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Recent studies suggest that insulin-like growth factor
binding protein 2 (IGFBP-2) may protect against type 2 di-
abetes, but population-based human studies are scarce.
We aimed to investigate the prospective association of
circulating IGFBP-2 concentrations and of differential
methylation in the IGFBP-2 gene with type 2 diabetes risk.

Within the European Prospective Investigation into Can-
cer and Nutrition (EPIC)-Potsdam cohort (n = 27,548),
circulating insulin-like growth factor binding protein
2 (IGFBP-2) concentration was assessed in a nested case-
cohort (random subcohort, n = 2,500, all case subjects with
incident type 2 diabetes, n = 820). A nested 1:1 matched
case-control sample (300 case subjects with incident type
2 diabetes, 300 control subjects) was constructed for DNA-
methylation profiling. Longitudinal associations were eval-
uated in Cox models (case-cohort) and conditional logistic
models (case-control), adjusting for age, sex, anthropom-
etry, lifestyle, and a large set of type 2 diabetes–related
biomarkers.

Higher circulating IGFBP-2 concentrations (median
92 ng/mL) were cross-sectionally linked to lower BMI,
waist circumference, fatty liver index (FLI), triglycerides,
fetuin A, ALT, and g-glutamyltransferase (g-GT) and lon-
gitudinally associated with lower type 2 diabetes risk

(hazard ratio [HR] per SD 0.65, 95% CI 0.53, 0.8). A meth-
ylation score based on seven type 2 diabetes–related CpGs
in the IGFBP-2 gene was associated with higher type 2 dia-
betes risk (odds ratio [OR] per SD 2.7, 95% CI 2.1, 3.5).

Our results are consistent with a type 2 diabetes–
protective effect of high circulating IGFBP-2 concentra-
tion and suggest that epigenetic silencing of the IGFBP-2
gene might predispose for type 2 diabetes.

The insulin-like growth factor (IGF) axis regulates pro-
liferation and differentiation processes and modulates
metabolic pathways. For example, IGF-1, the major circu-
lating IGF, stimulates peripheral glucose uptake, lipogen-
esis, and glycogen synthesis (1–3). Observation studies in
human populations linked the IGF axis to the metabolic
syndrome and type 2 diabetes (4–8). The 15 so-far-identified
IGFBPs importantly impact on systemic IGF signaling by
modulating activity and decay of their binding partners.
Moreover, some IGFBPs exhibit IGF-independent signal-
ing functions.

Recent evidence suggests beneficial effects of IGFBP-2
on systemic metabolism. IGFBP-2 may inhibit adipogen-
esis and enhance long-term insulin sensitivity (9), partly
through interaction with IGF-1 signaling. Moreover,
IGFBP-2, which is mainly released by the liver (10), directly
supports glucose homeostasis, e.g., by stimulating glucose
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uptake into adipocytes in an IGF-independent manner
(11,12). Accordingly, Igfbp-2 overexpression was demon-
strated to ameliorate insulin resistance in obese mice (13).
To date, the only population-based study on IGFBP-2
and incident type 2 diabetes was conducted in a large
prospective cohort of women. Higher circulating IGFBP-2
concentrations were strongly associated with lower type
2 diabetes risk (7). We are not aware of prospective cohort
studies on the relationship between IGFBP-2 and type
2 diabetes risk in men.

Besides direct effects of circulating levels, IGFBP-2 may
also play a role in the developmental origins of type 2 di-
abetes. For example, IGFBP-2 was implicated in childhood
obesity (14). Moreover, human IGFBP-2–overexpressing
transgenic mice were protected from diet-induced obesity
and insulin resistance (12), whereas epigenetic variation
links IGFBP-2 to liver fat accumulation in mice and in
humans (15,16). Taken together, relative IGFBP-2 deficiency
may favor visceral adiposity and ectopic lipid storage par-
ticularly in the liver, which are established risk factors for
type 2 diabetes.

Epigenetic alterations including DNA methylation
emerge as an important determinant of the metabolic syn-
drome (17,18). Interestingly, human (19–22) and animal
studies (23,24) indicate that several genes involved in
the IGF-1 axis are highly regulated by epigenetic factors.
Only two studies reported alterations in DNA methylation
of the IGFBP-2 gene. Methylation of single CpG sites located
in the intronic region of Igfbp-2 gene in the liver was linked
to development of obesity and elevated hepatic fat storage
in mice (15). Similarly, in humans, hepatic hypermethyla-
tion in the homologous CpG site was associated with non-
alcoholic fatty liver disease (16). Thus, epigenetic repression
of the IGFBP-2 gene may facilitate body weight gain and
hepatic lipid accumulation, thereby predisposing for type
2 diabetes development. A targeted investigation of DNA
methylation of the IGFBP-2 gene in relation to type 2 di-
abetes risk was not yet conducted in humans.

