule, to remove regions smaller than 10 voxels (2.8 mm3) in 
size, which we considered to be noise. This fully automatic method was validated by an expert 
reviewer panel and proved to be as good as manual segmentation (14).
Dedicated commercially available software (Syngo CalciumScoring, Siemens, Germany) was 
used to automatically quantify atherosclerotic calcification in the coronary arteries, the aortic 
arch, and the extracranial internal carotid arteries (13). Calcification in the intracranial internal 
carotid arteries was quantified using a semi-automated method (3). Calcification volumes were 
expressed in cubic millimetres.

Incident Type 2 diabetes mellitus 
Participants were followed from the date of baseline center visit onwards. Cases of type 2 dia-
betes were ascertained through active follow-up using general practitioners’ records, hospital 
discharge letters and glucose measurements from RS visits which take place approximately every 
4 years. According to the current WHO guidelines, type 2 diabetes was defined as a fasting blood 
glucose ≥ 7.0 mmol/L, a non-fasting blood glucose ≥ 11.1 mmol/L (when fasting samples were 
unavailable), or the use of blood glucose lowering medication (17). Information regarding the 
use of blood glucose lowering medication was derived from both structured home interviews 
and linkage to pharmacy dispensing records. At baseline, more than 95% of the RS population 
was covered by the pharmacies in the study area. All potential events of prediabetes and type 2 
diabetes were independently adjudicated by two study physicians. In case of disagreement, con-
sensus was sought with an endocrinologist. Follow-up data was complete until January 1st 2012.
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Incident CHD and stroke
Coronary heart disease was defined as a compound outcome including fatal or nonfatal myocar-
dial infarction or cardiovascular mortality (18). Ischemic strokes were diagnosed when a patient 
had typical symptoms and a CT or MRI within four weeks that ruled out other diagnoses or when 
indirect evidence (deficit limited to 1 limb or completely resolved within 72 h, atrial fibrillation in 
the absence of anticoagulants) pointed at an ischemic nature of the stroke. Hemorrhagic stroke 
was diagnosed when a relevant hemorrhage was shown on CT or MRI. If a stroke did not match 
any of these criteria, it was classified as unspecified (19).

Covariates
Height and weight were measured with the participants standing without shoes and heavy outer 
garments. Body mass index (BMI) was calculated by dividing weight in kilograms by height in 
meters squared. Waist circumference was measured at the level midway between the lower rib 
margin and the iliac crest with participants in standing position without heavy outer garments 
and with emptied pockets, breathing out gently. Blood pressure was measured twice at the right 
brachial artery with a random-zero sphygmomanometer with the participant in sitting position, 
and the mean of 2 consecutive measurements was used. Insulin, glucose, high-density lipoprotein 
(HDL) cholesterol were measured on the COBAS 8000 Modular Analyzer (Roche Diagnostics 
GmbH). The corresponding interassay coefficients of variations are the following: insulin < 8%, 
glucose < 1.4% and lipids < 2.1%. Information on medication use and tobacco smoking behaviour 
was collected by trained research assistants via computerized questionnaires during home visits. 
Smoking was classified as current versus non-current smokers. History of cardiovascular disease 
(CVD) was defined as a history of coronary heart diseases (myocardial infarction, revasculariza-
tion, coronary artery bypass graft surgery or percutaneous coronary intervention) or stroke and 
was verified from the medical records of the general practitioner. A diagnosis of Atrial fibrillation 
(AF) was only accepted when it was supported by a ECG diagnosis.The ECGs done at baseline 
and during follow-up were stored digitally, and analyzed by the modular ECG analysis system 
(MEANS), which has high specificity (99.5%) and high sensibility (96.6%) for detection of ar-
rhythmias (20).

Statistical analysis
Considering gender differences in EF, all analysis were performed in total population as well as 
among women and men separately. Descriptives were presented as mean ± standard deviation 
(SD) for continuous variables and numbers (percentages) for dichotomous variables. Markers 
with a right-skewed distribution were transformed to the natural logarithmic scale.
We used Cox proportional hazard models to investigate associations of EF volume with incident 
events of stroke, CHD, CVD as well as type 2 diabetes. According to the outcome of interest, were 
excluded prevalent diabetes cases, prevalent revascularization and myocardial infarction cases or 
prevalent stroke cases. The proportional hazard assumption of the Cox model was checked by vi-
sual inspection of log minus log plots and by performing a test for heterogeneity of the exposure 
over time. There was no evidence of violation of the proportionality assumption in any of the 
models (p for time-dependent interaction terms > 0.05). The first model was adjusted for age and 
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sex. In the second model, we additionally adjusted for BMI, systolic blood pressure, medication 
for hypertension, smoking, lipid lowering medication, total and HDL cholesterol, According to 
the outcome of interest, we additionally adjusted for parental history of DM, prevalent CVD, 
prevalent diabetes or prevalent atrial fibrillation. In the third model, we added fasting glucose 
for the models with type 2 diabetes as an outcome and coronary artery calcification (CAC) for 
cardiovascular outcomes. As glucose is a mean for diagnosis of type 2 diabetes, this model should 
be considered a conservative model.
Since AF is a major risk factor for ischemic stroke, we performed sensitivity analyses removing 
prevalent AF cases and AF cases preceding a stroke event as well as competing risk analysis for 
stroke and AF.
All analyses were conducted in SPSS software version 21 (IBM SPSS Statistics for Windows, 
Armonk, NY: IBM Corp). A p-value lower than 0.05 was considered statistically significant.

RESULTS

Baseline characteristics of the study population are shown for the total of 2318 subjects in Table 
1. The mean (SD) age at baseline was 68.9 (6.6) years and 47.7 % of the population were men. 
The mean (SD) BMI was 27.7 (3.9) kg/m2 and 23.7 % of the study population used lipid lowering 
medication.
Baseline characteristics among 1212 women and 1106 men are presented in ESM Table 1. Women 
had higher BMI, total cholesterol and HDL cholesterol than men, whereas men had higher waist 
circumference, fasting glucose, prevalence of cardiovascular disease and prevalence of diabetes 
than women.
The correlation coefficients for epicardial fat volume in relation to BMI, waist circumference, to-
tal cholesterol, HDL cholesterol, triglycerides, CRP, fasting glucose, extracranial and intracranial 
carotid artery calcification are shown in ESM Table 2.

Epicardial fat volume and the risk for type 2 diabetes
Among 1989 subjects free of diabetes at baseline, 160 incident diabetes cases were identified 
during a median follow-up of 7 years (12 cases per 1000 person-years). In age and sex adjusted 
model, EF volume was positively associated with the risk for type 2 diabetes (per 1 SD naturally 
log-transformed, HR = 1.58; 95% CI: 1.33, 1.89). In multivariate adjusted model, the association 
remained significant only between the third tertile of epicardial fat volume and the risk for type 
2 diabetes (HR = 2.70; 95% CI: 1.12, 6.49) (Table 2).
In the gender specific analysis, the epicardial fat volume was associated with the risk for type 2 
diabetes only in age adjusted model in women (per 1 SD naturally log-transformed, HR = 2.14; 
95% CI: 1.63, 2.81), but no association was found between the epicardial fat volume and the risk 
for type 2 diabetes among men (ESM Table 3).
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Epicardial fat volume and the risk for CHD 
Among 2143 subjects free of prevalent CHD at baseline, 91 incident CHD cases were identified 
during a median follow-up of 6 years (7 cases per 1000 person-years). EF volume was associated 
with a high risk for CHD in the age and sex adjusted model (per 1 SD naturally log-transformed, 
HR = 1.26; 95% CI: 1.01, 1.58). The association could not survive further adjustment (Table 2). 
No association was observed between epicardial fat volume and the risk for CHD in the gender 
specific analysis (ESM Tale 4).

Epicardial fat volume and the risk for stroke
Among 2223 subjects free of stroke at baseline, 109 incident stroke cases were identified during a 
median follow-up of 9 years (5 cases per 1000 person-years). In multivariate adjusted model, epi-
cardial fat volume was associated with a high risk for stroke (per 1 SD naturally log-transformed, 
HR = 1.58; 95% CI: 1.02, 2.45) in total population (Table 2), but not among women and men 
separately (ESM Tale 5). Removing prevalent AF cases and AF cases preceding a stroke event as 
well as competing risk analysis for stroke and AF did not change the results.

Table 1. Baseline characteristics of the study participants.
Characteristics Total (n= 2318)

Age, y 68.9 ± 6.6

Men, n (%) 1106 (47.7)

Parental history of diabetes, n (%) 227 (9.8)

Waist circumference, cm 94.3 ± 11.6

Body mass index, kg/m2 27.7 ± 3.9

Systolic blood pressure, mmHg 164.9 ± 22.9

Diastolic blood pressure, mmHg 98.6 ± 14.7

Hypertension medication, n (%) 241 (10.4)

Total cholesterol, mmol/L 5.6 ± 0.9
*HDL cholesterol, mmol/L 1.4 (1.2-1.7)

Current smokers, n (%) 298 (12.9)

Prevalent cardiovascular disease, n (%) 249 (10.7)

Prevalent atrial fibrillation, n (%) 59 (2.5)

Prevalent diabetes, n (%) 329 (14.2)
* Coronary artery calcification 69.3 (2.6-354.4)

Lipid lowering medication, n (%) 549 (23.7)
*Fasting glucose, mmol/L 5.4 (5.1-5.9)

Epicardial fat volume, mm3 101.9 (80.5-130.7)

Extracranial carotid artery calcification, mm3 22.0 (0.0-114.9)

Intracranial carotid artery calcification, mm3 40.8 (6.2-136.2)

Plus-minus values are means ± SD or
* median (inter-quartile range) 
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DISCUSSION

In this prospective population-based cohort study, we investigated the associations of epicardial 
fat volume with incident type 2 diabetes, CHD and stroke in total population and among women 
and men. Epicardial fat volume was positively associated with the risk for type 2 diabetes in total 
population and among women and with the risk for CHD in total population in age and sex 
adjusted model. After further adjustment for relevant cardiometabolic risk factors, epicardial fat 
volume remained positively associated only with the risk for stroke in total population.
To date, large population–based longitudinal data on the value of epicardial fat for assessment 
of type 2 diabetes risk are lacking. In the current study, we suggest a graded association of EF 
volume with incident type 2 diabetes in total population and among women, which becomes 
statistically non-significant after further adjustment for cardiometabolic risk factors. Increased 
epicardial fat thickness, but not abdominal fat or total body fat, was found to be independently 
associated with prevalence of diabetes in Korean men (11). Among women with gestational 
diabetes mellitus, the echocardiographically measured epicardial fat tissue has also shown to be 
significantly higher (21). Human epicardial adipose tissue, as the portion of visceral fat located 
between the heart and the pericardium, surrounding the heart and the coronary arteries (22), 
originates from brown fat and is a source of inflammatory mediators (7). Although it accounts 
for only 1% of total body fat, EF has been shown to have close correlation with insulin resistance 
(23; 24). The association between EF volume and the risk for diabetes in our study diminished 

Table 2. Epicardial fat volume and the risk for incident type 2 diabetes, coronary heart disease and stroke.
 Epicardial fat volume

Tertile 1 Tertile 2 Tertile 3 Continuous P-value P-trend

Type 2 diabetes

Cases 34 56 70

Model 1, HR, 95% CI 1 1.82 (1.19, 2.81) 2.55 (1.68, 3.87) 1.58 (1.33, 1.89) 4.2 × 10-7 9.0 × 10-6

d Model 2, HR, 95% CI 1 1.65 (0.69, 3.89) 2.70 (1.12, 6.49) 1.46 (0.98, 2.17) 0.6 × 10-1 2.0 × 10-2

d Model 3, HR, 95% CI 1 1.37 (0.56, 3.32) 2.21 (0.89, 5.46) 1.26 (0.83, 1.90) 0.2 6.3 × 10-2

CHD 

Cases 23 32 36

Model 1, HR, 95% CI 1 1.49 (0.87, 2.55) 1.57 (0.93, 2.66) 1.26 (1.01, 1.58) 0.045 7.9 × 10-2

c Model 2, HR, 95% CI 1 1.43 (0.51, 4.01) 1.36 (0.46, 3.99) 1.11 (0.68, 1.83) 0.6 3.5 × 10-1

c Model 3, HR, 95% CI 1 1.32 (0.47, 3.68) 1.19 (0.39, 3.59) 1.03 (0.62, 1.72) 0.8 4.6 × 10-1

Stroke

Cases 32 37 40

Model 1, HR, 95% CI 1 1.12 (0.70, 1.80) 1.16 (0.73, 1.85) 1.07 (0.87, 1.32) 0.5 5.3 × 10-1

s Model 2, HR, 95% CI 1 1.98 (0.76, 5.14) 2.24 (0.83, 6.02) 1.58 (1.02, 2.45) 0.04 1.3 × 10-1

s Model 3, HR, 95% CI 1 1.95 (0.75, 5.08) 2.22 (0.82, 5.98) 1.59 (1.08, 2.35) 0.019 1.4 × 10-1

Model 1: age and sex adjusted
Model 2: + body mass index, systolic blood pressure, medication for hypertension, smoking, cprevalent diabetes or dparental 
history of diabetes + prevalent cardiovascular disease, lipid lowering medication, total and high-density lipoprotein cholesterol, 
sprevalent atrial fibrillation
Model 3: + c,scoronary artery calcification, sextra-cranial carotid artery calcification or dfasting glucose
HR: hazard ratio; CI: confidence interval
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in particular when HDL cholesterol or the ratio of total to HDL cholesterol was additionally 
adjusted for in our multivariate adjusted model. When investigating the correlation of EF volume 
with lipids, we observed a negative correlation coefficient with both HDL cholesterol, which was 
expected, and total cholesterol, which was not expected. This might suggest that EF volume may 
indirectly play a role in the development of type 2 diabetes through lowering HDL cholesterol.
We have previously reported that larger volumes of epicardial fat are associated with larger 
amounts of coronary and extracranial carotid artery atherosclerosis in men, independent of 
traditional cardiovascular risk factors (3). In the current longitudinal study, we suggest an as-
sociation between EFV with CHD risk in total population. Our study confirms a previous report 
regarding the independent association of EF with coronary events in the general population and 
complements information from cardiac computed tomography above the CAC score (2). Similar 
to our analysis with diabetes, the association between EF volume and CHD risk in our study 
diminished in particular after taking into account HDL cholesterol in the analysis. Considering 
the importance of HDL cholesterol in the development of both CHD and diabetes, this observa-
tion further supports the possibility that the role of EF in development of unfavorable metabolic 
profiles might be mediated through its effect on lowering HDL cholesterol.
In the current study, we report a novel association between epicardial fat volume with incident 
stroke. We have also recently reported an association between epicardial fat with atrial fibrilla-
tion in individuals free of CVD that was independent of traditional cardiovascular risk factors, 
coronary atherosclerosis, left atrial size, and various measures of adiposity (4). Considering that 
atrial fibrillation is a major risk for ischemic stroke, we performed sensitivity analyses removing 
prevalent AF cases and AF cases preceding a stroke event as well as competing risk analysis for 
stroke and atrial fibrillation. These results were similar to our main analysis, suggesting that 
the association of EF volume with stroke risk is independent of AF (4). Also, as carotid artery 
atherosclerosis is an independent predictor of stroke risk (25), we additionally adjusted the as-
sociation of EF with stroke for extracranial and intracranial carotid artery calcification. Our 
results suggest that larger volumes of EF increase the risk for incident stroke events independent 
of carotid artery atherosclerosis.
This study has certain strengths and limitations. To our knowledge, this is the first prospective 
population-based cohort study to investigate the association between EF volume and incident 
type 2 diabetes, CHD and stroke during a long-term follow-up. We used data from a well-char-
acterized prospective cohort study, which allowed us to correct for a wide range of covariates. 
The image-based quantification of the EF volume is another strength of our study. Although 
the majority of previous studies performed ultrasound measurements of EF, CT-based measure-
ments are superior for accurate detection and quantification of EF volume (2; 26). Moreover, 
we were the first to develop and apply a fully automatic method to quantify EF volume on non-
enhanced CT-scans (27). However, our population is 55 years and older and mainly comprised of 
individuals of European ancestry. Thus, generalization of our results to younger age groups and 
other ethnicities should be done with caution. The definition of EF which is used in the literature 
is a matter of debate (2; 28-30). Especially, pericardial fat and epicardial fat are interchangeably 
used, which should be taken into account in comparison of results between different studies. In 
our study, we applied the definition as proposed by Iacobellis et al. (1).
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In conclusion, increased amount of epicardial fat volume may be associated with excessive risk 
for type 2 diabetes, CHD and stroke in total population independent of traditional cardiometa-
bolic risk factors.
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ESM Table 1. Baseline characteristics among women and men in the study.
Characteristics Women (nw =1212) Men (nm=1106) p-value

