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ARTICLE INFO ABSTRACT

Keywords: Aims: Serum insulin-like growth factor binding protein-2 (IGFBP-2) is low in persons with type 2 diabetes
Comorbidity, insulin-like growth factor binding mellitus (T2D) and possibly regulated by metformin. Counter-intuitively, high IGFBP-2 associates with mortality.
pmtéin'z o We investigated the association between IGFBP-2, metformin-treatment, and indices of insulin sensitivity, and
;‘Z‘:fl;:;f:smmy assessed IGFBP-2 in relation to prior comorbidity and mortality during five-year follow-up.

Mortality Methods: The study included 859 treatment-naive and 558 metformin-treated persons enrolled in the Danish

Centre for Strategic Research in T2D and followed for 4.9 (3.9-5.9) years through national health registries. All
proteins were determined in serum collected at enrollment.

Results: Following adjustment for age, metformin-treated and treatment-naive persons has similar IGFBP-2 levels.
Low IGFBP-2 level was associated with increased BMI, fasting glucose, and C-peptide. IGFBP-2 was higher in the
437 persons who had comorbidities at enrollment than in those with T2D only (343 (213;528) vs. 242 (169;378)
ng/mL). During follow-up, 87 persons died, and IGFBP-2 predicted mortality with an unadjusted HR (95% CI)
per doubling in IGFBP-2 concentration of 2.62 (2.04;3.37) and a HR of 2.21 (1.61;3.01) following full
adjustment.

Conclusions: In T2D, high IGFBP-2 associates with low glucose and insulin secretion, is unaffected by metformin
treatment, and associates with risk of prior comorbidity and mortality.

Type 2 diabetes mellitus

1. Introduction and reduced in obese adults, in whom low serum levels are indepen-

dently associated with the development of type 2 diabetes mellitus

Insulin-like growth factor binding protein (IGFBP)-2 participates in
physiological processes by regulating the bioavailability of insulin-like
growth factor (IGF)-1 and —2. The metabolic actions of the two IGFs
mimic those of insulin, being capable of stimulating peripheral glucose
uptake, lipogenesis, and glycogen synthesis through activation of the
IGF-1 receptor [1,2]. However, as opposed to insulin, IGF bioactivity is
regulated by a family of IGFBPs which comprise an intricate regulatory
network with immense adaptability [3]. Especially IGFBP-2 is impli-
cated in glucose and lipid metabolism [4], and circulating concentra-
tions in humans are positively correlated to insulin sensitivity, directly
downregulated by insulin, and increased following fasting [2]. In
addition, IGFBP-2 is inversely associated with body mass index (BMI)

(T2D) [2]. This close connection to metabolic status has put forward
IGFBP-2 as a potential biomarker in obesity, prediabetes, and diabetes
[5,6]. Additionally, in murine models, IGFBP-2 overexpression coun-
teracts obesity and reverses the insulin resistant phenotype in diet-
induced obese mice and leptin-deficient mice [7,8]. These findings
suggest that IGFBP-2 is a therapeutic target in obesity and insulin
resistance. However, its use as a treatment strategy in humans has been
sparsely investigated. This is likely due to the lack of a clear under-
standing of its plethora of pathways and the somewhat contradictory
association of IGFBP-2 with various diseases. Notably, despite elevated
serum IGFBP-2 appears to be metabolically beneficial, being associated
with an increased insulin sensitivity and a lower risk of developing
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diabetes, a high IGFBP-2 level has also been linked to an increased
mortality, not only in subjects with specific diseases, but also in rela-
tively healthy populations [9,10]. For example, IGFBP-2 is usually
overexpressed in various cancers, and high circulating levels are
invariably associated with an increased risk of cancer mortality [11,12]
and poor outcomes in cardiovascular diseases [5,9]. The reason that
IGFBP-2 appears to possess both beneficial and detrimental functions
may relate to the fact that IGFBP-2 besides controlling IGF action also
possess IGF-independent effects [13].

Metformin is the undisputed first drug of choice in T2D, and in vitro
and murine studies have suggested that IGFBP-2 expression is regulated
by metformin, but results are contradictory [14,15]. A single human
study has shown an increase in IGFBP-2 in 36 T2D persons receiving
metformin as compared to 20 persons receiving other glucose-lowering
medications [14].