We hypothesize that 1) reduced IGFBP-2 plasma levels
predict later development of type 2 diabetes and that
2) epigenetic silencing by differential methylation of the
IGFBP-2 gene might predispose for type 2 diabetes in-
cidence. We measured circulating concentrations of the
IGFBP-2 protein in a large prospective human population
study. In addition, IGFBP-2 DNA methylation in whole-
blood cells was analyzed as a surrogate measure of epige-
netic regulation. We evaluated the link between IGFBP-2
concentration in the circulation and IGFBP-2 DNA meth-
ylation levels with type 2 diabetes incidence.

RESEARCH DESIGN AND METHODS

Study Population
The current study was conducted in the EPIC-Potsdam
cohort, comprising 27,548 participants (16,644 women
and 10,904 men). Participants within an age range of
35–65 years were recruited from the general population

between 1994 and 1998 (25). The vast majority (.99%) of
EPIC-Potsdam participants are of central European an-
cestry. At baseline, anthropometric measures and blood
samples were taken by qualified medical personnel, and
lifestyle and dietary habits, sociodemographic character-
istics, and current health status were assessed with vali-
dated, interviewer-assisted questionnaires. In terms of
active follow-up, participants were contacted every 2–3
years. Response rates ranged between 90% and 96% per
follow-up round (26). This study included follow-up in-
formation until 31 August 2005 (censoring date). All
participants gave informed consent to use their data for
biomedical research, and the study was approved by the
Ethics Committee of the State of Brandenburg, Germany.

For efficient molecular phenotyping, a nested case-cohort
was constructed, consisting of a random sample of all
participants who provided blood (subcohort, n = 2,500)
and all case subjects with incident type 2 diabetes that
occurred until the censoring date (n = 820). In line with the
case-cohort design, there was an overlap of 94 case subjects
that were also part of the subcohort. For the current
analyses, we excluded participants with prevalent or un-
clear type 2 diabetes status at baseline or missing follow-up
information or without sufficient blood samples (n = 180)
and with missing values for lifestyle and biomarker cova-
riables (n = 268). Thus the analytical sample comprised
2,778 participants, including 2,108 members of the sub-
cohort and 755 case subjects with type 2 diabetes, with an
overlap of 85 participants.

For DNA methylation profiling, a nested case-control
study was constructed based on the case-cohort described
above. From this source, 300 case subjects with incident
type 2 diabetes were randomly selected (27). The following
matching criteria were applied: age (66 months), sex,
fasting time (,3 h, 3 to ,6 h, and $6 h before blood
draw), time of day of blood sampling (62 h), and season at
blood sampling. Based on these criteria, each case was
individually matched to 1 control subject without diabetes,
which was drawn from participants that had at least the
same diabetes-free follow-up time of the respective case
subject (incidence density sampling). Ten pairs were ex-
cluded from analyses because DNA samples did not pass
quality control for methylation profiling.

Detection of Case Subjects With Incident Type
2 Diabetes
Systematic information sources for incident case subjects
were self-report of a type 2 diabetes diagnosis, type 2
diabetes–relevant medication, and dietary treatment due
to type 2 diabetes during follow-up. Furthermore, addi-
tional information was obtained from death certificates or
from random sources, such as tumor centers, physicians,
or clinics that provided assessments from other diagno-
ses. Once a participant was identified as a potential case,
disease status was further verified by sending a standard
inquiry form to the treating physician. Only physician-
verified case subjects with a diagnosis of type 2 diabetes
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(ICD-10 E11) and a diagnosis date after the baseline exam-
ination were considered confirmed incident cases of type
2 diabetes.

Quantification of Circulating IGFBP-2
Baseline blood samples were collected in monovettes con-
taining 10% citrate. Samples were fractioned, and plasma
was stored in tanks of liquid nitrogen (approximately
2196°C) or deep freezers (280°C) (28). Commercial sand-
wich ELISAs were used to quantify plasma concentrations
of IGFBP-2 (DY674; R&D systems), IGF-1 and IGFBP-3
(BioVendor Laboratorní medicína a.s., Brno, Czech Re-
public), and adiponectin (LINCO Research, St. Charles,
MO); HDL cholesterol, triglycerides, glucose, HbA1c and
CRP were measured using an automatic ADIVA 1650 an-
alyzer (Siemens Medical Solutions, Erlangen, Germany).
Details regarding the biomarker measurements were de-
scribed elsewhere (8,29).