Age, y 68.9 ± 6.7 69.1 ± 6.5 0.5

Parental history of diabetes, n (%) 120 (9.9) 107 (9.7) 0.4

Waist circumference, cm 89.7 ± 10.9 99.4 ± 10.0 < 0.001

Body mass index, kg/m2 27.9 ± 4.4 27.5 ± 3.4 0.014

Systolic blood pressure, mmHg 165.6 ± 23.2 164.3 ± 22.7 0.1

Diastolic blood pressure, mmHg 97.5 ± 14.6 99.9 ± 14.8 < 0.001

Hypertension medication, n (%) 126 (10.4) 115 (10.4) 0.1

Total cholesterol, mmol/L 5.9 ± 0.9 5.4 ± 0.9 < 0.001
*HDL cholesterol, mmol/L 1.5 (1.3 – 1.8) 1.3 (1.1 – 1.5) < 0.001

Current smokers, n (%) 162 (13.4) 136 (12.3) < 0.001

Prevalent cardiovascular disease, n (%) 79 (6.5) 170 (15.4) < 0.001

Prevalent atrial fibrillation, n (%) 19 (1.6) 40 (3.6) 0.002

Prevalent diabetes, n (%) 155 (12.8) 174 (15.7) 0.04
*CAC 22.5 (0.2 – 160.5) 161.8 (22.5 – 595.1) < 0.001

Lipid lowering medication, n (%) 290 (23.9) 259 (23.4) 0.8
*Fasting glucose, mmol/L 5.3 (5.0 – 5.8) 5.5 (5.1 – 6.0) 0.001

Epicardial fat volume, mm3 90.1 (71.8- 110.2) 121.1 (95.9-152.3) < 0.001

Extracranial carotid artery calcification, mm3 13.5 (0.0-77.7) 40.0 (1.4-154.4) < 0.001

Intracranial carotid artery calcification, mm3 35.3 (5.3-117.8) 47.7 (8.8-164.6) < 0.001

Plus-minus values are means ± SD or
* median (inter-quartile range).
CAC: coronary artery calcification 

ESM Table 2. Correlation coefficients of epicardial fat volume with other covariates.
Pearson`s Correlation Coefficient

BMI WC Total cholesterol HDL TG CRP FG CAC ECAC ICAC

EFV 0.463** 0.702** -0.150** -0.347** 0.248** 0.193** 0.222** 0.298** 0.217** 0.130**

**Correlation is significant at the 0.01 level (2-tailed).
Abbreviations: BMI, body mass index; WC, waist circumference; HDL, high density lipoproteins cholesterol; TG, triglycerides; 
CRP, chain reaction protein; FG, fasting glucose; CAC, coronary artery calcification; ECAC, extracranial carotid artery calcifica-
tion; ICAC, intracranial carotid artery calcification.
TG and CRP are taken as a proxy from the closest visits of the Rotterdam Study with the visit in which epicardial fat volume 
was available and this study was performed.
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ESM Table 3. Epicardial fat and the risk for type 2 diabetes in women and men.
EFV

Continuous P-valueTertile 1 Tertile 2 Tertile 3

Women

Cases 10 29 40

Model 1, HR, 95% CI 1 3.21 (1.56, 6.59) 4.92 (2.45, 9.89) 2.14 (1.63, 2.81) 3.7 x 10-8

Model 2, HR, 95% CI 1 1.91 (0.40, 9.07) 3.26 (0.66, 16.09) 1.65 (0.79, 3.43) 0.1

Model 3, HR, 95% CI 1 1.78 (0.37, 8.67) 3.11 (0.55, 17.53) 1.34 (0.62, 2.89) 0.4

Men

Cases 24 27 30

Model 1, HR, 95% CI 1 1.24 (0.71, 2.17) 1.55 (0.89, 2.68) 1.25 (0.99, 1.59) 0.06

Model 2, HR, 95% CI 1 1.55 (0.49, 4.90) 2.66 (0.88, 8.00) 1.52 (0.91, 2.53) 0.1

Model 3, HR, 95% CI 1 1.26 (0.39, 4.06) 2.27 (0.75, 6.83) 1.35 (0.79, 2.28) 0.2

Model 1: age and sex adjusted
Model 2: +body mass index, systolic blood pressure, medication for hypertension, parental history of diabetes, smoking, preva-
lent cardiovascular disease, lipid lowering medication, total and high-density lipoprotein cholesterol
Model 3: + fasting glucose
HR: hazard ratio; CI: confidence interval

ESM Table 4. Epicardial fat volume and the risk for hard coronary heart disease in women and men.
EFV

Continuous P-valueTertile 1 Tertile 2 Tertile 3

Women 

Cases 7 12 13

Model 1, HR, 95% CI 1 1.54 (0.61, 3.93) 1.57 (0.62, 3.95) 1.33 (0.87, 2.02) 0.1

Model 2, HR, 95% CI 1 1.19 (0.22, 6.54) 0.70 (0.09, 5.76) 0.85 (0.30, 2.39) 0.7

Model 3, HR, 95% CI 1 1.14 (0.20, 6.39) 0.58 (0.07, 4.96) 0.77 (0.27, 2.19) 0.6

Men

Cases 16 20 23

Model 1, HR, 95% CI 1 1.46 (0.76, 2.83) 1.58 (0.83, 3.00) 1.23 (0.95, 1.61) 0.1

Model 2, HR, 95% CI 1 1.58 (0.43, 5.86) 1.91 (0.54, 6.79) 1.23 (0.69, 2.18) 0.4

Model 3, HR, 95% CI 1 1.39 (0.38, 5.17) 1.88 (0.51, 6.89) 1.18 (0.65, 2.12) 0.5

Model 1: age and sex adjusted
Model 2: + body mass index, systolic blood pressure, medication for hypertension, smoking, prevalent diabetes, lipid lowering 
medication, total and high-density lipoprotein cholesterolModel 3: + coronary artery calcification 
HR: hazard ratio; CI: confidence interval 
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ESM Table 5. Epicardial fat volume and the risk for stroke in women and men.
EFV

Continuous P-valueTertile 1 Tertile 2 Tertile 3

Women 

Cases 18 18 16

Model 1, HR, 95% CI 1 0.93 (0.48, 1.78) 0.77 (0.39, 1.52) 0.92 (0.67, 1.27) 0.9

Model 2, HR, 95% CI 1 1.92 (0.47, 7.78) 1.58 (0.32, 7.89) 1.48 (0.61, 3.59) 0.3

Model 3, HR, 95% CI 1 1.95 (0.47, 8.11) 1.68 (0.33, 8.57) 1.54 (0.62, 3.80) 0.3

Men

Cases 14 19 24

Model 1, HR, 95% CI 1 1.38 (0.69, 2.75) 1.71 (0.88, 3.32) 1.21 (0.91, 1.59) 0.1

Model 2, HR, 95% CI 1 1.66 (0.44, 6.29) 2.55 (0.67, 9.67) 1.58 (0.89, 2.78) 0.1

Model 3, HR, 95% CI 1 1.62 (0.43, 6.16) 2.50 (0.65, 9.56) 1.57 (0.88, 2.80) 0.1

Model 1: age and sex adjusted
Model 2: + body mass index, systolic blood pressure, medication for hypertension, smoking, prevalent diabetes, lipid lowering 
medication, total and high-density lipoprotein cholesterol, prevalent atrial fibrillation
Model 3: + coronary artery calcification, extra-cranial carotid artery calcification 
HR: hazard ratio; CI: confidence interval 

ESM Table 6. Competing risk analysis for epicardial fat volume and incident stroke and atrial fibrillation.

EFV

Incident stroke Competing risk with AF

HR(95%CI) p-value HR(97.5%CI) p-value

Model 1 1.07 (0.87, 1.32) 0.5 1.043 (0.81, 1.35) 0.5

Model 2 1.58 (1.02, 2.45) 0.04 1.82 (1.18, 2.80) 0.0068

Model 3 1.57 (1.01, 2.44) 0.044 1.82 (1.18, 2.80) 0.0069

Model 1: age and sex adjusted
Model 2: + body mass index, systolic blood pressure, medication for hypertension, smoking, prevalent diabetes, lipid lowering 
medication, total and high-density lipoprotein cholesterol
Model 3: + coronary artery calcification
HR: hazard ratio; CI: confidence interval 
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ABSTRACT

Aims/hypothesis
Previous literature documents controversial results about the impact of DHEA in glucose me-
tabolism. We aimed to assess the associations between serum levels of DHEA, its main deriva-
tives- DHEAS and androstenedione as well as the DHEAS-to-DHEA ratio with the risk of type 
2 diabetes.

Methods
We used data of serum levels of DHEA, DHEAS and androstenedione in 5189 middle-aged and 
elderly men and women from the prospective population based Rotterdam Study. Type 2 diabetes 
was defined as a fasting blood glucose ≥7.0 mmol/l or a non-fasting blood glucose ≥ 11.1 mmol/l.

Results
During a median follow-up time of 10.9 years, 643 incident type 2 diabetes cases were identified. 
After adjusting for age, sex, cohort, fasting status, fasting glucose and insulin, BMI, both serum 
DHEA levels (per 1 unit naturally log-transformed, HR= 0.76, 95% CI: 0.67, 0.87) and serum 
DHEAS levels (per 1 unit naturally log-transformed, HR= 0.82, 95% CI: 0.73, 0.92) were inversely 
associated with the risk of type 2 diabetes in the total population. Further adjustment for alcohol, 
smoking, physical activity, prevalent CVD, serum total cholesterol, anti-lipids use, SBP, treat-
ment for hypertension, CRP, estradiol, testosterone, did not substantially affect the association 
between DHEA and incident type 2 diabetes (per 1 unit naturally log-transformed, HR= 0.80, 
95% CI: 0.65, 0.99), but abolished the association between DHEAS and type 2 diabetes. Andro-
stenedione was not associated with the risk of type 2 diabetes, nor the DHEAS to DHEA ratio.

Conclusions/Interpretation
DHEA serum levels might be an independent marker for type 2 diabetes.

Key words
androstenedione, DHEA, DHEAS, food supplement, independent marker, type 2 diabetes.

Abbreviations
BMI, body mass index; CVD, cardiovascular diseases; CRP, chain reaction protein; DHEA, 
dehydroepiandrosterone; DHEAS, dehydroepiandrosterone; SBP, systolic blood pressure.
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INTRODUCTION

Dehydroepiandrosterone (DHEA), mostly present as its sulfated ester (DHEAS), is the most 
abundant circulating adrenal steroid hormone in healthy adults. In both men and women, the 
peak serum levels of DHEA and DHEAS occur around 25 years of age and decline steadily from 
the third decade onwards (1). Similarly, both glucose tolerance and insulin sensitivity, decrease 
with aging (2).
DHEA is available as a health food supplement in the United States, but previous literature about 
the effects of supplemental DHEA on glucose metabolism in healthy humans is controversial 
(3-6).
Evidence from animal studies, indicate that DHEA treatment could result in increased insulin-
induced glucose uptake in type 2 diabetes rat models and moderate the severity of diabetes (7; 
8). Along the same line, a randomized controlled trial (RCT) of elderly women and men, with 
age-related DHEA decrease, showed that DHEA replacement, reduced abdominal fat and im-
proved insulin sensitivity (9). Further RCTs reported positive effects of DHEA supplementation 
on reducing body fat and improving glucose metabolism, but not all (10-14). In observational 
studies, DHEAS plasma levels have also been associated with lower body mass index and visceral 
fat in women (15), and glucose and insulin concentration in non-diabetic men (16). Despite 
extensive research on DHEA and insulin action, information about the role of DHEA on type 2 
diabetes risk remains scarce. Studies investigating prospectively the association between DHEA 
or DHEAS and type 2 diabetes are limited and have been conducted mainly in women (17; 18). 
Sex-differences have been suggested and it remains unclear whether DHEA effects on type 2 
diabetes risk are different in women and men (11-14; 19; 20).
Therefore, we aimed to prospectively examine the associations of DHEA and its main deriva-
tives- DHEAS and androstenedione and the ratio of DHEAS to DHEA with the incident type 2 
diabetes in healthy middle-aged and elderly men and women.

MATERIALS AND METHODS

Study population
The Rotterdam Study (RS) is a population-based cohort study of individuals 45years and over 
living in the Ommoord district of Rotterdam, the Netherlands. The rationale and design of RS 
is described elsewhere (21). In brief, all inhabitants of the Ommoord district aged 55 years or 
older were invited to participate (n = 10,215). At baseline (1990-1993), 7,983 participants were 
included (RS-I). In 2000, an additional 3011 participants were enrolled (RS-II), consisting of all 
persons living in the study district who had become 55 years of age. Follow-up visits were held 
every 3-5years. For this study, we used DHEA and it derivatives measurements done in the third 
visit of the first cohort (RSI-3) and the baseline examinations of the second cohort (RSII-1). The 
Rotterdam Study has been approved by the Medical Ethics Committee according to the Wet 
Bevolkingsonderzoek: ERGO (Population Study Act: Rotterdam Study), executed by the Min-
istry of Health, Welfare and Sports of The Netherlands. All participants gave informed consent 
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to participate in the study and to obtain information from treating physicians and pharmacies, 
separately.

Population of analysis
The present study used data from the third visit of the first cohort (RSI-3) and the baseline 
examinations of the second cohort (RSII-1). Overall, there were 6923 subjects eligible for blood 
measurements and available type 2 diabetes follow-up (3923 postmenopausal woman and 3000 
males). Among them 937 subjects (483 postmenopausal woman and 454 males) with prevalent 
diabetes were excluded. Furthermore 797 (422 postmenopausal women and 375 males) did not 
have information on DHEA and its derivatives, and were therefore excluded from the analysis, 
leaving 5189 subjects for our analysis (supplementary figure 1). Among them, in 270 participants 
sex steroids were assessed in non-fasting samples. A sensitivity analysis was performed excluding 
these subjects from the analysis.

Ascertainment of type 2 diabetes
The participants were followed from the date of baseline center visit onwards. At baseline and 
during follow-up, cases of type 2 diabetes were ascertained through active follow-up using gen-
eral practitioners’ records, glucose hospital discharge letters and glucose measurements from 
Rotterdam Study visits which take place approximately every 4 years (22). Type 2 diabetes was 
defined according to current WHO guidelines, as a fasting blood glucose ≥7.0 mmol/l, a non-
fasting blood glucose ≥ 11.1 mmol/l (when fasting samples were absent), or the use of blood 
glucose lowering medication (23). Information regarding the use of blood glucose lowering 
medication was derived from both structured home interviews and linkage to pharmacy records 
(22). At baseline, more than 95% of the Rotterdam Study population was covered by the pharma-
cies in the study area. All potential events of type 2 diabetes were independently adjudicated by 
two study physicians. In case of disagreement, consensus was sought with an endocrinologist. 
Follow-up data was complete until January 1st 2012.