The present study sought to investigate the potential effect of met-
formin treatment on IGFBP-2 levels in T2D persons enrolled in the
nationwide Danish Centre for Strategic Research in Type 2 Diabetes
(DD2) study. The study cohort comprised all subjects who were drug-
naive at enrollment as well as persons treated with metformin as the
only anti-diabetic treatment six months prior to enrollment. We hy-
pothesized that IGFBP-2 associates with insulin sensitivity and meta-
bolic markers, and that levels were elevated in persons with comorbid
conditions prior to enrollment. As IGFBP-2 appears to predict mortality,
the study also aimed to evaluate the association between IGFBP-2 level
at enrollment and all-cause mortality during the available five years of
follow-up time.

2. Material and methods
2.1. Study design and data sources

The study included persons and data from the nationwide DD2
cohort. The DD2 project is ongoing and has since 2010 enrolled persons
with recent onset T2D from general practitioners and hospital outpatient
clinics. The implementation and logistics of the DD2 cohort has been
described in detail elsewhere [16,17]. Using the unique personal iden-
tifier provided by the Danish Civil Registration System, enrolled person
data were linked to several Danish health registers, where subjects were
followed prospectively from date of enrollment until death or 22 August
2018, whichever came first. From the Danish National Patient Register
(DNPR) [18], information regarding Charlson Comorbidity Index (CCI)
conditions at baseline was obtained using ICD-10 disease codes. More
detailed cancer data were available from the Danish Cancer Registry.
Linkage with the Danish Diabetes Database for Adults (DDDA) provided
additional information on routine laboratory measurements, antihy-
pertensive treatment, hypolipidemic treatment, and BMI [16,17,19].
However, for some persons, linkage to the DDDA was not possible, and
thus, certain baseline data were missing. Information on drug pre-
scriptions, including the date of dispensing, as well as amount and type
of drug prescribed, was obtained from the Danish National Health Ser-
vice Prescription Database [20]. Because of the high-quality Danish
healthcare registers, no persons were lost during follow-up. Variable
sources and definitions are summarized in Supplementary Table S1.

The study was approved as part of the DD2 study by the National
Committee on Health Research Ethics (Denmark) (record number S-
20100082) and the Danish Data Protection Agency (record number
2008-58-0035). All cohort participants gave written informed consent
to participate.

2.2. Study cohort

The source cohort comprised all individuals with T2D diagnosed in
accordance with the World Health Organization definition of T2D. All
persons included in this study were enrolled between November 2010
and August 2018, with blood samples stored in the DD2 biobank (n =
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8246) [16]. Person follow-up data was extracted from the registers on
August 28. Subjects were excluded if the presented with rare subtypes of
diabetes, secondary diabetes, glucocorticoid-associated diabetes, or
latent autoimmune diabetes of adults (LADA), defined as glutamic acid
decarboxylase antibodies (GADA) > 20 IU/mL and age > 30 years [19].
Persons were also excluded if they were < 30 years and had GADA > 20
IU/mL, indicative of type 1 diabetes mellitus (T1D). Finally, persons
were excluded if they had no available measurements of GADA, which is
necessary to exclude presence of LADA or T1D with certainty. To
investigate the association between IGFBP-2 and measures of insulin
sensitivity, persons that were non-fasting or without measurement of
fasting glucose or C-peptide were also excluded. Persons fulfilling the
inclusion criteria and were eligible for analysis.

The present study cohort was restricted to treatment-naive or
metformin-treated T2D persons. Although the DD2 cohort recruits
recently diagnosed T2D persons, approximately 84 % have already
initiated glucose-lowering treatment at enrollment [16]. Thus, of the
persons that fulfilled inclusion criteria, we selected all subjects that were
drug-naive (receiving no anti-diabetic treatment one year prior to
enrollment). The group of metformin-treated T2D persons were defined
as subjects receiving metformin as the only anti-diabetic treatment one
year prior to enrollment and > two prescriptions six months prior to
enrollment. From the group of metformin-treated persons, a subgroup
was randomly selected to generate the final study cohort. The cohort
was used for analysis of IGFBP-2 serum levels.

2.3. Laboratory measurements

Laboratory measurements were performed in an ISO 15189
accredited laboratory (Supplementary Table S1). Fasting serum was
assessed for IGFBP-2 using an assay developed on the automated Simoa
HD-1 Analyzer platform (Quanterix©, Billerica, MA, USA) at Center
Hospital Lillebaelt, Region of Southern Denmark. Serum samples were
diluted 200-fold before analysis, and four in-house quality controls were
included in each run. The seven-point calibration curve was prepared
using 3-fold dilutions starting at 10 pg/L and analyzed in duplicates,
while the controls and samples were run in single determinations. The
calibration curve was generated using a four-parameter logistic
regression-fit. The analytical coefficients of variation (CV%) ranged
from 8 to 15 %. A through description of the method is given in Sup-
plementar y methods.