DNA Methylation Analysis
For assessment of DNA methylation in whole-blood
cells, genomic DNA was extracted from buffy coat using
Kit II. Genomic DNA (750 ng) from each participant was
bisulfite-converted using Zymo EZ-96 DNA Methylation
(Zymo Research Corp., Irvine, CA) and then hybridized on
Infinium MethylationEPIC BeadChip (Illumina, San
Diego, CA). The Illumina EPIC chip covered 890,703 cyto-
sine positions located in transcription start site (TSS)200,
TSS1500, 59UTR, 1Exon, gene body, 39UTR, and intergenic
regions of the human genome. For our analysis, all CpG sites
covered by the MethylationEPIC BeadChip (33 CpGs) were
considered, which were located in the IGFBP-2 gene region
(chr2: 217496919–217528830).

Preprocessing and normalization of the raw methyla-
tion data included steps of probe filtering, color bias
correction, background subtraction, and b-mixture quan-
tile normalization and was processed with the R-package
ChAMP as previously described (30,31). To exclude batch
effects, the champ.runCombat function was consecutively
used and reviewed with singular value decomposition
method using the champ.SVD function. Thus, components
selected in our analysis were independent from all cova-
riates related to technical errors. Next, methylation data
were corrected for cell type heterogeneity between samples
by using champ.refbase (32). Probes annotated to contain
single nucleotide polymorphisms were excluded. DNA
methylation data of all CpG sites annotated to IGFBP-2
gene were considered for analysis. Data from the ENCy-
clopedia Of DNA Elements (ENCODE) project (33) were
used to identify hepatic H3K27ac, H3K4me3, H3K9ac
histone marks in the IGFBP-2 gene (Supplementary Data).

Statistical Methods
The longitudinal association of IGFBP-2 with time-to-
diabetes incidence was evaluated in Cox proportional hazards
regression models according to the Prentice method for
case-cohorts, with age as underlying time scale. Study

entry was defined by age at recruitment. Study exit was
determined by age at diagnosis of diabetes, dropout, or
censoring, whichever came first. Adjustment variables
were selected based on prior known relevance for type
2 diabetes risk. A minimal model was adjusted for age
(strata variable) and sex. A second model was further
adjusted for waist circumference, prevalence of hyperten-
sion, education (vocational training or lower, technical
college, university) and lifestyle variables (leisure-time
physical activity [sum of sports, biking, and gardening
in h/week], smoking status [never smoker, ex-smoker
,20 units/day, ex-smoker $20 units/day, smoker ,20
units/day, smoker $20 units/day], alcohol intake [six
categories, 1: #6 g/day, 2: .6–12 g/day, 3: .12–24
g/day, 4: .24–60 g/day, 5: woman .60 g/day,
men .60–96 g/day, 6: .96 g/day]). In a third model,
other components of the IGF axis (IGF-1 and IGFBP-3)
were additionally included. The fourth model also included
the FLI, according to Bedogni et al. (34), which was
calculated based on waist circumference, BMI, and blood
concentration of triglycerides and g-GT. The fifth model
was additionally adjusted for established type 2 diabetes–
related biomarkers (adiponectin, fetuin A, triglycerides,
ALT, CRP, g-GT). Glucose and HbA1c were further included
in the sixth model.

The longitudinal association of IGFBP-2 DNA methyl-
ation with type 2 diabetes incidence was investigated in
conditional logistic regression models. Models were ad-
justed for alcohol intake, smoking status, and leisure-time
physical activity. Age and sex were considered by design
(matching variables). A methylation score was built based
on the differentially methylated CpGs that were signifi-
cantly associated with type 2 diabetes risk after correcting
for multiple testing. For construction of the score, bs from
a logistic regression with all included CpGs as exposure and
type 2 diabetes as outcome were used as weights. The
association of the score with type 2 diabetes risk was
investigated using conditional logistic regression.

Statistical analyses were performed with SAS (version
9.4) and R (version 3.3.2). A type I error probability
(P value) ,0.05 was considered statistically significant.
Where applicable, multiplicity of tests was considered by
controlling the false discovery rate according to Hochberg
and Benjamini (35).

RESULTS

Baseline Characteristics and Correlation Structure
Baseline characteristics of the study population are shown
in Table 1. The median IGFBP-2 concentration was
92 ng/mL (interquartile range 59–129 ng/mL). Five sub-
groups (Q1–Q5) were defined based on quintiles of the
distribution of IGFBP-2 concentrations in the subcohort.
Median BMI, waist circumference, FLI, triglycerides, fetuin
A, ALT, and g-GT were lower in subgroups with higher
IGFBP-2 concentrations. Median age was higher in sub-
groups with higher IGFBP-2 concentrations. Figure 1
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visualizes the semipartial correlation between plasma
IGFBP-2 and established type 2 diabetes–related circulat-
ing biomarkers. Controlling for age, sex, and waist circum-
ference, IGFBP-2 was weakly correlated (0.1 , |r| , 0.3)
with higher adiponectin concentrations and with lower FLI
and lower concentrations of triglycerides, fetuin A, ALT,
g-GT, and CRP.