Hormone measurements:
Sex hormone-binding globulin (SHBG) was measured on the Immulite 2000Xpi platform 
(Siemens, Los Angeles, USA), while TSH was measured on the Vitros Eci (Ortho Diagnostics). 
Estradiol was measured on the COBAS 8000 Modular Analyzer (Roche Diagnostics GmbH). The 
corresponding interassay coefficients of variations were < 7%.
Androstenedione, testosterone and dehydroepiandrosterone sulfate (DHEAS), were measured 
on a Waters XEVO-TQ-S system (Waters, Milford, MA, USA) using the CHS™ MSMS Steroids 
Kit (Perkin Elmer, Turku, Finland). The inter-assay coefficients of variation of androstenedione, 
testosterone and DHEA-S were < 6.5%, < 5%, and < 5.9%, respectively. While assessment of blood 
measurements, including sex steroids, was performed in fasting samples, some of the participants 
came to the research center in a non-fasting state.
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Covariates
Information on current health status, medical history, medication use and smoking behavior was 
obtained at baseline of the study for all the participants. Participants were asked whether they 
were currently smoking cigarettes, cigars, or pipes. Alcohol intake was assessed in grams of etha-
nol per day. History of cardiovascular disease was defined as a history of coronary heart diseases 
(myocardial infarction, revascularization, coronary artery bypass graft surgery or percutaneous 
coronary intervention) and was verified from the medical records of the general practitioner. 
Information regarding the use of hormone replacement therapy was derived from structured 
home interviews.
Parental history of diabetes was collected by trained research assistants during home visits. 
Blood pressure was measured in the sitting position at the right upper arm with a random-
zero-sphygmomanometer. Physical height (m) and body weight (kg) were measured at baseline 
with the participants standing without shoes and heavy outer garments. Body mass index (BMI) 
was calculated as weight divided by height squared (kg/m2). All biochemical parameters were 
assessed in fasting serum. Insulin, glucose, total cholesterol (TC), high-density lipoprotein 
cholesterol (HDL-C), triacylglycerol (TG) and C-reactive protein (CRP) were measured on the 
COBAS 8000 Modular Analyzer (Roche Diagnostics GmbH). The corresponding interassay 
coefficients of variations are the following: insulin < 8%, glucose < 1.4%, lipids < 2.1% and CRP < 
16.9%. LDL-C level was estimated indirectly from measurements of total cholesterol, HDL-C and 
triacylglycerols by means of the Friedewald equation (24). Physical activity was assessed with an 
adapted version of the Zutphen Physical Activity Questionnaire (25). Every activity mentioned 
in the questionnaire was attributed a MET-value according to the 2011 (26).

Statistical analysis
Person years of follow-up were calculated from study entrance (March 1997- December 1999 for 
RSI-3, February 2000-December 2001 for RSII-1) to the date of diagnosis of type 2 diabetes, death 
or the censor date (date of last contact of the living), whichever occurred first. Follow-up was 
until January 1st 2012. Cox proportional hazard modelling was used to evaluate whether DHEA, 
DHEAS, androstenedione and DHEAS to DHEA ratio were associated with type 2 diabetes. Haz-
ard ratios (HR) and 95% confidence intervals (95% CIs) were reported. The proportional hazard 
assumption of the Cox model was checked by the visual inspection of log minus log plots and by 
performing a test for heterogeneity of the exposure over time. There was no evidence of violation 
of the proportionality assumption in any of the models (P for time-dependent interaction terms 
> 0.05). To account for age and sex differences in serum levels of DHEA, DHEAS and andro-
stenedione, we used sex hormone levels adjusted for age and sex by using the residual method 
(27). All sex hormones variables were assessed in separate models, continuously and in tertiles. 
To study the relations across increasing tertiles, trend tests were computed by entering the cat-
egorical variables as continuous variables in multivariable Cox’s proportional hazard models. To 
achieve approximately normal distribution, skewed variables (DHEA, DHEAS, androstenedione, 
testosterone, estradiol, SHBG, CRP, TSH, glucose, insulin) were naturally log-transformed. In 
the base model (Model 1), we adjusted for age, sex, cohort (I and II), fasting status (fasting sample 
vs. non-fasting sample). Model 2 included all factors in model 1 and body mass index (BMI) 
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(continuous), glucose (continuous) and insulin (continuous). Model 3 included all covariates in 
model 2 and further potential intermediate factors including: metabolic risk factors (total cho-
lesterol, systolic blood pressure (continuous), treatment for hypertension (yes vs. no) and use of 
lipid-lowering medications (yes vs. no)), lifestyle factors (alcohol intake (continuous), smoking 
status (current vs. former/never), physical activity), prevalent coronary heart disease (yes vs. no) 
and CRP (continuous). We also controlled for upstream precursor hormones (supplementary 
figure 2) which may act as confounders. Thus, DHEA was adjusted in all models that included 
either DHEAS or androstenedione. Effect modifications of sex hormones by BMI and sex were 
tested in the final multivariable model in addition to performing stratified analysis. We also 
performed several sensitivity analyses: (i) further adjusting for hormones including the down-
stream metabolites that might be casual intermediates such as estradiol and testosterone; (ii) 
further adjusting for SHBG; (iii) substituting BMI for waist circumference; (iv) substituting total 
cholesterol with HDL-C, triacylglycerols and LDL-C; (v) further adjusting for parental history 
of diabetes (vi); further adjusting for TSH and (vii) excluding the type 2 diabetes cases within 
the first three years of follow up (n=99/643 cases); (viii) excluding participants with non-fasting 
samples (n=270); (ix) further adjustment for hormone replacement therapy; (x) further adjust-
ment for free androgen index. Multiple imputation procedure was used (N= 5 imputations) to 
impute the missing data.
Moreover, we compared the ability of DHEA and its derivatives in 10 year type 2 diabetes risk 
prediction by studying the discrimination. Discrimination is the ability of a prediction model to 
assign a higher risk to the individuals who will develop an event in 10 years compared with those 
who will not develop an event. We quantified discrimination for both models by calculating the 
c-statistic difference between based model and models that additionally included DHEA or its 
derivatives (28). For type 2 diabetes there is no yet an unique established risk prediction model, 
therefore, as a base model, we used Wilson`s risk score including age, sex, parental history of 
diabetes and body mass index (29). To perform this analysis we used a combination of “foreign” 
and “survC1” R packages. All other analyses were done using SPSS statistical software (SPSS, 
version 21.0; SPSS Inc, Chicago, Illinois) and R V.3.0.1 (R Foundation for Statistical Computing, 
Vienna, Austria). A p-value of less than 0.05 was considered as statistically significant.

RESULTS

Table 1 summarizes the baseline characteristics of 5189 subjects free of diabetes at baseline, 
including 3018 postmenopausal women and 2171 males.

Survival analysis
During a median follow-up time of 10.9 years, 643 incident type 2 diabetes cases were identified. 
After adjusting for age, sex, cohort, fasting status, fasting glucose and insulin, BMI, both serum 
DHEA levels (per 1 unit naturally log-transformed, HR= 0.76, 95% CI: 0.67, 0.87) and serum 
DHEAS levels (per 1 unit naturally log-transformed, HR= 0.82, 95% CI: 0.73, 0.92) were inversely 
associated with the risk of type 2 diabetes (table 2) in the total population. Further adjustment 
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for alcohol intake, smoking status, physical activity, prevalent CVD, serum total cholesterol, 
serum lipid reducing agents use, systolic blood pressure, treatment for hypertension, CRP did 
not materially affect the association between DHEA and incident type 2 diabetes (per 1 unit 
naturally log-transformed, HR= 0.76, 95% CI: 0.67, 0.88), but abolished the association between 
DHEAS and type 2 diabetes (table 2). Androstenedione was not associated with the risk of type 2 
diabetes, nor the DHEAS to DHEA ratio (table 2).

Sensitivity analysis
In the sensitivity analysis, (i) further adjusting for hormones including the downstream metabo-
lites that might be casual intermediates such as estradiol and testosterone; (ii) further adjustment 
for SHBG; (iii) substituting BMI for waist circumference; (iv) substituting total cholesterol for 
HDL-C, triacylglycerols and LDL-C; (v) further adjustment for parental history of diabetes (vi) 

Table 1. Selected Characteristic of Study Participants, the Rotterdam Study.
Characteristic N = 5189

Age (years) 69 ± 8.3

Males, n (%) 2171 (41.8)

Fasting status, n (%) 4911 (94.6)

Current smokers, n (%) 632 (12.2)
*Alcohol intake (g/day) 2.1 (11.6)

BMI (kg/m2) 26.7 ± 3.8

Waist circumference (cm) 92.7 ± 11.5

Prevalent cardiovascular disease, n (%) 586 (11.3)

Parental history of diabetes, n (%) 463 (8.9)
*Estradiol (pmol/l) 62.8 (137.5)
*Total testosterone (nmol/l) 1.4 (24.1)
*Sex-hormone binding globulin (nmol/l) 55.5 (93.12)
*Thyroid-stimulating hormone (mU/l) 1.8 (4.9)
*Insulin (pmol/l) 66 (145)
*Glucose (mmol/l) 5.5 (1.8)
*C-reactive protein (mg/ml) 1.7 (10.3)

Total cholesterol (mmol/l) 5.8 ± 0.9

Low density lipoprotein cholesterol (mmol/l) 3.7 ± 0.9

High density lipoprotein cholesterol (mmol/l) 1.4 ± 0.4

Serum lipid reducing agents use, n (%) 605 (11.7)

Hormone replacement therapy, n (%) 140 (2.7)

Free androgen index 2.5 (31.8)
*Triacylglycerols (moml/l) 1.4 (0.8)

Systolic Blood pressure (mm/Hg) 142 ± 21

Treatment for hypertension, n (%) 1087 (20.9)
*DHEA, nmol/l 8.3 (20.58)
*DHEAS, nmol/l 1819.2 (4672.71)
*Androstenedione, nmol/l 2.5 (4.05)

BMI, body mass index; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate. Plus minus values are mean 
± SD; * Median (interquartile range)
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further adjustment for TSH; (vii) exclusion of the type 2 diabetes cases within the first three 
years of follow up; (viii) excluding participants with non-fasting samples (n=270); (ix) further 
adjustment for hormone replacement therapy; (x) further adjustment for free androgen index 
did not affect any of the associations (table 3). Also, in the stratification analysis, no significant 
interactions were found for any of the hormones or ratio with gender and BMI (table 3).
The c-statistic of the Wilson’s base model for 10-year type 2 diabetes risk was 0.637 (0.609, 0.666). 
When we added DHEA to the model, the c-statistic improved to 0.638 (0.612, 0.665) with a dif-
ference of 0.001 (-0.003, 0.005). DHEA and it derivatives did not improve Wilson`s base model 
(supplementary table 1).

DISCUSSION

In this large prospective population-based cohort study, we found that DHEA serum level was 
inversely associated with the risk of type 2 diabetes, independent of established diabetes risk 

Table 2. Associations of androstenedione, DHEA, DHEAS with the risk of type 2 diabetes in postmenopausal 
women and men, the Rotterdam Study (N = 5189).

Androstenedione Continuous P-value Ptrend

Tertile 1 Tertile 2 Tertile 3

Cases 216 230 197

Model 1, HR, 95% CI 1 1.09 (0.90, 1.31) 0.92 (0.76, 1.12) 0.92 (0.77, 1.09) 0.3 0.4

Model 2, HR, 95% CI 1 1.07 (0.89, 1.29) 0.82 (0.67, 0.99)* 0.82 (0.69, 0.97) 1.8 × 10-2 4.5 × 10-2

Model 3, HR, 95% CI 1 1.19 (0.97, 1.46) 0.98 (0.77, 1.26) 0.98 (0.78, 1.24)d 0.9 0.9

DHEA

Cases 236 206 201

Model 1, HR, 95% CI 1 0.79 (0.66, 0.96) 0.76 (0.63, 0.92)* 0.79 (0.69, 0.89) 3.0 × 10-4 5.0 × 10-3

Model 2, HR, 95% CI 1 0.84 (0.69, 1.02) 0.73 (0.60, 0.89)* 0.76 (0.67, 0.87) 5.6 × 10-5 1.0 × 10-3

Model 3, HR, 95% CI 1 0.84 (0.69, 1.02) 0.73 (0.60, 0.89)* 0.76 (0.67, 0.87)d 8.7 × 10-5 2.0 × 10-3

DHEAS

Cases 226 203 214

Model 1, HR, 95% CI 1 0.86 (0.71, 1.04) 0.91 (0.76, 1.09) 0.88 (0.79, 0.99) 3.5 × 10-2 0.3

Model 2, HR, 95% CI 1 0.79 (0.65, 0.96)* 0.83 (0.69, 1.01) 0.82 (0.73, 0.92) 1 × 10-3 6.0 × 10-2

Model 3, HR, 95% CI 1 0.91 (0.74, 1.12) 1.13 (0.88, 1.45) 0.94 (0.79, 1.12)d 0.5 0.3

 DHEAS/DHEA 

Cases 198 215 230

Model 1, HR, 95% CI 1 1.08 (0.89, 1.31) 1.23 (1.02, 1.49)* 1.14 (0.96, 1.34) 0.1 3.0 × 10-2

Model 2, HR, 95% CI 1 1.11 (0.92, 1.35) 1.15 (0.95, 1.39) 1.03 (0.88, 1.22) 0.6 0.1

Model 3, HR, 95% CI 1 1.11 (0.92, 1.36) 1.15 (0.95, 1.41) 1.03 (0.87, 1.22)d 0.7 0.1

DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate.
Model 1: Adjusted for age, sex, cohort, fasting status Model 2: Model 1 + insulin, glucose and body mass index
Model 3: Model 2 + alcohol intake, smoking status, physical activity, prevalent CVD, serum total cholesterol, serum lipid 
reducing agents use, systolic blood pressure, treatment for hypertension, C-reactive protein and sex hormones for each other 
(Androstenedione adjust for DHEA; DHEAS adjust for DHEA).
d No significant interaction between sex and hormone or ratio (p > 0.05)
*p < 0.05
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factors including BMI, fasting glucose, insulin and CRP. We did not find an evidence regarding 
gender differences in this association. The association remained significant also after including 
in the model downstream sex steroid metabolites such as testosterone and estradiol, cited as risk 
factors for type 2 diabetes (30). In our study, no independent association was found between 
DHEAS, androstenedione or DHEAS to DHEA ratio with the risk of type 2 diabetes.
A study of 1612 postmenopausal women examined prospectively the association between DHEA 
and the risk of type 2 diabetes and showed no effect (17). Our study included both men and 
women, a larger number of incident type 2 diabetes cases (643 vs116) with a longer follow-up 
(median: 10.9 vs 4.7 years) and a comprehensive assessment of hormones. Another study by 
Mather et al. showed no association between DHEA and diabetes incidence, however it was 
conducted in subjects at high risk for diabetes and with a short follow-up (median 3.0 years) (31). 
Similar to our findings, while an inverse association was suggested in a nested case-control study 

Table 3. Sensitivity analysis of sex hormones and the risk of type 2 diabetes in postmenopausal women and 
men, the Rotterdam Study (N = 5189).

Androstenedione DHEA DHEAS DHEAS/DHEA

Multivariable model 0.99 (0.79, 1.24) 0.76 (0.67, 0.88)* 0.94 (0.80, 1.11) 1.03 (0.87, 1.21)

Multivariable model + sex hormones for each 
other(estradiol and testosterone included in 
the model)

1.01 (0.80, 1.27) 0.80 (0.65, 0.99)* 0.94 (0.79, 1.10) Not included

Multivariable model +SHBG 0.96 (0.78, 1.19) 0.77 (0.67, 0.88)* 0.89 (0.77, 1.03) 0.96 (0.83, 1.12)

Multivariable model + waist circumference 0.98 (0.78, 1.23) 0.76 (0.67, 0.87)* 0.95 (0.80, 1.12) 1.04 (0.88, 1.22)

Multivariable model + HDL-C + TG + LDL-C 0.98 (0.78, 1.24) 0.77 (0.68, 0.88)* 0.97 (0.82, 1.14) 1.06 (0.89, 1.25)

Multivariable model + serum thyroid 
stimulating hormone 

0.97 (0.77, 1.22) 0.76 (0.67, 0.87)* 0.96 (0.81, 1.13) 1.05 (0.89, 1.23)

Multivariable model + parental history of 
diabetes

0.98 (0.79, 1.22) 0.77 (0.67, 0.88)* 0.95 (0.82, 1.09) 1.02 (0.88, 1.18)

Multivariable model excluding the first 3years 
of follow-up

1.06 (0.83 - 1.36) 0.76 (0.66, 0.88)* 0.97 (0.81, 1.16) 1.06 (0.89, 1.27)

Multivariable model excluding non-fasting 
subjects

0.96 (0.77, 1.21) 0.76 (0.67, 0.88)* 0.91 (0.78, 1.06) 0.98 (0.84, 1.15)

Multivariable model + hormone replacement 
therapy

0.98 (0.79, 1.23) 0.76 (0.67, 0.87)* 0.95 (0.82, 1.11) 1.03 (0.88, 1.19)

Multivariable model + free androgen index 0.95 (0.75, 1.20) 0.76 (0.67, 0.87)* 0.90 (0.76, 1.07) 1.01 (0.85, 1.19)

BMI (kg/m2)b

<25 643 (130) 0.75 (0.45, 1.24)a 0.81 (0.59, 1.11)a 1.21 (0.82, 1.78)a 1.29 (0.89, 1.87)a

25-29.9 643 (321) 1.20 (0.87, 1.66)a 0.80 (0.66, 0.97)a* 0.96 (0.77, 1.21)a 1.02 (0.81, 1.29)a

≥30 643 (184) 0.84 (0.54, 1.30)a 0.67 (0.53, 0.86)a* 0.75 (0.55, 1.03)a 0.88 (0.65, 1.21)a

Sexb

Male 643 (270) 1.17 (0.80, 1.71) 0.82 (0.66, 1.03) 1.02 (0.77, 1.35) 1.10 (0.84, 1.44)

Female 643 (373) 0.88 (0.66, 1.17) 0.74 (0.63, 0.88)* 0.91 (0.74, 1.12) 0.99 (0.80, 1.22)

DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; HDL-C, high density lipoprotein cholesterol; LDL-
C, low density lipoprotein cholesterol; TG, triacylglycerols.
bMultivariable model adjusted for variables in model 3 of Table 2.
 Values are + 1 natural log increase 
a P-interaction >0.05; b Results are adjusted for variables in model 3 of Table 2.
*p < 0.05
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of 718 postmenopausal women, DHEAS was not statistically significantly associated with lower 
risk of type 2 diabetes (18). Also, a recent study, including 1258 community-dwelling men and 
women reported no association between DHEAS and type 2 diabetes overall, but after stratifica-
tion by gender, higher serum DHEAS levels were protective against type 2 diabetes in men, but 
not in women (19).
Previous animal studies have documented therapeutic effects of DHEA in diabetic mice (7). Due 
to the striking beneficial effects of DHEA, observed mostly in animals, against diabetes, but also 
other chronic conditions such as cancer, obesity, cardiovascular disease, DHEA is now avail-
able as a food supplement in retail stores (32-34). The afore mentioned conditions, are mostly 
observed in aging and accompanying the natural steady decline of DHEA from the third decade 
onward (1; 35).
However, animal data should be translated with caution to human physiology, taking into 
consideration the contrast between the lower amounts of DHEA in laboratory animals and the 
distinctly human role of DHEA, which has a pattern of biosynthesis specific for higher primates 
(36). Until recently, there is conflicting evidence in the literature concerning the effect of DHEA 
on glucose metabolism in healthy humans. Human data have shown that DHEA administration 
increases (9; 11), has no effect (13; 20) or decreases insulin sensitivity (37), leaving unclear the role 
of DHEA on glucose metabolism and development of type 2 diabetes. Moreover, Villareal et al. 
(9) found that DHEA supplementation for 6 months decreased visceral adiposity, while Nair et 
al. (20), in a 2 year trial, did not observe any benefits of DHEA.
Our findings on a protective role of DHEA against type 2 diabetes, provide epidemiological 
evidence in agreement to previous claims on positive effects of DHEA in type 2 diabetes (DHEA 
is previously called also “elixir of youth”). Pertaining to its mechanisms of action, DHEA is a 
PPARα agonist [30]. Tenenbaum et al found that bezafibrate, a PPARα receptor ligand, reduced 
the incidence and delayed the onset of type 2 diabetes in patients with impaired fasting glucose 
levels (38). DHEA and DHEAS have been shown to be insulin sensitizers (39), whereas there is 
less evidence that insulin alters DHEA or DHEAS levels (40). Perrini et al found that DHEA 
increases glucose uptake in both human and 3T3-L1 adipocytes by stimulating GLUT4 and 
GLUT1 translocation to the plasma membrane (41). Another study in type 2 diabetes patients 
concluded that DHEA administration counteracts oxidative imbalance and advanced glycation 
end product formation (42). Also, in rat models, it has been shown that DHEA improves glucose 
uptake via activations of protein kinase C and phosphatidylinositol 3-kinase (43). Another pos-
sible mechanism of prevention of type 2 diabetes by DHEA is the improvement of endothelial 
function (14), which is implicated in the development of insulin resistance (44).
Previous studies have suggested gender differences of DHEA and its derivatives in type 2 diabetes 
(11; 12; 19; 45). DHEA concentrations are approximately twice higher in women, whereas DHEAS 
levels are higher in men (46). In our study, we observed the protective effect of DHEA in men 
and women, slightly prominent in women than in men, however the interaction with sex was not 
significant. The hazard ratios had the same direction in both women and men, but the associa-
tion was not significant in men. This might be explained by the smaller number of incident type 
2 diabetes cases in males (n = 270) compared to women (n = 373) in our study.
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Very little is known regarding the role of androstenedione plasma levels in the pathology of type 
2 diabetes. O`Reilli et al. showed that serum androstenedione level, other than its role as precur-
sor of testosterone, is a useful tool for predicting metabolic risk in PCOS women (47). Our study 
is the first study to investigate the association of serum androstenedione levels with incident type 
2 diabetes, showing no association.
ACTH regulates production of both DHEA and DHEAS, which once secreted into the blood 
stream, are carried bound to albumin. Although DHEAS, the sulphated form of DHEA, can be 
converted to DHEA or vice-versa, they have some important peculiarities (48). Concentrations 
of DHEAS are between 250 and 500 times higher than the concentrations of DHEA, in women 
and men respectively. This difference in concentrations between DHEA and DHEAS depends 
mainly on the fact that DHEAS is only slowly cleared from the blood with a clearance rate of 13L/
day, while DHEA is rapidly cleared at a rate of approximately 2000L/day. Therefore, DHEAS has 
a half-life of 10 to 20 hours while the half-life of DHEA is 1 to 3 hours. Diurnal variation of DHEA 
exhibits a similar pattern as cortisol secretion, reaching the peak in the early morning. DHEAS 
levels are considered to not have a diurnal variation (49).
Strengths of our study include its prospective design, the long follow-up and comprehensive ad-
justment for a broad range of possible confounders. Moreover, this is the first population-based 
study to investigate the associations between DHEA and its main derivatives serum levels and 
incident type 2 diabetes in both men and women. We also performed several sensitivity analyses 
such as excluding the first three years of follow up to avoid potential bias of undiagnosed disease 
at baseline. Furthermore, the diagnosis of incident diabetes was done by standardized blood 
glucose measurements at the repeated study center visits and electronic linkage with pharmacy 
dispensing records in the study area.
Yet our study has some limitations. Our population is 55 years and older and therefore general-
ization of the results to a younger age should be done with caution. We did not have hemoglobin 
A1c (HbA1c) or an oral glucose tolerance test measured in our study population, which would 
have strengthened our results. In contrast to DHEAS and its other derivatives, DHEA has a pro-
nounced diurnal rhythm and exhibits morning elevation similar to cortisol. However, the secre-
tory pattern of DHEA is more stable and less stable to day-to-day variability (50). Furthermore, 
this study is done in elderly and in older age hormone levels are more stable over time (intraclass 
correlation = 0.75, 0.88 and 0.66 for DHEA, DHEAS and androstenedione respectively ) (50). 
Also, the Rotterdam Study mainly includes individuals from European Ancestry (98%). Thus, 
our findings may not be extended to non-Caucasian groups.
We conclude that higher serum levels of DHEA are independently associated with decreased risk 
of developing type 2 diabetes in healthy population of both men and postmenopausal women. 
These prospective data suggest that DHEA may play a role in the pathogenesis of type 2 diabetes, 
which may have important implications for preventive interventions.
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ELECTRONIC SUPPLEMENTARY MATERIAL (ESM)

Supplementary table 1. Comparison of the predictive value of DHEA with its derivatives.
c-statistics (95%CI) c-statistics changes (95% CI) from base model

Base model 0.637 (0.609, 0.666) NA

+DHEA 0.638 (0.612, 0.665) 0.001 (-0.003, 0.005)

+DHEAS 0.637 (0.610, 0.666) 0.000 (-0.004, 0.005)

+androstenedione 0.637 (0.608, 0.667) 0.000 (-0.002, 0.002)

+DHEAS/DHEA 0.637 (0.609, 0.666) 0.000 (-0.001, 0.001)

Base model: age, sex, parental history of diabetes, body mass index (Wilson`s base model).
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Supplementary figure 1. Flow chart of subjects eligibility.
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Supplementary figure 2. DHEA and its main derivatives in steroidogenesis.
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ABSTRACT

Objective
The objective of this study was to investigate the association between endogenous sex steroid 
levels and changes in body composition in postmenopausal women.

Methods
A total of 1183 postmenopausal women participating in the Rotterdam Study were eligible for 
analysis. At baseline, serum levels of estradiol (E2), serum testosterone (T) and sex hormone-
binding globulin (SHBG) were assessed. Body composition was assessed using dual-energy 
X-ray absorptiometry at baseline and 5 years later. Total weight, total fat mass (%) (FM), lean 
mass (%) (LM), FM/LM ratio, android fat (%) (AF) and android/gynoid fat mass ratio (A/G 
ratio) were calculated.

Results
No association was found between E2 and body weight or E2 and LM. High E2 levels were as-
sociated with a decrease in FM, FM/LM ratio and an increase in AF. High testosterone levels 
were associated with a decrease in FM, FM/LM ratio and an increase in LM. High SHBG levels 
were associated with an increase in weight, FM, FM/LM ratio and a decrease in LM and AF. No 
association was found for any of the sex hormones or SHBG with A/G ratio.

Conclusion
These findings support the concept that changes in endogenous sex steroid levels are closely 
associated with changes in body composition in postmenopausal women.

Key words
body composition; body fat distribution; endogenous sex steroids; post-menopausal women; 
sex-hormone binding globulin 
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INTRODUCTION

Menopause is associated with adverse changes in body composition. Women during menopause 
tend to gain body fat and shift the fat storage from hips and thighs (pear-shaped body) to the 
abdominal region (apple-shaped) (1). At the same time, women experience an accelerated loss 
of muscle mass around the time of menopause (2). Both the accumulation of visceral fat in the 
abdomen and loss of muscle mass have been linked with an increased risk of cardiometabolic 
disease, disability and mortality (3-5).
The menopausal transition is characterized by a marked decline in endogenous estradiol (E2) lev-
els and a period of relative androgen excess (6), which may account for the changes in body com-
position during the post-menopausal period. Estrogens increase the number of alpha-adrenergic 
receptors in the lower body which decelerate fat release (7). Estrogens also exhibit anti-cortisol 
effects and sensitize the body to insulin (8). These mechanisms prevent fat accumulation in the 
abdominal region and may be responsible for the pear-shaped body most women have before 
menopause. Androgens, including testosterone are suggested to be involved in building and 
maintaining the muscle mass. The decrease of androgen levels after menopause, due to the loss of 
ovarian function, may reduce the muscles mass; a phenomenon observed in women after meno-
pause (9). However, whether endogenous sex steroids affect body fat, its regional distribution 
and muscle mass remains unclear. Previous studies have been mainly cross-sectional (10) and 
findings from long-term studies examining the association between endogenous sex hormones, 
body fat and lean mass remain scarce. Furthermore, they have not taken into account the role 
that age and years since menopause may play in the association between endogenous sex steroids 
and body composition. Recent evidence shows that the effect of endogenous sex steroids, and in 
particular of E2, may depend on the number of post-menopausal years (12).
Therefore, we aimed to investigate the association between endogenous E2, androgens and SHBG 
levels and changes in body composition in postmenopausal women, and whether these associa-
tions depend on the number of post-menopausal years or BMI.

MATERIALS AND METHODS

The Rotterdam Study (RS) is a population-based cohort study of individuals 45years and over 
living in the Ommoord district of Rotterdam, the Netherlands. The rationale and design of RS is 
described elsewhere (13). In brief, all inhabitants of the Ommoord district aged 55 years or older 
were invited to participate (n = 10,215). At baseline (1990-1993), 7,983 participants were included 
(RS-I). In 2000, an additional 3011 participants were enrolled (RS-II), consisting of all persons 
living in the study district who had become 55 years of age. A second extension of the cohort 
was initiated in 2006, in which 3,932 participants aged 45 years or older were included (RS-III). 
Follow-up visits were held every 3-5years. The present study includes data from postmenopausal 
women from the first visit of the third cohort of RS (RS III-1, February 2006- December 2008) and 
from the second visit of the third cohort (RS III-2, March 2012- June 2014). The Rotterdam Study 
has been approved by the Medical Ethics Committee according to the Wet Bevolkingsonderzoek: 
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ERGO (Population Study Act: Rotterdam Study), executed by the Ministry of Health, Welfare 
and Sports of the Netherlands. All participants gave informed consent to participate in the study 
and to obtain information from treating physicians and pharmacies, separately.

Assessment of endogenous sex hormones
At baseline (RS III-1), fasting blood samples were collected and serum levels of sex steroids and 
sex-hormone binding globulin (SHBG) were determined. Estradiol (E2) levels were estimated 
using the ultrasensitive RIA. The mean minimum detection limit of this test was 18.35pmol/
liter. Testosterone was estimated in single measurements by liquid chromatography-tandem 
mass spectrometry (LC-MS/MS). SHBG was measured with the Immulite platform (Diagnostic 
Products Corporation, Breda, the Netherlands). The Free androgen index (FAI), calculated as (T/
SHBG) * 100 was used as a surrogate measure of bioavailable T (14).

Assessment of body composition
Dual-energy X-ray absorptiometry (DXA) was used to assess the body composition of the par-
ticipants at the first visit of the third cohort (RS III-1, February 2006- December 2008) and at the 
second visit of the third cohort (RS III-2, March 2012- June 2014). Whole body DXA scans were 
performed using a ProdigyTM and iDXA total body fan beam densitometers (GE Lunar Corp, 
Madison, WI, USA). Body weight (grams) was divided into fat mass, lean (non-fat) mass and 
bone mineral content. Android and gynoid fat mass was also assessed. The outcomes used were 
calculated as follow: total fat mass percentage = (total fat mass/ weight) *100; lean mass percent-
age = (lean mass/weight) *100; fat mass/lean mass ratio = total fat mass/ lean mass; android fat 
percentage = (android fat/total body fat) * 100; android/gynoid ratio = android fat/ gynoid fat.
Assessment of covariates is described in details in the supplemental material (Web Appendix).

Population for analyses
The present study uses data from the first and second visit of the third cohort (RS III-1, February 
2006 – December 2008; RS III-2, March 2012- June 2014). There were 2252 women included in 
RS III-1, from which 567 were excluded because they were still in their pre-menopausal years, 
242 women were excluded because they had no data on sex hormone levels and 260 women were 
excluded because of missing data on DXA scans during the first visit. Overall, we had 1183 women 
included in our analysis. Yet, 279 women had no data on DXA scans during the second visit and 
thus leaving 904 individuals with complete data on sex-steroids, SHBG and body composition 
(in both visits).