IGFBP-2–Related Type 2 Diabetes Risk
Type 2 diabetes risk according to plasma IGFBP-2 concen-
trations is shown in Table 2. Controlling for age and sex,
risk of diabetes incidence was substantially lower in par-
ticipants with higher IGFBP-2 concentrations (HR per SD
0.28, 95% CI 0.24, 0.34). Adjusting for anthropometric
parameters and lifestyle factors (model 2), IGF-1 and
IGFBP-3 (model 3), FLI (model 4), diabetes-related bio-
markers (model 5), and markers of glucose homeostasis
(model 6) in a stepwise manner attenuated the inverse
association of IGFBP-2 with type 2 diabetes risk. Still, in

the comprehensively adjusted model 6, higher IGFBP-2
concentrations were associated with considerable and
statistically significant lower diabetes risk (HR 0.65,
95% CI 0.53, 0.8). In stratified analyses, lower diabetes
risk related to higher IGFBP-2 concentration was observed
in men and in women, with a more pronounced inverse
association in men.

In restricted cubic spline analyses, a nonlinear model
significantly improved the model fit (Supplementary Fig. 1).
The inverse association of IGFBP-2 with type 2 diabetes
risk was steeper in participants below the 60th percentile
(105 ng/mL) of the IGFBP-2 distribution and tended to
level out in participants with high plasma IGFBP-2 con-
centrations. This functional form was consistent between
men and women (Supplementary Fig. 1). Still, the general
trend of lower type 2 diabetes risk with higher IGFBP-2
was consistent over the full observed range of concen-
trations, which justifies reporting of the linear effect
estimates.

Table 1—Baseline characteristics over IGFBP-2 quintile-based groups, EPIC-Potsdam Study (subcohort, n = 2,108)

Subgroups according to quintiles of IGFBP-2

Q1*
(n = 422)

Q2
(n = 421)

Q3
(n = 422)

Q4
(n = 421)

Q5
(n = 422) All

IGFBP-2, ng/mL 41 (1–54) 65 (54–78) 92 (78–105) 121 (105–142) 175 (142–666) 92 (59, 129)

Sex, female % 67 63 62 60 60 62

Age at baseline, years 45 (40, 54) 48 (41, 57) 51 (43, 59) 52 (43, 59) 54 (44, 60) 50 (42, 58)

BMI, kg/m2 28 (25, 31) 27 (24, 30) 26 (23, 28) 25 (23, 27) 23 (21, 26) 26 (23, 28)

Waist, cm 91 (79, 101) 88 (77, 96) 86 (77, 94) 83 (75, 91) 79 (71, 87) 85 (75, 94)

Activity, h/week 4 (2, 7) 5 (2, 8) 5 (2, 8) 5 (2, 9) 5 (2, 9) 5 (2, 8)

Smoking status, %
Never smoker 45 49 51 50 46 48
Ex-smoker, ,20 units/day 25 24 22 22 21 23
Ex-smoker, $20 units/day 14 11 8 7 5 9
Smoker, ,20 units/day 12 12 15 14 19 14
Smoker, $20 units/day 3 5 4 7 9 6

Education, %
Vocational training or lower 42 33 38 37 38 37
Technical college 23 24 24 28 22 24
University 35 43 38 36 40 38

Alcohol use, g/day 8.5 (3.1, 20.6) 8.9 (3.4, 20.1) 7.3 (2.2, 16.9) 8.7 (3, 20.6) 6.9 (2.2, 16.5) 8.2 (2.6, 19.4)

IGF-1, ng/mL 162 (128, 206) 172 (137, 210) 167 (135, 203) 162 (135, 199) 150 (126, 184) 163 (133, 201)

IGFBP-3, mg/mL 3.1 (2.8, 3.5) 3.1 (2.8, 3.5) 3.1 (2.7, 3.5) 3 (2.7, 3.4) 3.1 (2.7, 3.5) 3.1 (2.7, 3.5)

Triglycerides, mg/dL 133 (92, 199) 119 (83, 180) 106 (77, 158) 98 (69, 137) 88 (64, 129) 107 (77, 161)

Fetuin A, mg/mL 288 (248, 335) 266 (227, 312) 263 (220, 299) 258 (223, 301) 250 (212, 290) 265 (226, 307)

ALT, units/L 22 (15, 37) 21 (15, 31) 20 (15, 28) 19 (14, 24) 17 (14, 22) 20 (15, 28)

g-GT, units/L 23 (13, 42) 19 (13, 40) 17 (12, 28) 14 (9, 26) 14 (9, 22) 17 (11, 31)