Statistical analyses
Continuous normally distributed data are presented as mean ±standard deviation, continuous 
non-normally distributed data are presented as median (interquartile range) and categorical 
variables are presented in percentages. To better approximate a normal distribution, natural log-
transformation was used for the following variables: testosterone, SHBG, FAI, glucose, insulin 
and CRP. Estradiol was coded as 0 if it was lower than the detection limit (≤ 18.35pmol/L), other-
wise as 1 (>18.35pmol/L). We fitted linear regression models using Generalized Estimating Equa-
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tions with exchangeable correlation structure adjusting for the within-subject correlations due 
to repeated measurements of the outcomes in the same individuals (inter-class correlations for 
total fat mass percentage, lean mass percentage, android/gynoid ratio and weight are respectively 
0.908; 0.877; 0.918; 0.956). To assess the annual changes in body composition related with levels 
of sex hormones and SHBG, we included in the model the interaction term of respective sex 
hormones and SHBG with time (coded as 1 for the baseline measurement and 5 for the second 
measurement which was done approximately 5 years after the baseline). Regression coefficients 
(βs) and 95% confidence intervals (95% CI) were obtained on the basis of robust standard errors. 
First, we calculated age, ethnicity and BMI in both visits (for fat mass percentage, lean mass per-
centage, fat mass/lean mass ratio, android fat percentage and android/gynoid ratio as outcome) 
(or height for weight as outcome) adjusted coefficients (Model 1). Subsequently, we adjusted for 
possible confounders (Model 2) including age at menopause, smoking status (current, never or 
former), alcohol intake (continuous), DHDI (continuous), systolic blood pressure (continuous), 
diastolic blood pressure (continuous), chronic diseases until the second DXA scan (yes, no), 
total cholesterol (continuous), hormone replacement therapy (yes, no), use of lipid lowering 
medication (yes, no), physical activity (continuous), testosterone and SHBG (for estradiol as 
exposure), SHBG for testosterone as exposure, testosterone and E2 (for SHBG as exposure), E2 
(for FAI as exposure). In Model 3, we further adjusted for glucose, insulin and C-reactive protein 
(natural log-transformed, continuous) as we considered them as possible mediators. BMI, sex 
steroid levels and SHBG were considered time dependent covariates and the interaction term 
with time was included in the model. In the sensitivity analysis, to eliminate the differences of 
the body fat and lean mass associated with an individual’s body size (surface), we assessed body 
fat mass index (BFMI) and fat-free mass index (FFMI) as outcomes. BFMI was calculated as total 
body fat mass (kg) divided by body surface (the square of the height in m i.e. m2) whereas FFMI 
was calculated as difference between weight and total fat mass divided by square of height (15).
We also performed stratified analyses by years since menopause comparing women in the first 
ten years of menopause and the ones with more than 10 years since menopause and by strata of 
baseline BMI ( <25 and ≥25) since BMI might affect hormone levels in post menopause. Also, as 
sensitivity analysis, we restricted the analysis of estradiol only for women with estradiol levels 
above the detection limit. A P-value lower than 0.05 was considered as statistically significant. 
However, as sensitivity analysis, to account for multiple testing, we adjusted the p-value from 
0.05 to 0.0166 by applying the Bonferroni correction for the number of exposures studied (N=3). 
To adjust for potential bias associated with missing data from the covariates we used multiple 
imputation procedure (N=5 imputations). All analyses were done using SPSS statistical software 
(SPSS, version 21.0; SPSS Inc., Chicago, Ilinois).

RESULTS

The main characteristics of the study population are shown in Table 1. E2 levels were ≤ 18.35 
pmol/l in 483 participants (40.8%). Median E2, testosterone, SHBG and FAI levels were respec-
tively 25.61pmol/l, 0.78 nmol/l, 56.15nmol/l and 1.41.
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Table 1. Baseline characteristics of the study population: the Rotterdam Study.
Variable

Age at entering Rotterdam Study (years) 59.25 (6.77)

Age at menopause (years) 47.96 (6.45)

Ethnicity

Caucasian, N (%) 1132 (95.69%)

Non Caucasian, N (%) 51 (4.31%)

Chronic disease

Yes, N (%) 270 (22.8%)

No, N (%) 913 (77.2%)

Hormone replacement therapy

Yes, N (%) 34 (2.9%)

No, N (%) 1149 (97.1%)

Lipid lowering medication use

Yes, N (%) 270 (22.8%)

No, N (%) 913 (77.2%)

Systolic blood pressure (mmHg) 131.57 (20.00)

Diastolic blood pressure (mmHg) 82.12 (11.13)

Alcohol* (g/day) 6.16 (0.69; 16.07)

Smoking status

Current, N (%) 296 (25%)

Never or former, N (%) 887 (75%)

Dutch Healthy Diet Index 49.23 (9.34)

Serum total cholesterol (mmol/l) 5.84 (1.07)

Physical activity (MET hours/week) 70.47 (61.33)

Glucose* (mmol/l) 5.30 (4.90; 5.70)

Insulin* (pmol/l) 75.00 (54.00; 108.00)

C reactive protein* (mg/l) 1.30 (0.60; 2.80)

Estradiol* (pmol/l) 25.61 (18.35; 47.27)

Estradiol ≤ 18.35 pmol/l, N(%) 483 (40.8%)

Estradiol >18.35 pmol/l, N (%) 700 (59.2%)

Testosterone* (nmol/l) 0.78 (0.56; 1.08)

Sex hormone binding globulin(SHBG)* (nmol/l) 56.15 (40.22; 77.62)

Free androgen index (FAI)* 1.41 (0.94; 2.04)

Weight (kg) (RS III-1) 73.81 (13.15)

Fat mass percentage (RS III-1) 39.21 (6.94)

Lean mass percentage (RS III-1) 56.76 (7.04)

Android/Gynoid ratio (RS III-1) 0.52 (0.13)

Fat Mass Index (RS III-1) 11.05 (3.66)

Fat-free Mass Index (RS III-1) 16.45 (1.60)

Body mass index (kg/m2) 27.50 (4.75)

Height (m) 163.86 (6.22)

*Median (Interquartile range)
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After adjustment for age, BMI, ethnicity, chronic diseases, serum total cholesterol, blood pres-
sure, age at menopause, hormone replacement therapy use and lifestyle factors, estradiol above 
the detection limit was associated with an annual decrease of 0.12% (95% CI -0.22, -0.03) in 
total fat mass, 0.003 (95% CI -0.006, -0.001) in fat mass/lean mass ratio, and an annual increase 
of 0.033% (95% CI 0.004, 0.062) in android fat (Table 2). No association was found between 
estradiol and weight or estradiol and lean mass (Table 2).
One log-transformed unit increase in T was associated with an annual decrease of 0.16% (95% 
CI -0.27, -0.02) in total fat mass, 0.006 (95% CI -0.008, -0.003) in fat mass/lean mass ratio and 
an annual increase of 0.21% (95% CI 0.10, 0.32) in lean mass (Table 2). There was no association 
between T and weight or T and android fat (Table 2). One log-transformed unit increase in FAI 
was associated with an annual decrease of 0.20kg (95% CI -0.37, -0.03) in weight, 0.18% (95% 
CI -0.27, -0.10) in total fat mass, 0.006 (95% CI -0.008, -0.003) in fat mass/lean mass ratio; an 
increase of 0.21% (95% CI 0.12,0.30) in lean mass and 0.04% (95% CI 0.01, 0.06) in android fat 
(Table 2).
One log-transformed unit increase in SHBG was associated with an annual increase of 0.25kg 
(95% CI 0.03, 0.47) in weight, 0.20% (95% CI 0.09, 0.30) in total fat mass, 0.006 (95% CI 0.003, 
0.008) in fat mass/lean mass ratio and an annual decrease of 0.20% (95% CI -0.31, -0.09) in 
lean mass and 0.06% (95% CI -0.09, -0.03) in android fat (Table 2). These associations did not 
materially change when adjusting further for glucose, insulin and CRP. There was no association 
between endogenous sex hormone levels or SHBG and 5 years changes in android /gynoid fat 
ratio (Table 2).

Sensitivity Analysis
After applying Bonferroni correction, the associations between estradiol and fat mass and fat 
mass/lean mass ratio remained significant. Similarly, the associations between T and fat mass, 
lean mass and fat mass/lean mass ratio also remained significant. In addition, the associations of 
SHBG and FAI with fat mass, lean mas, fat mass/lean mass ratio and android fat were significant 
after Bonferroni correction. The associations between SHBG and weight, FAI and weight, estra-
diol and android fat did not reach the significance level at a p-value of 0.0166.
To evaluate the consistency of our findings, we reanalyzed the data using BFMI and FFMI as 
the outcomes. The results were similar to the ones observed when using total body fat mass (%) 
and lean mass (%) as outcomes (Web Tables, Supplementary Table S1). One log-transformed 
unit increase in T and FAI and one log-transformed unit decrease in SHBG were associated with 
annual decrease of 0.09 (95% CI: -0.15, -0.03), 0.11 (95% CI: -0.16, -0.05), 0.13 (95% CI: 0.06, 
0.19) in fat mass index. Estradiol levels above the detection limit and one-log transformed unit 
increase in FAI were related to annual increase of 0.04 (95% CI: 0.01, 0.07) and 0.03 (95% CI: 
0.002, 0.06) in fat-free mass index. The analysis on sex hormones and BMI provided similar 
results to body weight; one log-transformed unit increase in SHBG and one log-transformed 
unit decrease in FAI were related to annual increase of 0.09 (95% CI: 0.01, 0.17) and 0.07 (95% CI: 
-0.14, -0.01) in BMI, while no associations between estradiol or T and BMI was observed (Web 
Tables, Supplementary Table S1).



Chapter 4.2

174

Ta
bl

e 
2.

 E
nd

og
en

ou
s s

ex
 h

or
m

on
e 

le
ve

ls 
an

d 
ch

an
ge

s i
n 

bo
dy

 co
m

po
sit

io
n 

in
 p

os
tm

en
op

au
sa

l w
om

en
: t

he
 R

ot
te

rd
am

 S
tu

dy
.

Se
x 

ho
rm

on
es

W
ei

gh
t

β 
(9

5%
 C

I)
Fa

t m
as

s %
β 

(9
5%

 C
I)

M
O

D
EL

 1
M

O
D

EL
 2

M
O

D
EL

 3
M

O
D

EL
 1

M
O

D
EL

 2
M

O
D

EL
 3

Es
tr

ad
io

l
-0

.0
08

 (-
0.

17
9,

0.
16

3)
0.

04
3 

(-
0.

12
5,

0.
21

2)
0.

04
8 

(-
0.

12
0,

0.
21

7)
-0

.1
64

 (-
0.

25
9,

-0
.0

68
)*

-0
.1

23
 (-

0.
22

0,
-0

.0
25

)*
-0

.1
21

 (-
0.

29
1,

-0
.0

23
)*

Te
st

os
te

ro
ne

-0
.1

03
 (-

0.
29

7,
0.

09
2)

-0
.1

61
 (-

0.
36

3,
0.

04
2)

-0
.1

48
 (-

0.
35

0,
0.

05
3)

-0
.1

22
 (-

0.
22

7,
-0

.0
16

)
-0

.1
63

 (-
0.

27
1,

-0
.0

55
)*

-0
.1

63
 (-

0.
27

2,
-0

.0
55

)*

SH
BG

0.
22

7 
(0

.0
16

,0
.4

38
)

0.
25

0 
(0

.0
29

,0
.4

71
)

0.
23

5 
(0

.0
15

,0
.4

55
)

0.
16

6 
(0

.0
63

,0
.2

69
)*

0.
19

5 
(0

.0
89

,0
.3

01
)*

0.
19

7 
(0

.0
91

,0
.3

02
)*

FA
I

-0
.1

98
 (-

0.
36

9,
-0

.0
26

)
-0

.1
96

 (-
0.

36
8,

-0
.0

25
)

-0
.1

86
 (-

0.
33

7,
-0

.0
35

)
-0

.1
78

 (-
0.

26
3,

-0
.0

93
)*

-0
.1

80
 (-

0.
26

5,
-0

.0
95

)*
-0

.1
82

 (-
0.

26
6,

-0
.0

97
)*

Le
an

 m
as

s %
β 

(9
5%

 C
I)

Fa
t m

as
s/

le
an

 m
as

s r
at

io
β 

(9
5%

 C
I)

M
O

D
EL

 1
M

O
D

EL
 2

M
O

D
EL

 3
M

O
D

EL
 1

M
O

D
EL

 2
M

O
D

EL
 3

Es
tr

ad
io

l
0.

10
5 

(0
.0

06
,0

.2
03

)
0.

05
2 

(-
0.

04
8,

0.
15

2)
0.

05
1 

(-
0.

05
0,

0.
15

1)
-0

.0
05

 (-
0.

00
7,

-0
.0

02
)*

-0
.0

03
 (-

0.
00

6,
-0

.0
01

)*
-0

.0
03

 (-
0.

00
6,

-0
.0

01
)*

Te
st

os
te

ro
ne

0.
16

9 
(0

.0
61

,0
.2

76
)*

0.
21

1 
(0

.1
02

,0
.3

20
)*

0.
21

1 
(0

.1
02

,0
.3

21
)*

-0
.0

04
 (-

0.
00

7,
-0

.0
02

)*
-0

.0
06

 (-
0.

00
8,

-0
.0

03
)*

-0
.0

06
 (-

0.
00

8,
-0

.0
03

)*

SH
BG

-0
.1

63
 (-

0.
27

2,
-0

.0
55

)*
-0

.2
03

 (-
0.

31
5,

-0
.0

92
)*

-0
.2

05
 (-

0.
31

5,
-0

.0
94

)*
0.

00
5 

(0
.0

02
,0

.0
07

)*
0.

00
6 

(0
.0

03
,0

.0
08

)*
0.

00
6 

(0
.0

03
,0

.0
08

)*

FA
I

0.
20

7 
(0

.1
19

,0
.2

94
)*

0.
20

8 
(0

.1
21

,0
.2

96
)*

0.
21

0 
(0

.1
22

,0
.2

98
)*

-0
.0

06
 (-

0.
00

8,
-0

.0
03

)*
-0

.0
06

 (-
0.

00
8,

-0
.0

03
)*

-0
.0

06
 (-

0.
00

8,
-0

.0
03

)*

A
nd

ro
id

 fa
t %

β 
(9

5%
 C

I)
A

nd
ro

id
/g

yn
oi

d 
ra

tio
β 

(9
5%

 C
I)

M
O

D
EL

 1
M

O
D

EL
 2

M
O

D
EL

 3
M

O
D

EL
 1

M
O

D
EL

 2
M

O
D

EL
 3

Es
tr

ad
io

l
0.

04
0 

(0
.0

12
,0

.0
68

)*
0.

03
3 

(0
.0

04
,0

.0
62

)
0.

03
3 

(0
.0

04
,0

.0
63

)
0.

00
1 

(-
0.

00
1,

0.
00

3)
0.

00
1 

(-
0.

00
1,

0.
00

3)
0.

00
1 

(-
0.

00
1,

0.
00

3)

Te
st

os
te

ro
ne

0.
00

4 
(-

0.
02

9,
0.

03
7)

0.
01

5 
(-

0.
01

8,
0.

04
7)

0.
01

4 
(-

0.
01

9,
0.

04
7)

-0
.0

01
 (-

0.
00

4,
0.

00
1)

-0
.0

01
 (-

0.
00

3,
0.

00
1)

-0
.0

01
 (-

0.
00

3,
0.

00
1)

SH
BG

-0
.0

55
 (-

0.
08

5,
-0

.0
25

)*
-0

.0
59

 (-
0.

09
0,

-0
.0

28
)*

-0
.0

59
 (-

0.
08

9,
-0

.0
28

)*
-0

.0
02

 (-
0.

00
4,

0.
00

0)
-0

.0
02

 (-
0.

00
4,

0.
00

0)
-0

.0
02

 (-
0.

00
4,

0.
00

0)

FA
I

0.
03

7 
(0

.0
12

,0
.0

62
)*

0.
03

7 
(0

.0
13

,0
.0

62
)*

0.
03

6 
(0

.0
11

,0
.0

61
)*

0.
00

1 
(-

0.
00

1,
0.

00
2)

0.
00

1 
(-

0.
00

1,
0.

00
2)

0.
00

0 
(-

0.
00

1,
0.

00
2)

FA
I, 

Fr
ee

 a
nd

ro
ge

n 
ra

tio
, S

H
BG

, S
ex

-h
or

m
on

e 
bi

nd
in

g 
gl

ob
ul

in
.