FLI 53 (16, 80) 39 (12, 67) 26 (10, 55) 19 (6, 41) 10 (5, 30) 26 (8, 58)

Adiponectin, mg/mL 6.7 (4.9, 8.9) 7.2 (5.3, 9.8) 7.9 (5.8, 10.4) 8.6 (5.9, 11.7) 9.2 (6.5, 12.7) 7.8 (5.7, 10.7)

Glucose, mg/dL 102 (94, 113) 101 (93, 110) 101 (96, 110) 102 (92, 110) 99 (91, 108) 101 (94, 110)

HbA1c, % 5.5 (5.2, 5.8) 5.4 (5.1, 5.8) 5.4 (5.1, 5.7) 5.4 (5.1, 5.7) 5.4 (5.1, 5.7) 5.4 (5.1, 5.7)

HbA1c, mmol/mol 36.1 (33, 40) 35.4 (32.2, 39.6) 35.4 (32.2, 39) 35.3 (32.3, 38.8) 35.3 (32.6, 38.5) 35.5 (32.5, 39.1)

Data are median (minimum–maximum), median (interquartile range), or %. *The representative subcohort was divided into five
subgroups (Q1–Q5) according to quintiles of the distribution of IGFBP-2 plasma concentrations.
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Regression diagnostics did not indicate violation of the
proportional hazards assumption (Supplementary Figs. 2
and 3). Excluding participants for whom type 2 diabetes
was diagnosed within the first 2 years of follow-up, exclud-
ing participants with high HbA1c ($5.7%), or restricting
the analysis to nonfasted participants did not substan-
tially change the results (data not shown).

DNA Methylation in IGFBP-2 and Type 2 Diabetes Risk
Taking advantage of the high resolution of Illumina Hu-
man Methylation BeadChips, DNA methylation levels of
33 CpG sites annotated to the IGFBP-2 gene were analyzed.
We evaluated the association of DNA methylation at these
CpGs with type 2 diabetes risk. In a first step, the single
CpGs were considered as exposure and linked to diabetes
incidence in logistic models. After correcting for multiple
testing, seven CpGs were statistically significantly associ-
ated with type 2 diabetes risk (Table 3, Supplementary
Table 1). As expected, all CpGs located in CpG island
shore exhibited a low degree of DNA methylation (e.g.,
cg03625261, cg26187237, cg25316969) and those located
25 kb downstream the CpG island showed intermediate to
high levels of methylation (Fig. 2).

Hypermethylated CpGs in case subjects were exclusively
located in the promoter region in proximity to active
histone marks, whereas two of three CpGs that were
hypomethylated in case subjects were located in or close
to the gene body (Fig. 2, Table 3). The link between
epigenetic variation in the IGFBP-2 gene and type 2 diabetes
risk was summarized in a weighted IGFBP-2 DNA methyl-
ation score. Higher methylation score points were associ-
ated with a substantially higher risk of diabetes incidence
(OR per SD higher methylation score 2.7, 95% CI 2.1, 3.5)
(Table 4). In cross-sectional analyses stratified by case
status, the methylation score points were not associated
with circulating IGFBP-2 concentrations (log-transformed).
The standardized bs (P values) were 0.04 (0.1) and 20.01
(0.8) in case and control subjects, respectively, in a model
adjusted for age, sex, and lifestyle variables. Adjustment for
circulating IGFBP-2 concentration, waist circumference,
FLI, and HbA1c, and random glucose, respectively, did
not attenuate the relationship between methylation score
and type 2 diabetes risk (Table 4). Again, these results were
highly robust in subanalyses restricted to participants with
at least 2 years of type 2 diabetes–free survival time and
HbA1c levels ,5.7% (data not shown).

Figure 1—Correlation structure between IGFBP-2 and other type 2 diabetes–related biomarkers. Numbers indicate age-, sex-, and waist
circumference–adjusted Spearman correlation coefficients. The size of the colored rectangles corresponds to the strength of correlations
(complete color filling, absolute correlation coefficient |r| = 1; no color filling, |r| ,0.1).
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DISCUSSION

We found strong inverse associations of circulating IGFBP-
2 concentrations with type 2 diabetes risk in both sexes,
which were robust against comprehensively controlling for
established phenotypic and metabolic risk factors. For
example, type 2 diabetes risk was more than doubled
for participants with moderately low compared with par-
ticipants with moderately high circulating IGFBP-2 con-
centration (1 SD below vs. 1 SD above the mean).
Moreover, methylation levels of the IGFBP-2 gene were
also strongly linked to type 2 diabetes incidence. After
accounting for various other risk factors, the odds of
developing diabetes was more than six times higher for
participants with a moderately high compared with those
with a moderately low methylation score (1 SD below vs.
1 SD above the mean). To our knowledge, this is the first
population-based prospective study on the relationship
between IGFBP-2 and type 2 diabetes risk in both sexes
and the first investigation of the longitudinal relation
between IGFBP-2 DNA methylation and type 2 diabetes
incidence.

Our finding of an inverse association of circulating
IGFBP-2 with type 2 diabetes risk is consistent with the
only previous prospective cohort study. Rajpathak et al. (7)
observed strong and robust associations of IGFBP-2 with
type 2 diabetes risk within the Nurses’ Health Study
(NHS). Women in the highest IGFBP-2 quintile-based
group had a five times lower type 2 diabetes risk compared
those in the lowest group. In our study, the comprehen-
sively adjusted effect estimate for four SDs higher IGFBP-2
concentrations also translates into an approximately five
times lower type 2 diabetes risk. Rajpathak et al. (7) raised
the question as to whether their results in women were
generalizable to men. Based on our findings in EPIC-
Potsdam, this question can now be positively answered.

A possible explanation for the relationship between
circulating IGFBP-2 and type 2 diabetes risk is an in-
volvement of IGFBP-2 in insulin-regulated pathways.
A study in diabetes-prone mice demonstrated that

adenovirus-mediated IGFBP-2 overexpression normalized
insulin and glucose levels and rescued mice from the
metabolic consequences of impaired insulin signaling
(13). These beneficial effects were also observed in animals
with streptozocin-induced type 1 diabetes (13), which
suggests that IGFBP-2 acts downstream of insulin. More-
over, improvements in glucose homeostasis were indepen-
dent of changes in food intake and body weight (13).
In vitro experiments showed that IGFBP-2 enhances
GLUT4-mediated glucose uptake in adipocytes, suggesting
direct interaction with insulin-signaling pathways (11).
The whole-body knockout of IGFBP-2 had no impact on

Table 2—Association of plasma IGFBP-2 concentration with the risk of developing type 2 diabetes

Pooled
(n = 2,778, ncases = 755)

Men
(n = 1,188, ncases = 444)

Women
(n = 1,590, ncases = 311)

HR per SD* 95% CI HR per SD 95% CI HR per SD 95% CI

Model 1 0.28 0.24, 0.34 0.3 0.24, 0.38 0.26 0.19, 0.35

Model 2 0.41 0.34, 0.51 0.41 0.31, 0.53 0.42 0.31, 0.56

Model 3 0.41 0.33, 0.5 0.39 0.3, 0.52 0.43 0.32, 0.57

Model 4 0.49 0.4, 0.6 0.46 0.35, 0.61 0.52 0.4, 0.69

Model 5 0.56 0.45, 0.68 0.47 0.35, 0.63 0.7 0.52, 0.93

Model 6 0.65 0.53, 0.8 0.58 0.43, 0.77 0.81 0.61, 1.07

Model 1, adjusted for age and if applicable for sex; model 2, additionally adjusted for waist circumference, prevalence of hypertension,
education, physical activity, smoking status, and alcohol intake; model 3: additionally adjusted for IGF-1 and IGFBP-3; model 4:
additionally adjusted for FLI; model 5: additionally adjusted for adiponectin, fetuin A, triglycerides, CRP, ALT, g-GT; model 6: additionally
glucose and HbA1c. *HR of developing type 2 diabetes associated with 1 SD higher circulating IGFBP-2 levels.

Table 3—Association of DNAmethylation of IGFBP-2with the
odds of developing type 2 diabetes

Methylation of. OR per SD† 95% CI

CpGs* in the promoter region
cg05689321 1.11 1.05, 1.17
cg26187237 1.57 1.3, 1.9
cg25316969 1.26 1.1, 1.45
cg03625261 1.36 1.11, 1.66
cg25380868 0.64 0.53, 0.78

CpGs in the gene body
cg13220299 0.6 0.45, 0.8
cg03149532 0.86 0.81, 0.92

DNA methylation of the IGFBP-2 gene in relation to type 2
diabetes risk was evaluated in a 1:1 matched case-control study
(analytical sample n = 290 case subjects and n = 290 control
subjects), nested within the EPIC-Potsdam cohort study. Control
subjectswere drawn by incidence density sampling andmatched
for age (66 months), sex, fasting time (,3 h, 3 to,6 h, and$6 h
before blood draw), time of day of blood sampling (62 h), and
season at blood sampling. *CpG: DNA sequence where cytosine
and guanine are connected by a single phosphate group
(59—C—phosphate—G—39). CpG sites are subject to differential
methylation. Shown are all available CpGs in the IGFBP-2 gene
that were significantly differently methylated between case
and control subjects after correcting for multiple testing. †OR of
developing type 2 diabetes associated with 1 SD higher
methylation adjusted for alcohol consumption, smoking, and
physical activity as well as age and sex (matching variables).
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insulin sensitivity in young (8 and 16 weeks old) non-
challenged animals, which may be explained by compen-
satory upregulation of other IGFBPs (36). In summary,
experimental model systems indicate that IGFBP-2 can
have relevant influence on insulin-dependent pathways
but suggest that this regulatory potential of IGFBP-2
constitutes a compensatory system under challenged con-
ditions.