M
od

el
 1

: A
ge

, e
th

ni
ci

ty
, t

im
e, 

bo
dy

 m
as

s i
nd

ex
 (t

ra
ns

_B
M

I)
 (f

or
 fa

t m
as

s p
er

ce
nt

ag
e, 

le
an

 m
as

s p
er

ce
nt

ag
e, 

an
dr

oi
d/

gy
no

id
 ra

tio
 a

s o
ut

co
m

e)
, h

ei
gh

t (
fo

r w
ei

gh
t a

s o
ut

co
m

e)
M

od
el

 2
: M

od
el

 1
+ 

ch
ro

ni
c 

di
se

as
e, 

ho
rm

on
e 

re
pl

ac
em

en
t t

he
ra

py
, l

ip
id

 lo
w

er
in

g 
m

ed
ic

at
io

n 
us

e, 
sy

st
ol

ic
 b

lo
od

 p
re

ss
ur

e, 
di

as
to

lic
 b

lo
od

 p
re

ss
ur

e, 
ag

e 
at

 m
en

op
au

se
, a

lc
oh

ol
, s

m
ok

in
g 

st
at

us
, D

ut
ch

 
H

ea
lth

y 
D

ie
t I

nd
ex

, s
er

um
 to

ta
l c

ho
le

st
er

ol
, p

hy
sic

al
 ac

tiv
ity

; t
ot

al
 te

st
os

te
ro

ne
 +

 to
ta

l t
es

to
st

er
on

e*
tim

e +
 S

H
BG

 +
 S

H
BG

*t
im

e (
fo

r e
st

ra
di

ol
), 

SH
BG

 +
 S

H
BG

*t
im

e (
fo

r t
es

to
st

er
on

e)
, t

ot
al

 te
st

os
te

ro
ne

 
+ 

to
ta

l t
es

to
st

er
on

e*
tim

e 
+ 

es
tr

ad
io

l +
 e

st
ra

di
ol

*t
im

e 
(fo

r S
H

BG
), 

es
tr

ad
io

l +
 e

st
ra

di
ol

*t
im

e 
(fo

r F
A

I)
M

od
el

 3
: M

od
el

 2
 +

 g
lu

co
se

, i
ns

ul
in

, C
-r

ea
ct

iv
e 

pr
ot

ei
n

* R
em

ai
ns

 si
gn

ifi
ca

nt
 a

fte
r B

on
fe

rr
on

i c
or

re
ct

io
n



175

Endogenous sex steroid levels, SHBG and 5-year changes in body composition.

Stratifi ed analyses for years since menopause (less than 10 years since menopause, more than 10 
years since menopause) or by BMI (< 25, ≥ 25) found no diff erence between groups (Web Tables, 
Supplemental table 2 and 3). Analyses restricted to the subgroup of participants with estradiol 
levels above the detection limit (estradiol levels used as continuous) provided similar results as 
in overall population (data not shown).

Figure 1. Flow chart of participants included in the analysis of endogenous sex hormones and body composi-
tion in postmenopausal women.

 
 

N= 1,685

Postmenopausal women eligible for sex 
hormone measurements during the first visit 
(Feb 2006- Dec 2008)

N= 242

Excluded participants with no information 
on sex hormone data

N= 1,443

Postmenopausal women with available data 
on sex hormones N= 260 

Excluded participants with no data on 
body composition (No Dual X-ray 
absorptiometry (DXA) performed) at first 
visit (Feb 2006 – Dec 2008).N= 1,183

Overall postmenopausal women included 
in the analysis of sex hormones with DXA 
scan measurements

N= 2,252

Women included in the first visit of third 
cohort (Feb 2006- Dec 2008) N= 567 

Excluded women in perimenopause

N= 904 

Women with DXA scan measurements 
available at the second visit (March 2012-
June 2014)

N= 279

Excluded participants with no DXA scan 
measurements at the second visit (March 
2012- June 2014)
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DISCUSSION

The results of this prospective study suggest that endogenous sex steroid levels and SHBG are 
associated with 5 year changes in body composition in postmenopausal women. High E2 levels 
were associated with a decrease in total fat mass, fat mass/lean mass ratio and an increase in 
android fat; high T levels were associated with a decrease in total fat mass, fat mass/lean mass 
ratio and an increase in lean mass; High SHBG levels were associated with an increase in weight, 
total fat mass, fat mass/lean mass ratio and a decrease in lean mass and android fat; high FAI 
levels were associated with a decrease in weight, total fat mass, fat mass/lean mass ratio and an 
increase in lean mass and android fat. No association was found for any of the sex steroids or 
SHBG with android/gynoid ratio.
Our null findings on E2 levels, body weight and BMI are in line with randomized clinical trials in 
postmenopausal women showing no effect of hormone replacement therapy on these outcomes. 
The current study also provides evidence that E2 levels are associated with decrease in total body 
fat and increase in lean mass. Studies in female mice have shown that supplementation with 
17β-estradiol is not associated with changes in body weight but decreases adipose tissue, and 
that in ovariectomized mice, E2 supplementation leads to higher phosphorylated levels of protein 
kinase A and hormone sensitive lipase, markers associated with lipolysis (16; 17). Limited data 
with conflicting results are available from observational studies in humans that examine the 
association between E2 and changes in total body fat mass and lean mass in postmenopausal 
women (18; 19). Also, to date, few randomized controlled trials (RCTs) designed to examine the 
effect of hormone replacement therapy (HRT) on body fat mass and lean mass have included a 
small number of postmenopausal women, providing contradictory results (17). In line with our 
findings, a RCT including 33 postmenopausal women reported a decrease in FM:FFM ratio with 
estrogen therapy (20).
Estrogens have been suggested to affect distribution of fat in the body rather than total weight. 
In the current study we found that higher E2 levels are associated with increased abdominal fat, 
however it remains unclear whether this increase is due to increases in visceral or subcutane-
ous fat or an increase in both compartments. Compared to subcutaneous fat, visceral adiposity 
remains more strongly associated with an adverse metabolic risk profile (21). Data from experi-
mental studies show that E2 promotes and maintains the typical female fat distribution through 
increasing the number of antilypolitic α2A-adrenergic receptors in subcutaneous fat tissue and 
has little or no effect on these receptors in the visceral fat tissue (7). This is supported from 
studies in premenopausal women showing no association between E2 and 13 week changes in 
visceral fat (22). On the other hand, menopause, a state of extremely low estradiol levels, is asso-
ciated with accumulation of visceral but not subcutaneous fat in women (23). Data from animal 
studies have suggested that, in postmenopausal women, estrogens accelerate the activation of 11 
A hydroxysteroid dehydrogenase type 1 (11β-HSD1), which catalyzes the conversion of cortisol 
into cortisone resulting in an increase in visceral fat (24). However, studies in postmenopausal 
women have found no such association between E2 and adipose 11β-HSD1 mRNA expression 
(25). On the contrary, two studies in postmenopausal women have reported positive correlations 
between 11β-HSD1 and aromatase mRNA; aromatase is the main enzyme responsible for the 
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conversion of androgens into estrogens, and it is highly expressed in fat tissue of postmenopausal 
women (25; 26). Also, E2 acts through binding mainly with its nuclear receptors ERα and ERβ, 
both involved in obesity (27). However, the expression of these receptors may change depending 
on the menopausal status (28), and therefore, may impact on the role of E2 in changing body fat. 
There are limited data however in postmenopausal women examining the expression of estrogen 
receptors in adipose tissue and the role of E2 in the distribution of abdominal fat. Future research 
should focus on how E2 and expression of its receptors in adipose tissue relate to changes in 
visceral and subcutaneous fat in postmenopausal women.
A recent study from Janssen et al. (29) investigating menopause-related changes in sex steroids 
with changes in adiposity in 243 women undergoing their menopausal transition, revealed that 
an increase of bioavailable testosterone was positively associated with changes in computed 
tomography-assessed visceral adipose tissue and subcutaneous abdominal adipose tissue but not 
with changes in total body fat as assessed by DXA. Similarly, we found that the FAI is associated 
with increase abdominal fat. However, contrary to the findings from Janssen et al., our data 
showed that testosterone and the FAI were both associated with a decreased total fat mass per-
centage and an increase in FFM. A RCT of postmenopausal women showed that both E2 and tes-
tosterone supplementation increased FFM (20). The differences in the results between our study 
and Janssen et al. may be due to the fact that our population consisted only of postmenopausal 
women with median years since menopause around 10 years. Moreover, testosterone levels were 
lower in the current study compared to the ones measured in the Janssen’s study because they 
were assessed during the menopausal transition. Finally, these authors only adjusted for baseline 
age, race/ethnicity, physical activity and smoking, while did not take into account BMI or adjust-
ment of sex hormones for each other.
In our study, higher SHBG levels were associated with increased weight and total fat mass and 
decreased android fat. In contrast, another longitudinal study in 18 non-HRT postmenopausal 
women which used computed tomography measurements (30) reported that higher SHBG levels 
were positively associated with gain in intra-abdominal adipose tissue. However, the results of 
this study are limited due to the small number of participants and they only adjusted for baseline 
intra-abdominal adipose tissue and 2-year total body fat.
Initially the effect of SHBG was attributed to the amount of sex steroids it binds and thus less sex 
steroids are available to bind with the receptor and express their functions. Due to the higher af-
finity of testosterone for SHBG compared to estradiol, it was thought that it decreases the amount 
of bioavailable testosterone (decreases androgenicity) during the relative excess in menopause 
and post menopause. In our study, the association of SHBG remained significant even after ad-
justing for sex steroid levels which reveals an independent effect of SHBG on body composition. 
The mechanisms underlying this association are not clear yet and need further investigation.
Our study is unique among other investigations because of its prospective design, large popula-
tion and adjustment for numerous confounders. However, possible limitations might be present. 
First, E2 levels were under the detection limit in 40.8% of the population and the analyses were 
performed by categorizing the values into 0 if estradiol levels were ≤ 18.35 pmol/l and 1 if the 
values were < 18.35 pmol/l. Categorization of a continuous variable introduces loss of information 
and power. Nevertheless, sensitivity analyses using E2 as a continuous variable in 59.2% of the 
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population showed similar results (data not shown.) Secondly, these measurements include E2 
and no data on bioavailable estradiol were available. Thirdly, only data on E2 levels were avail-
able whereas estrone (E1) is the dominant estrogen in postmenopausal women (31) but it has 
lower affinity for the estrogen receptors compared to E2. A study from Goss et al. (30) in 53 
women concluded that a high proportion of weak estrogens may promote fat partitioning to the 
intra-abdominal cavity over time. Fourth, because epidemiological studies might be prone to 
unmeasured confounding and reverse causality, our findings do not provide a causal direction of 
the association between sex hormones and body composition. Last but not least, we did not find 
any association between sex steroids and AF/GF ratio which may reflect no role of sex steroids in 
the distribution of body fat. However, our null findings might be attributed to very small changes 
in A/G ratio and larger longitudinal studies with more variation in A/G ratio might provide 
more insights into the role of sex steroids in the distribution of body fat. Therefore, we might lack 
statistical power to detect such changes.
To conclude, these findings support the notion that endogenous sex steroid levels may lead to 
changes in body composition in postmenopausal women. Further studies are needed to reinforce 
our findings and to identify the potential mechanisms behind these associations.
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WEB APPENDIX

Supplementary methods

Assessment of covariates
Information on current health status, medical history, medication use and smoking status were 
assessed at the home interview in RS III-1. Physical height (at RS III-1) was measured with the 
participants standing without shoes and heavy outer garments. BMI was calculated as weight 
divided by height squared (kg/m2). Participants were asked if they were currently smoking ciga-
rettes, cigars or pipe and were subsequently categorized in current smokers vs. never or former 
smokers. Alcohol intake was converted in grams of ethanol per day. The Dutch Healthy Diet Index 
(DHDI) was used to take into account overall dietary quality. The DHDI represents compliance 
to the Dutch guidelines for a healthy diet as assessed from the Food Frequency Questionnaire 
(FFQ) (1) at baseline (RS III-1). Blood pressure was measured in sitting position at the right 
upper arm with a random-zero-sphygmomanometer. Cardiovascular diseases were defined as a 
history of myocardial infarction, coronary artery bypass, or percutaneous transluminal coronary 
angioplasty (2). Type 2 diabetes mellitus was diagnosed if a random serum glucose level was ≥ 
11mmol/L or if a person used glucose lowering drugs (3). Development of chronic diseases was 
defined as the presence of cardiovascular diseases, type 2 diabetes mellitus or cancer at baseline 
(RS III-1) and until the date of the second DXA measurement. Total cholesterol, C-reactive 
protein (CRP), glucose and insulin levels were determined by automated enzymatic procedures 
in non-fasting blood samples. Physical activity was assessed using the LASA Physical Activity 
Questionnaire (LAPAQ) and is expressed in MET hours/week (4).
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Endogenous sex steroid levels, SHBG and 5-year changes in body composition.
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General discussion

GENERAL DISCUSSION

Type 2 diabetes is a serious and common chronic disease with a complex etiology involving 
genetics and lifestyle factors. According to American Diabetes association, diabetes causes more 
deaths than breast cancer and AIDS combined (1). Type 2 diabetes and its complications lower 
the quality of people’s lives and generate enormous economic and social burdens, constituting a 
global public health problem (2). Knowing its importance, the diversity of its etiology (3) and the 
fact that type 2 diabetes can be prevented or delayed (4), a further elucidation of its risk factors 
and pathophysiology is required. Susceptibility to type 2 diabetes is determined by a complex 
interaction of multiple risk factors. To further understand the disease pathophysiology, a com-
bination of basic, clinical, and population-based scientific approaches are warranted. Chronic 
low-grade inflammation, body fat composition and sex hormones are among the most important 
factors that enhance the risk of type 2 diabetes. The aim of this thesis was to further explore the 
role of pathways that link the above mentioned risk factors to development of type 2 diabetes. 
Moreover, we checked for potential gender differences in the relation of the newly identified risk 
markers with type 2 diabetes.
In this general discussion, the main findings of this thesis will be summarized, after which meth-
odological considerations will be addressed. This chapter will be concluded with reflections upon 
clinical implications and directions for future research.

MAIN FINDINGS

Inflammation and type 2 diabetes
Inflammation is an essential component of immunosurveillance and host defense, yet a chronic 
low-grade inflammatory state is a pathological component of a wide range of chronic conditions, 
such as the metabolic syndrome , non-alcoholic fatty liver disease (NAFLD), cardiovascular 
diseases as well as type 2 diabetes (5; 6).
In chapter 2.1 we investigated a wide range of inflammatory markers, in a phase-specific ap-
proach, regarding progression from normoglycemia to prediabetes, type 2 DM and initiation 
of insulin therapy. We identified EN-RAGE, IL13 and IL17 as novel inflammatory markers that 
are related to risk of type 2 DM. Higher EN-RAGE levels were associated with an increased 
risk of incident pre-diabetes, whereas higher IL13 levels were associated with a decreased risk of 
pre-diabetes, incident type 2 DM and need for insulin therapy. Higher IL17 levels were associated 
with a decreased risk of incident type 2 DM. In addition, we reconfirmed the previously reported 
associations between high CRP levels and the increased risk for type 2 diabetes (7-9)
Obesity and diabetes are generally preluded by disequilibrium in the redox balance, implicated 
as one of the sources of systemic low-grade chronic inflammation (10). Mainly, previous litera-
ture provides evidence on the role of individual antioxidants on inflammation, which neglects 
the interactive effect among nutrients (11). The link between the overall capacity of diet and 
inflammation, which is likely to be more informative, is not established yet. Hence, in chapter 
2.2 we evaluated whether total dietary antioxidant capacity (assessed by dietary ferric reducing 
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antioxidant potential (FRAP)), serum uric acid (UA) and gamma glutamyltransferase (GGT) 
were associated with low-grade chronic inflammation and circulating adipocytokines. We found 
no consistent association between FRAP and CRP levels, while both UA and GGT were associ-
ated with low CRP. Furthermore, high overall dietary antioxidant capacity and lower levels of UA 
were associated with lower levels of pro-inflammatory adipocytokines and higher levels of anti-
inflammatory adipocytokines. This chapter strengthened the evidence regarding the protective 
role of an antioxidant rich diet against low-grade chronic inflammation that might consequently 
be linked to its associated diseases such as type 2 diabetes (12; 13). Hyperuricemia, which is 
increasing worldwide, has been thought to be part of the cluster of metabolic abnormalities 
together with glucose intolerance and dyslipidemia (14) and therefore a potential predictor of 
type 2 diabetes (15). Moreover, uric acid produces an inflammatory response through activation 
of NF-κB in the Hypothalamus, having implications for the pathogenesis of metabolic disorders 
(16). Limited evidence is available about the association between serum uric acid and different 
stages of the spectrum from normoglycaemia to type 2 diabetes mellitus. Thus, in chapter 2.3 
we investigated the association between serum uric acid and risk of prediabetes and type 2 dia-
betes mellitus. Our findings supported uric acid as a marker more closely related to early-phase 
mechanisms in the development of type 2 diabetes mellitus than late-phase mechanisms.

Lipids, body fat and type 2 diabetes
Increasing evidence show that body composition components, mainly body fat (17; 18)and specifi-
cally visceral fat (19) as well as lipid profiles (20; 21) are responsible for increased type 2 diabetes 
risk. However, the so-called metabolically unhealthy lean phenotypes, such as lean diabetics, 
point towards the complexity of the relation between body fat and lipid profile (22). Therefore, 
optimizing risk markers for type 2 diabetes requires exploration both in lipid profile and body fat 
level. A low level of HDL cholesterol is a known risk factor for type 2 diabetes that precedes the 
onset of the disease (23). In chapter 3.1 we investigated the associations of serum levels of apoli-
poproteins (apoA1, apoCIII, apoD, apoE), HDL-C, and the ratios of the apolipoproteins to apoA1 
and their apolipoproteinic score with the risk of type 2 diabetes. We found that serum levels of 
apoCIII and the apoCIII-to-apoA1 ratio were associated with risk of type 2 diabetes independent 
of known risk factors and were stronger biomarkers than HDL-C level. Aside from the observed 
association between HDL-C and type 2 diabetes, these findings highlight the role of variation 
in composition of HDL particles and other lipoproteins in relation to the disease. In regards to 
body composition, the latest evidence highlights visceral fat as the most risky fat portion for type 
2 diabetes development (24). Although expensive methods such as computed tomography (CT) 
and magnetic resonance imaging (MRI) (25) are the golden standard in measurement of visceral 
fat, a reliable cost-effective indicator (26; 27) may also be useful and contribute to risk prediction 
for type 2 diabetes. In chapter 3.2 we investigated the associations of different novel metabolic 
indices, which combine both anthropometric and laboratory measures, and their components 
with incident type 2 diabetes, among women and men. We further assessed the associations of 
truncal fat depot measured by DXA with incident type 2 diabetes. We found that among women, 
novel combined metabolic indices were stronger risk markers for type 2 diabetes than the tradi-
tional anthropometric and laboratory measures and were comparable to DXA measures. Neither 
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combined metabolic indices nor DXA measures were superior to traditional anthropometric and 
lipid measures in association with type 2 diabetes among men. Furthermore, in chapter 3.3 we 
investigated the associations of CT measured epicardial fat volume (a portion of visceral fat) with 
incident events of type 2 diabetes, coronary heart disease and stroke among women and men. 
Our findings suggest that epicardial fat volume may be associated with excessive risk for type 2 
diabetes, coronary heart disease and stroke among women and men, independent of traditional 
diabetes and cardiovascular risk factors.

Sex hormones and type 2 diabetes
While previous studies indicate that endogenous sex hormones may differentially modulate 
glycemic status and risk of type 2 diabetes in women and men (28), it remains unclear whether 
the effects of DHEA on risk of type 2 diabetes are different in women and men. Therefore, in 
chapter 4.1 we prospectively examined the associations between
DHEA and its main derivatives DHEAS and androstenedione, as well as the ratio of DHEAS to 
DHEA with incident type 2 diabetes among healthy middle-aged and elderly men and women. 
We found that DHEA serum levels might be an independent marker of type 2 diabetes in healthy 
populations of both men and postmenopausal women. Available evidence suggests a stronger 
association between adiposity and risk of type 2 diabetes among women compared with men 
(29). In chapter 4.2 we investigated the association between endogenous estradiol, androgens 
and SHBG levels and changes in body composition in postmenopausal women, and whether 
these associations depend on the number of post-menopausal years or BMI. The results sug-
gested that endogenous sex steroid levels and SHBG were associated with 5 year changes in body 
composition in postmenopausal women, indirectly affecting (30) the risk for type 2 diabetes 
development.

METHODOLOGICAL CONSIDERATIONS

Prospective cohort design: promises and pitfalls
The studies in this thesis were performed in the Rotterdam Study, a prospective population-based 
cohort study (31). Cohort design is a standard robust design in observational epidemiological 
studies with common health outcomes (32; 33). The design of the prospective cohort study allows 
for various outcomes to be studied in relation to the exposures. However, the efficiency of pro-
spective cohort studies decreases with lower incidence of the outcome since a large population 
should be followed for a long time to observe cases of the disease (34). As such, the prospective 
design of the Rotterdam Study provides an appropriate framework to study outcomes such as 
prediabetes, type 2 diabetes and initiation of insulin therapy. The distinguishing feature of a 
prospective cohort study is that at the time of enrollment of subjects and collection of baseline 
exposure information, none of the subjects has developed any of the outcomes of interest. There-
fore, measurement of the exposure is not affected by occurrence of the disease. This issue causes 
recall bias in case-control design. According to Bradford Hill`s criteria, the temporal relationship 
is the only absolutely essential condition for causality (35). To believe that an exposure causes 
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a certain disease, it must always precede the occurrence of the disease. Cross-sectional and 
case-control designs could not provide strong evidence for temporal relation. Prospective design 
allows for assessment of the temporality of the studied associations due to the fact that exposure 
and lack of the disease is investigated in the beginning of the study.
The prospective nature of cohort studies further minimizes the chance of reverse causation, 
given that the disease always occurs after a certain time under exposure (follow-up time). In 
reverse causality, the exposure is affected by early stages of the disease. Cohort design allows the 
researcher to assess the participants for the disease and observe any early sign of it. Nonetheless, 
reverse causation cannot be totally eliminated, since not all diseases could be assessed in early 
stages and it is challenging to set an optimal criteria for early stage disease. Finally, when the 
studied disease includes the interaction of many diverse pathways, which is the case for type 2 
diabetes, choosing early stage disease is more complex (36). Due to its complex etiology, for type 
2 diabetes research, both reverse causality and simultaneity are important issues to be considered. 
For instance, when we study the association of an inflammatory marker serum level with risk of 
type 2 diabetes, thanks to the prospective design of our study, we can be more confident that 
the measurements indicate the biomarker levels before the occurrence of the disease. However, 
knowing that inflammation can be both a trigger and a feature of type 2 diabetes, we cannot 
totally exclude the possibility of the reverse causation. Depending on the related pathway of 
the investigated marker, its serum level might be affected by presence of prediabetes or type 2 
diabetes. A potential scenario could be the vicious circle: a certain inflammatory marker leads 
to type 2 diabetes and once the disease is present, a certain pathway activates, which increases 
the exposure serum level. The same logic applies also when associations between lipid profiles or 
obesity and type 2 diabetes are studied. Thus, despite the broad view of the risk factors for type 
2 diabetes provided by observational epidemiology, a final conclusion on causation is disputed. 
Alternative approaches such as Mendelian randomization studies have gained a lot of popularity 
in recent years that offer new opportunities to investigate casual relation (37).

Considerations regarding the studied inflammatory markers and apolipoproteins
Most of the studied inflammatory markers and apolipoproteins in this thesis were measured for 
the first time to date through expensive innovative methods. Given the relatively long follow-
up of our study, it would have been more interesting if a final measurement close to the end 
of the observation period would have been available for comparison. Due to limited available 
resources, we did not have repeated measurements of these biomarkers during the follow-up. 
However, blood levels of these biomarkers are stable over time (38; 39) and therefore studying 
the association of a single time point measurement with future clinical events is yet of value 
and unlikely to be subject to information bias. For the same reason of the limited resources, the 
markers were measured in a small random sample of 971 subjects in the third visit of the first 
cohort of the Rotterdam Study. Nevertheless, the sample size was large enough to find a number 
of significant associations (40; 41). As a sensitivity analysis, to identify the most robust findings 
in every analysis, we applied a conservative Bonferroni corrected p value of 1.9 × 10-3 (0.05/26 
markers).
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Measurement of the apolipoproteins, studied in chapter 3.1, is less common than inflammatory 
markers. Few previous studies report measures of apolipoproteins A1 and B and their ability to 
enable identification of individuals at increased risk of cardiovascular disease or type 2 diabetes 
(42; 43). However, lack of standardized methods to measure these risk markers has so far resulted 
in the non-comparability of values and often a conflicting interpretation of clinical studies. 
Reference values for apolipoproteins depend on the choice of assay technique and therefore the 
chosen technique should be taken into account when comparing the values (44).

Pros and cons of using combined metabolic indices
The recently introduced combined metabolic indices including VAI, LAP and TyG, mainly com-
bine different anthropometric and laboratory measures, each of them providing information from 
a different source somehow related to type 2 diabetes, and therefore, they carry more predictive 
or prognostic information. Furthermore, they are not invasive, easily accessible, harmless and 
relatively cost-effective in comparison to imaging modalities considered as standard measures 
of the exposures for which the novel indices are hypothesized as good surrogate indicators (for 
instance VAI vs CT measures on visceral fat) (25). However, the complexity of the metabolic indi-
ces makes it difficult to distinguish whether they are indicators of visceral fat, insulin resistance, 
glucotoxicity, lipotoxicity or all together. Moreover, the values are not specific, meaning that two 
people with the same value for one combined index, might have totally different values for each 
simple component. Also, the nature of these combined indices makes it difficult to establish a 
cut-off value to distinguish normal range from pathological values. Each index captures different 
aspects of body size or laboratory profile, depending on the included subcomponents and we 
need to determine which combination best identifies those at specific risk for type 2 diabetes, 
prior to establish the useful cut-offs (45). Unlike TyG, VAI and LAP have sex specific mathemati-
cal formulas, which on the one hand make them gender-tailored risk markers and on the other 
hand difficult to generalize or implement in total population risk scores for type 2 diabetes.

Adjustment for confounders and potential residual confounding
In observation studies, such as the ones presented in this thesis, associations between exposure 
(e.g. inflammatory markers) and outcome (type 2 diabetes) could be biased because of confound-
ing. A confounding factor is an extraneous variable that is not an intermediate in the causal 
pathway between the exposure and the outcome, but correlates with both, causing a spurious as-
sociation. Residual confounding is the distortion that remains after controlling for confounding 
in the design and/or analysis of a study. When the confounder is not considered in the analysis 
or cannot directly and accurately be measured in the study, it will lead to residual confounding 
(46). Depending on how the confounding factor is related to both the exposure and outcome, 
residual confounding can lead to either overestimation or underestimation of the observed effect 
estimate.
The wealth of the available data in the Rotterdam Study enabled us to adjust for various possible 
confounders in different associations studied in this thesis. Yet, the possibility of residual con-
founding cannot be completely ruled out. For instance, in chapter 2.2 physical activity was mea-
sured at the third visit of the Rotterdam Study, while dietary intake questionnaire was completed 
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in the first visit of the first Rotterdam Study cohort. Therefore, we cannot fully exclude residual 
confounding by physical activity levels. Moreover, there are many suggested type 2 diabetes 
risk models and scores and not yet a unique widely-recognized universally applicable model, 
which make the adjustment more flexible in different studies (47). Some confounding factors 
we considered for the analysis in almost every chapter of this thesis, such as smoking status and 
alcohol consumption, were self-reported and therefore measurement error of the confounding 
variable might have occurred.

Selection bias
Selection bias is about who is and who is not in the study population. Each study included in this 
thesis was restricted to a particular subgroup of the Rotterdam Study. In each study, we did our 
best to ensure achievement of proper study population and avoid selection bias.
The set of markers including inflammatory markers and apolipoproteins, studied in chapter 2.1 
and chapter 3.1, was first designed specifically to investigate their associations with dementia. 
Given the random sampling, these persons could be considered representative of the source 
population. However, to avoid any potential bias, we excluded from the analyses the subjects with 
dementia at baseline, resulting in a subset of 971 subjects (41; 48). Similarly, in both chapter 4.1 
and chapter 4.2 analyses were restricted to postmenopausal women with a natural menopause, 
given that characteristics of natural menopausal versus surgical menopausal women might be 
different (49). In natural menopause ovarian function decreases slowly over several years until 
menstruation ceases, but in surgical menopause circulating levels of estrogen, progesterone, and 
androgen decrease abruptly, which could lead to different associations with certain diseases rates 
(49; 50).
In chapter 2.2, we used a subpopulation for the analysis regarding adiponectin, resistin, leptin 
and PAI-1 as outcome. As this subpopulation was different with respect to some health charac-
teristics such as higher levels of C-reactive protein, body mass index, systolic blood pressure 
and higher prevalence of chronic disease, the possibility of selection bias cannot be ruled out. 
However, it has been shown that using a restricted source population for a cohort study usually 
does not appear to compromise validity of exposure-outcome associations (51).

Information bias 
Information bias (also called misclassification, observation bias or measurement bias) happens 
when key information is either measured, collected, or interpreted inaccurately. Misclassification 
happens for a variety of reasons and can be either differential or non-differential misclassifica-
tion. Differential misclassification happens when the information errors differ between groups. 
In other words, the bias is different for exposed and non-exposed, or between those who have the 
disease and those without it. Non-differential misclassification happens when the information 
is incorrect, but is the same across groups (46). The total antioxidant capacity of diet presented 
in chapter 2.2 was assessed through a food frequency questionnaire (FFQ). FFQs and other 
self-report measures can be limited by errors in reporting, recall and by incomplete assessment of 
all sources of micro and antioxidant intake. This may introduce non-differential misclassification 
and would bias the results toward the null. Moreover, assessment of diet was done at baseline and 



195

General discussion

there may have been changes in antioxidant consumption over time. However, it has been shown 
that dietary habits change very little over time in middle-aged adults (52).
Information bias may be present also due to measurement error, both in laboratory measures 
or imaging modalities used in this thesis. The possibility of measurement errors with blood 
biomarkers such as the inflammatory, uric acid, apolipoproteins, laboratory components of 
combined metabolic indices and sex hormones investigated in this thesis, cannot be totally 
excluded, despite the qualitative techniques of measurements. However, the golden standard 
imaging measures such as DXA for android and gynoid fat studied in chapter 3.2 or CT scans for 
epicardial fat studied in chapter 3.3, represent more robustly measured markers and less prone 
to information bias related to measurement errors.

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS 

Clinical implications
Much work has been done to develop diabetes risk models and scores, but most are rarely used 
because they require tests not routinely available or they were developed without being specifi-
cally designed for a certain clinical use (47). In other words, it is hard for doctors to know how 
to use the diabetes risk scores, which one and when. There is no universal ideal risk score, as 
the utility of any score depends not merely on its statistical properties but also on its context of 
use. Despite there being vast numbers of risk prediction models, hardly any of them are in use 
in clinical practice. The balance of research effort is now shifting from devising new risk scores 
to exploring how best to use those that we already have. There is a steadily increasing focus 
on the usability, impact, comparison and improvement of different introduced type 2 diabetes 
risk scores to identify people at risk as early as possible and in the most cost-effective manner. 
To this end, a better understanding of type 2 diabetes pathophysiology is required. Moreover, 
new insights on type 2 diabetes pathophysiology would bring novelties regarding the optimal 
management for each phase during the course of the disease. It is important to update not only 
the therapeutic treatment, but also to renew the different preventive measures aiming for the 
highest efficacy (53; 54).
In chapter 2.1, the identification of EN-RAGE and IL13 as novel risk markers associated with the 
risk of type 2 diabetes suggests new pathways involved in the pathophysiology of the disease that 
might eventually help clinicians to target individuals at highest risk. Beyond the identification 
of novel inflammatory markers for type 2 diabetes risk, our findings relate them specifically to 
different stages of the disease. Thus, therapeutic approaches may target different inflammatory 
markers in patients at different phases of the disease course.
Our findings presented in chapter 3.1 highlight the role of variation in composition of
HDL particles and other lipoproteins in relation to type 2 diabetes. Based on our results, we 
suggest that therapeutic approaches for type 2 diabetes should aim for the normalization of both 
quantity and composition of HDL particles and other lipoproteins. In chapter 3.2, we showed 
that among women, novel combined metabolic indices were stronger risk markers for type 2 
diabetes than the traditional anthropometric and laboratory measures and were comparable 
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to DXA measures. Neither combined metabolic indices nor DXA measures were superior to 
traditional anthropometric and lipid measures in association with type 2 diabetes among men. 
These findings carry the potential to contribute to improvement of type 2 diabetes risk prediction 
among women and men.
The identification of DHEA as a protective marker against type 2 diabetes risk in chapter 4.1, 
suggests its potential to be used in preventive interventions. Our results are in the same line 
with previous studies suggesting that treatment with DHEA induces significant decreases in 
abdominal fat and an increase in insulin sensitivity (55). Also, it has been previously shown that 
6 months of DHEA replacement improved insulin action in elderly individuals (56). Our find-
ings provide further evidence on the positive effect of DHEA in type 2 diabetes, suggesting that 
DHEA hormone replacement therapy might be used for treatment of type 2 diabetes. However, 
the decision of implementing DHEA in prevention or treatment of type 2 diabetes remains dif-
ficult for the clinicians, given that there are also studies that argue strongly against the use of 
DHEA for this purpose (57).
Previous data have shown that lifestyle interventions targeting diet, exercise, and behavior 
modification can reduce the risk for type 2 diabetes and have demonstrated the applicability of 
these interventions in young, elderly or culturally diverse population (58). Besides the clinical 
implications, this thesis confirms practical suggestions for a healthier lifestyle. In particular, our 
results suggest that inclusion of antioxidants foods in our diet may prevent low-grade chronic 
inflammation and its associated diseases such as type 2 diabetes and their complications.