Under nonexperimental conditions, interpretation of
the relationship between circulating IGFBP-2 concentra-
tions and type 2 diabetes risk is complicated because
IGFBP-2 expression is partly controlled by insulin (37)
and cross-sectional associations of IGFBP-2 with insulin
resistance were reported (38,39). The aforementioned
investigation in the NHS, however, found that the inverse
association of IGFBP-2 with type 2 diabetes risk did not
depend on fasting insulin concentrations and was also
detected in participants with both low baseline HbA1c and
fasting insulin (7). Consistently, adjustment for glucose
parameters or exclusion of participants with elevated
baseline-HbA1c or with a type 2 diabetes diagnosis within
the first 2 years of follow-up did not markedly attenuate
the inverse association of IGFBP-2 with type 2 diabetes

risk in EPIC-Potsdam. Thus, the link between IGFBP-2 and
future type 2 diabetes incidence in human populations
cannot be explained as consequence of already patholog-
ically elevated insulin levels or undetected type 2 diabetes.
The association structures are consistent with complex
involvement of IGFBP-2 in type 2 diabetes pathogenesis
and suggest that high IGFBP-2 concentrations may protect
against decompensation of systemic glucose metabolism.

Apart from the link of high circulating IGFBP-2 with
low diabetes risk, we observed marked associations be-
tween IGFBP-2DNAmethylation levels and type 2 diabetes
risk. We found that a large proportion of the examined
CpGs in the IGFBP-2 gene (7 out of 33) was associated with
diabetes incidence. Hypermethylation is generally linked
to gene silencing. This particularly applies for CpGs located
in the promoter region as well as first exons and introns of
the gene. Accordingly, type 2 diabetes risk was linked to
hypermethylation of four CpGs located in the promoter,
59UTR and exon1 region of the IGFBP-2 gene. Interest-
ingly, these 4 CpGs were in close proximity to enrichment
of H3K27ac, H3K4me3, and H3K9ac. These active histone
marks are known to be associated with high transcriptional
states. In addition, our previous study indicated that

Figure 2—Differential DNA methylation levels of IGFBP-2 gene in case and control subjects. A: Genomic organization of IGFBP-2 gene
1,500 bp upstream of the TSS up to the end of exon 2. All CpG sites located in this region (spanning from chr2: 217496593 to 217525563) are
indicated as lines in the upper part. Depicted in the lower part are CpGs covered by Illumina array (black), and CpGs significantly different
between case and control subjects are highlighted in red. B: Hepatic pattern of active histone marks H3K4me3 and H3K9ac (ENCODE data).
C: Boxplots of DNA methylation levels in case and control subjects for CpGs that were statistically significantly differentially methylated
between the two groups after controlling the false discovery rate.

194 IGFBP-2 and Risk of Developing Type 2 Diabetes Diabetes Volume 68, January 2019



a luciferase reporter construct of the homologous region
in mice exhibits promoter activity (15). Taken together,
hypermethylation of CpGs located in such an important cis
regulatory region is likely to interact with regulatory
transcription factors and may affect IGFBP-2 expression.

Hypomethylation of two CpGs sites (cg03149532,
cg13220299) located in the end of intron 2 was linked
to higher type 2 diabetes risk. Recent studies suggested
that low levels of DNA methylation within the gene body
were related to inactive gene expression (40). The robust
association of the methylation score in subanalyses ex-
cluding participants with an early diabetes diagnosis
and with elevated HbA1c levels makes reverse causation
through undiagnosed type 2 diabetes unlikely. DNA meth-
ylation seems to be a stable marker. Thus, the observed
link of methylation of IGFBP-2 with diabetes risk suggests
that epigenetic silencing of the IGFBP-2 gene may pre-
dispose for the onset of the disease. Still, our findings on
epigenetic alterations need to be interpreted with caution
because we were the first to conduct a targeted investiga-
tion of DNA methylation in the IGFBP-2 gene region and
incident type 2 diabetes.

DNA methylation in the IGFBP-2 gene and circulating
IGFBP-2 concentrations were not associated in our adult
study population. This was not unexpected based on our
previous experiments, where we showed that DNA meth-
ylation of Igfbp-2 in the liver was different in mice
(C57BL/6) that were susceptible to diet-induced fatty liver
(15). Hypermethylation of Igfbp-2 was related to lower
plasma levels of IGFBP-2 at 6 weeks but not any longer at
20 weeks of age (15). Hence, the systemic consequences of
IGFBP-2 DNA methylation may depend on the develop-
mental phase. However, as we relied on a selected matched
case-control sample, we cannot necessarily generalize the
cross-sectional null finding to the full study population.

We further hypothesized that the effect of IGFBP-2
DNA methylation on type 2 diabetes risk might be medi-
ated by early impairment of insulin signaling and by

facilitation of visceral adiposity and liver fat accumulation.
However, conditioning the relationship betweenmethylation
score and type 2 diabetes risk on HbA1c and glucose only
slightly attenuated the risk estimate, and conditioning on
waist circumference and FLI, respectively, resulted in stron-
ger risk estimates. These results do not support our a priori
mediation hypotheses. We can still not rule out the possi-
bility that IGFBP-2 DNA methylation may affect aspects of
insulin sensitivity and hepatic lipid metabolism that are less
well captured by the phenotypic markers that we used to
reflect these physiological traits.

Importantly, the relations of IGFBP-2 DNAmethylation
and of circulating IGFBP-2 with type 2 diabetes risk were
largely independent, i.e., the associations were only mar-
ginally attenuated in mutually adjusted models. In our
observational design, we cannot narrowly pin down the
actual biological dimension of IGFBP-2 signaling reflected
by each of the parameters that we used. The fact that both
IGFBP-2 concentrations in the circulation and DNA meth-
ylation of IGFBP-2 in blood cells were independently re-
lated to type 2 diabetes risk, however, likely implicates low
IGFBP-2 availability in developmental and metabolic pro-
cesses that predispose for type 2 diabetes.

Our study had limitations. First, based on our obser-
vations we can only speculate on potential causal paths
that link IGFBP-2 to type 2 diabetes development. We used
a prospective cohort design, comprehensively adjusted
for potential phenotypical and lifestyle confounders and
a large set of known type 2 diabetes–related biomarkers,
and our results were robust in subanalyses restricted to
participants who remained free of type 2 diabetes for at
least 2 years after recruitment and who did not have
elevated HbA1c levels at baseline. Thus, our results cannot
be explained by confounding through known type 2 di-
abetes risk factors, and reverse causation should not be an
issue. Now, conclusive animal experiments and Mendelian
randomization studies may be applicable to elucidate the
mechanisms that implicate IGFBP-2 in type 2 diabetes
development and to clarify whether IGFBP-2 itself causally
affects type 2 diabetes risk. Second, our findings regarding
the association between DNA methylation in the IGFBP-2
gene and type 2 diabetes risk warrant external validation.
A strength of the incidence density sampling is that the OR
we provided should approximate relative risks in the full
study population. Due to the matched case-control design,
however, we cannot provide generalizable information on
the cross-sectional association of methylation in the IGFBP-2
gene with type 2 diabetes–related phenotypical traits and
biomarkers. Third, in the population-based EPIC-Potsdam
cohort, we relied on indirect measures of liver fat accumu-
lation and DNA methylation was measured in whole-blood
cells. Human studies that have access to other tissue
samples (e.g., liver, adipose tissue) may reveal pathways that
link IGFBP-2 methylation to type 2 diabetes risk.

To conclude, we observed in a population-based human
cohort study that circulating IGFBP-2 concentrations and
DNA methylation levels within the IGFBP-2 gene in blood

Table 4—Methylation score and type 2 diabetes risk

Exposure
Additionally

adjusted for.
OR per
SD* 95% CI

Methylation
score

— 2.71 2.12, 3.46
IGFBP-2 2.83 2.1, 3.81

Waist circumference 3.15 2.25, 4.42
FLI 3.25 2.25, 4.68

HbA1c and glucose 2.57 1.83, 3.61

DNA methylation of the IGFBP-2 gene in relation to type 2 di-
abetes risk was evaluated in a 1:1 matched case-control study
(analytical sample n = 290 case subjects and n = 290 control
subjects), nested within the EPIC-Potsdam cohort study. Control
subjectswere drawn by incidence density sampling andmatched
for age (66 months), sex, fasting time (,3 h, 3 to,6 h, and$6 h
before blood draw), time of day of blood sampling (62 h), and
season at blood sampling. *OR of developing type 2 diabetes
associated with 1 SD higher methylation score; all models were
adjusted for alcohol consumption, smoking, and physical activity
as well as age and sex (matching variables).

diabetes.diabetesjournals.org Wittenbecher and Associates 195



cells were independently and both strongly associated with
type 2 diabetes risk. The association structure in EPIC-
Potsdam is consistent with a substantial role of impaired
IGFBP-2 signaling in biological processes that predispose
for type 2 diabetes incidence.
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