Future research directions
Our results in chapter 2.1 indicated new inflammatory pathophysiological pathways associated 
with type 2 diabetes, emphasizing the need for further studies to establish the role of EN-RAGE, 
IL13 and IL17 in the development of the disease. Further research should reconfirm the suggested 
phase-specific reported associations and explore the possibilities for specific anti-inflammatory 
agents to postpone or halt disease development and to prevent or delay its complications. Despite 
the large evidence on the role of inflammation in type 2 diabetes, there are many unanswered 
questions to be addressed in the near future: What is the relative contribution of inflammation 
to the development of type 2 diabetes? How efficacious are the anti-inflammatory approaches 
at improving glycaemia and type 2 diabetes complications? What could be the side effects of 
anti-inflammatory approaches, given that immune system is a very sensitive system to be modi-
fied? Do anti-inflammatory strategies target the underlying mechanisms of the disease, and if so, 
would starting these therapies early prevent progression or even the overt manifestation of the 
disease? 
In chapter 2.3 we indicated that serum uric acid might be more closely associated with early-
phase pathogenic mechanisms that contribute to the development of type 2 diabetes rather than 
late-phase mechanisms. Further research should explore the details how uric acid is involved in 
early phase type 2 diabetes development. Also, it remains uncertain whether uric acid has any 
potential implication in prevention, treatment or prognosis of type 2 diabetes. Further research 
should determine whether it is effective to utilize uric acid level as a predictor of type 2 diabetes 
for its primary prevention (59). In chapter 3.1 our results call for more data to determine the 
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importance of levels of apoCIII in specific lipoproteins for type 2 diabetes risk assessment and 
management and to elucidate the interaction between triglycerides and apoCIII in relation to 
type 2 diabetes risk. Previous research support the concept that the apolipoproteinic profile plays 
a remarkable role in type 2 diabetes etiology (60) and prognosis (61). We did not have available 
measurements of apolipoprotein amounts in every lipoprotein particle separately and specifically 
in HDL (only total serum levels), so we could not study the diabetes risk apolipoproteinic profile 
within HDL or other lipoprotein particles compounded by the studied apolipoproteins, which 
requires further research. Also, based on the chapter 3.2 of this thesis, further longitudinal data 
are needed to validate the predictive performance of the novel combined indices (VAI, LAP, 
TyG) for type 2 diabetes risk. Furthermore, a comparison of the predictive performance of the 
novel indices with DXA, CT and MRI specific measures of visceral fat is warranted. Our results 
suggest that some non-invasive indicators of the visceral fat might have the potential to reliably 
substitute the expensive, invasive imaging modalities in clinical practice for the earliest detection 
of subjects at high risk for type 2 diabetes.
In chapter 3.3 the use of an innovative fully automatic method of non-enhanced CT-scans (62; 
63) for measuring epicardial fat volume represents a golden standard measure. Given that the 
association of epicardial fat with type 2 diabetes is unknown and we are the first to investigate 
it in our population based Rotterdam Study, the use of a golden standard measure such as CT 

Table 1. Inflammatory markers investigated in chapter 2.1.
Novel Markers Already known markers

CD40, ng/mL CRP

CD40 ligand, ng/mL Complement 3

EN-RAGE, ng/mL IL18

Eotaxin, pg/mL MCP1

FAS, ng/mL RANTES

HCC4, ng/mL Resistin

IL13, pg/mL TNFR-II

IL16, pg/mL MIF

IL17, pg/mL IL1ra

IL8, pg/mL

MDC, pg/mL

MIP1 alpha, pg/mL

MIP1 beta, pg/mL

PARC, ng/mL

sRAGE, ng/mL

TRAILR3, ng/mL

CFH, ug/mL

CD40, cluster of differentiation 40; CD40 ligand, cluster of differentiation 40 ligand ; EN-RAGE, Extracellular Newly identified 
Receptor for Advanced Glycation End-products binding protein; FAS, Fas Cell Surface Death Receptor; HCC4, Human CC 
chemokine-4; IL13, interleukin 13; IL16, interleukin 16; IL17, interleukin 17; IL8, interleukin 8; MDC, Monocyte Derived Che-
mokine; MIP1alpha, Macrophage Inflammatory Protein 1 alpha; MIP1beta, Macrophage Inflammatory Protein 1 beta; PARC, 
Pulmonary and Activation-Regulated Chemokine; sRage, Soluble Receptor of Advanced Glycation End-products; TRAILR3, 
Tumor Necrosis Factor-related Apoptosis-inducing Ligand Receptor 3; CFH, Complement Factor; IL18, interleukin 18; MCP1, 
Monocyte Chemotactic Protein 1; RANTES, Regulated Upon Activation, Normally T-Expressed, And Presumably Secreted; 
TNFR-II, Tumor Necrosis Factor Receptor 2; IL1ra, Interleukin 1 Receptor Antagonist; CRP, C-Reactive Protein.
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is a great strength, providing high precision of the exposure measurement. However, once the 
association is established from further evidence, other surrogate and more convenient indicators 
of the exposures need to be explored for more cost-effective risk estimation.
Moreover, we suggest with our results in chapter 3.3 that epicardial fat should be further explored 
in relation to unfavorable metabolic profiles.
In conclusion, the different risk markers for type 2 diabetes studied in this thesis give new in-
sights regarding the disease pathophysiology and its course. Awaiting further research, these 
findings carry the potential to contribute to improvements in disease prevention, treatment and 
prognosis.
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SUMMARY

In this thesis, we aimed to investigate associations between novel risk markers and the risk for 
prediabetes, type 2 diabetes, insulin therapy initiation in general population as well as among 
women and men from the population-based Rotterdam Study. Our main focus points were 
markers of inflammation, lipids, body fat distribution and sex hormones.
Chapter 1 introduces readers with the epidemiology, burden and pathophysiology of type 2 
diabetes as well as describes the role of inflammation, lipids, body fat and sex hormones in the 
development of the disease. It also presents objectives and the outline of this thesis.
Chapter 2 contains three studies in which mainly the role of different inflammatory markers in 
the risk for type 2 diabetes is examined. Chapter 2.1 studied the association of a set of inflam-
matory markers with progression from normoglycemia to pre-diabetes, type 2 DM and finally 
to insulin therapy. Our findings suggest that various inflammatory markers may be associated 
with progression from normoglycemia to pre-diabetes (IL13, ENRAGE, CRP), T2D (IL13, IL17, 
CRP) or insulin therapy start (IL13). Among them, EN-RAGE is a novel inflammatory marker for 
pre-diabetes, IL17 for incident T2D and IL13 for pre-diabetes, incident T2D and insulin therapy 
start. Chapter 2.2 investigated the role of dietary antioxidants and plasma oxidant-antioxidant 
status in low-grade chronic inflammation and adipocytokine levels. Our findings suggest that 
high overall dietary antioxidant capacity of diet and lower levels of UA were associated with 
lower levels of pro-inflammatory adipocytokines and higher levels of anti-inflammatory adipo-
cytokines. In chapter 2.3, we aimed to investigate the association between serum uric acid and 
risk of prediabetes and type 2 diabetes mellitus. Our findings agree with the notion that serum 
uric acid is more closely related to early-phase mechanisms in the development of type 2 diabetes 
mellitus than late-phase mechanisms.
In chapter 3 we focused on the role of lipids and body fat in the risk for type 2 diabetes. Chap-
ter 3.1 investigated the role of serum levels of various apolipoproteins on the risk for type 2 
diabetes. We found that serum apoCIII levels as well as apoCIII-to-apoA1 ratio are associated 
with incident T2D, independent of known risk factors and stronger than HDL-C levels. Chapter 
3.2 investigated the associations of several novel metabolic indices, combining anthropometric 
and lipid measures (VAI, LAP, TyG), and DXA measurements on body fat with incident type 2 
diabetes among women and men from the large population-based Rotterdam Study. We found 
that among women, novel combined metabolic indices were stronger risk markers for T2D 
than the traditional anthropometric and laboratory measures and were comparable to DXA 
measures. Neither combined metabolic indices nor DXA measures were superior to traditional 
anthropometric and lipid measures in association with T2D among men. Chapter 3.3 studied 
the associations of epicardial fat volume with incident events of type 2 diabetes, coronary heart 
disease (myocardial infarction and cardiovascular mortality) as well as stroke, in total popula-
tion and among women and men. Our results suggested that increased amount of epicardial fat 
volume may be associated with excessive risk for T2D, hard CHD and stroke in the total popula-
tion independent of traditional diabetes and cardiovascular risk factors. Chapter 4.1 assessed the 
associations between serum levels of dehydroepiandrosterone (DHEA) and its main derivatives 
DHEA sulphate (DHEAS) and androstenedione, aswell as the ratio of DHEAS to DHEA, and 
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risk of type 2 diabetes. Our results suggested that DHEA may play a positive role in the patho-
genesis of type 2 diabetes, which may have important implications for preventive interventions. 
Chapter 4.2 investigated the association between endogenous sex steroid levels and changes in 
body composition in postmenopausal women. Our findings support the concept that changes 
in endogenous sex steroid levels are closely associated with changes in body composition in 
postmenopausal women.
The main findings and methodological considerations of this thesis are discussed in the general 
discussion in Chapter 5. Chapter 5 ends with clinical implication of our findings and future 
research in type 2 diabetes.
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Samenvatting

SAMENVATTING

In dit proefschrift hebben we ons gericht op het onderzoeken van associaties tussen nieuwe risi-
comarkers en het risico op prediabetes, diabetes type 2 en het starten van insulinetherapie in de 
algemene populatie en in vrouwen en mannen apart in de Rotterdam Studie. Onze belangrijkste 
focus punten waren ontsteking markers, lipiden, distributie van lichaamsvet en geslachtshormo-
nen.
Hoofdstuk 1 introduceert de lezer met de epidemiologie, belasting, pathofysiologie van diabetes 
type 2 en beschrijft de rol van ontstekingen, lipiden, lichaamsvet en geslachtshormonen in de 
ontwikkeling van de ziekte. Dit hoofdstuk bevat ook de doelstellingen en de hoofdlijnen van dit 
proefschrift.
Hoofdstuk 2 bevat drie studies waarin voornamelijk de rol van verschillende inflammatoire mar-
kers in het risico op type 2 diabetes werd onderzocht. In hoofdstuk 2.1 werd de associatie van een 
set inflammatoire markers met de progressie van normoglycemie naar pre-diabetes, diabetes type 
2 (T2D) en uiteindelijk naar insulinetherapie onderzocht. Onze bevindingen suggereren dat ver-
schillende inflammatoire markers geassocieerd kunnen zijn met progressie van normoglycemie 
naar pre-diabetes (IL13, ENRAGE, CRP), T2D (IL13, IL17, CRP) of de start van insulinetherapie 
(IL13). Onder hen is EN-RAGE een nieuwe inflammatoire marker voor pre-diabetes, IL17 voor 
incident T2D en IL13 voor pre-diabetes, incident T2D en de start van insulinetherapie. Hoofd-
stuk 2.2 onderzocht de rol van antioxidanten in het dieet en de plasma oxidant – antioxidant 
status in laaggradige chronische ontstekingen en adipocytokinen waardes. Onze bevindingen 
suggereren dat een hoog algeheel antioxidantvermogen van het dieet en lagere waardes van UA 
geassocieerd zijn met lagere waardes van pro-inflammatoire adipocytokines en hogere waardes 
van anti-inflammatoire adipocytokines. In hoofdstuk 2.3 was onze doelstelling om de associatie 
tussen serumurinezuur en het risico op prediabetes en diabetes type 2 te onderzoeken. Onze 
bevindingen komen overeen met de notie dat serumurinezuur nauwer gerelateerd is aan vroege 
fase-mechanismes bij de ontwikkeling van diabetes type 2 dan met mechanismes in de late fase.
In hoofdstuk 3 hebben we ons gericht op de rol van lipiden en lichaamsvet in het risico op diabetes 
type 2. Hoofdstuk 3.1 onderzocht de rol van serumwaardes van verschillende apolipoproteïnen 
op het risico voor diabetes type 2. We ontdekten dat serum-apoCIII waardes en apoCIII-tot-
apoA1-ratio geassocieerd zijn met incidenteel T2D, onafhankelijk van bekende risicofactoren 
en sterker geassocieerd dan HDL-C waardes. Hoofdstuk 3.2 onderzocht de associatie tussen 
verschillende nieuwe metabole indices, gecombineerd met antropometrische en lipide waardes 
(VAI, LAP, TyG) en DXA-metingen voor lichaamsvet met diabetes type 2 in vrouwen en mannen 
uit de grote op populatie-gebaseerde Rotterdam Studie. We vonden dat in vrouwen de nieuwe 
gecombineerde metabole indices sterkere risicomarkers zijn voor T2D dan de traditionele 
antropometrische en laboratoriummetingen en vergelijkbaar waren met DXA-metingen. Noch 
gecombineerde metabole indices, noch DXA-metingen waren superieur aan traditionele antro-
pometrische en lipidemetingen in associatie met T2D in mannen.
Hoofdstuk 3.3 bestudeerde de associaties van epicardiaal vetvolume met incident diabetes type 
2, coronaire hartziekten (hartinfarct en cardiovasculaire mortaliteit) en beroertes, in de totale 
bevolking en bij vrouwen en mannen. Onze resultaten suggereerden dat een verhoogde hoeveel-



Chapter 6

208

heid epicardiaal vetvolume kan worden geassocieerd met verhoogd risico op T2D, harde CHD 
en beroerte in de totale populatie, onafhankelijk van de traditionele diabetes en cardiovasculaire 
risicofactoren.
In hoofdstuk 4.1 werden de associaties tussen de serumwaardes van dehydroepiandrosteron 
(DHEA) en de belangrijkste derivaten ervan, DHEA-sulfaat (DHEAS) en androsteendion, en de 
verhouding van DHEAS tot DHEA en het risico van diabetes type 2 onderzocht. Onze resultaten 
suggereerden dat DHEA een positieve rol kan spelen in de pathogenese van diabetes type 2, dit 
kan belangrijke implicaties hebben voor preventieve interventies. Hoofdstuk 4.2 onderzocht de 
associatie tussen endogene geslachtshormonen en veranderingen in de lichaamssamenstelling 
bij postmenopauzale vrouwen. Onze bevindingen ondersteunen het concept dat veranderingen 
in endogene geslachtshormoonwaardes nauw verbonden zijn met veranderingen in de lichaams-
samenstelling bij postmenopauzale vrouwen.
De belangrijkste bevindingen en methodologische overwegingen van dit proefschrift worden 
besproken in de algemene discussie in hoofdstuk 5. Hoofdstuk 5 eindigt met klinische implicaties 
van onze bevindingen en toekomstig onderzoek naar diabetes type 2.
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