2.4. Statistics

Calculations of BMI, estimated glomerular filtration rate (eGFR),
diabetes duration, homeostatic model assessment 2 of insulin sensitivity
(HOMAZ2-S) and beta cell function (HOMAZ2-B) are summarized in Sup-
plementary Table S1. Based on hospital diagnosis ICD-10 codes, the co-
morbidity burden of each person within the 10-year period before the
DD2 enrollment date was computed using the CCI score, defining three
comorbidity levels: low (score of 0), medium (score of 1-2) and high
(score of > 3) [21]. T2D was not included in the CCI score as it consti-
tuted the index disease. We separately described all previous cardio-
vascular events or cancer diseases prior to enrollment.

Non-normally distributed variables were logs-transformed prior to
statistical analyses. Person groups were compared using Student’s t-test
or Mann-Whitney U-statistics on continuous variables, and y>-test on
categorical variables. Characteristics of the study population in different
IGFBP-2 tertile groups were evaluated for linear trend across ordered
groups using linear regression analyses with the ordered group as a
continuous explanatory variable or using the Jonckheere-Terpstra test.
Associations were analyzed using linear regression, Cox regression, or
Pearson correlation.

Receiver operating characteristic (ROC) curves were used to analyse
the prognostic performance of IGFBP-2. Cumulative incidence of all-
cause mortality according to IGFBP-2 tertiles was plotted using the
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Kaplan-Meier method, and incidence distributions were compared using
the log-rank test. Survival analyses were performed using Cox
proportional-hazards models. Hazard proportionality and linearity as-
sumptions were graphically verified by log-log plots, fitted survival
curves, and smoothed Martingale and Schonenfeld residuals plots [22].

Extensive adjustments were performed to ensure robustness of the
potential associations, and all candidate confounder variables and blood
biomarkers were initially considered for the regression models. In a
partially adjusted Cox regression model 1, HRs were adjusted for pre-
specified confounders based on clinical judgement, as is recom-
mended. Thus, model 1 included sex, age, BMI, C-peptide, eGFR, and
CCL In the fully adjusted model 2, HRs were adjusted for sex, age, BMIL,
C-peptide, eGFR, CCI, diabetes duration, fasting blood glucose, HbA;,
diastolic blood pressure, HDL cholesterol, and smoking. To maximize
power and avoid selection bias, imputation methods were applied to
handle missing covariable data. Multivariate normal imputation was
used to impute missing values of continuous variables, generating 20
complete datasets. Variables were assumed to follow a joint multivariate
normal distribution and to be missing at random. The categorical vari-
able smoking was used as a binary variable with two categories (0 =
never smoking; 1 = smoking [former/current]) and was imputed on a
continuous scale and rounded to 0 if the value was smaller than 0.5, or 1
otherwise. The imputed models were validated by comparing the mean,
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median, and interquartile range (IQR) of the imputed data set with the
original data set. Imputations were not performed on IGFBP-2 variables
or outcome variables.

Sensitivity analyses were performed to investigate the effect of dia-
betes duration prior to enrollment. Comparative analyses were made on
individuals with T2D diagnosed at the time of enrollment, on individuals
with a diagnosis occurring prior to enrollment but within the last 2
years, and on individuals with a diabetes duration exceeding 2 years.
Furthermore, sensitivity analyses on the entire cohort, treatment-naive,
and metformin-treated persons were performed.

Continuous variables are shown as median (IQR). Categorical vari-
ables are indicated as numbers (n) and percentage (%). P < 0.05 was
considered statistically significant. All statistics were performed using
Stata version 17 (College Station, TX, USA).

3. Results
3.1. Study cohort and characteristics

The source cohort included 8246 persons from the DD2 biobank
[16], of which 3789 subjects were excluded for one or more reasons

(flowchart shown in Fig. 1). Persons with rare subtypes of diabetes,
secondary diabetes, glucocorticoid-associated diabetes, LADA, or T1D

November 2010 to August 2018
8246 persons eligible in the DD2 study cohort

| Persons with rare forms of diabetes or

T1D (n=454)

»| Persons without measurement of fasting

glucose or C-peptide (n=3729)

Persons without measurement of GADA

A

\ 4

(n=2533)

4457 persons with WHO defined T2D eligible for analysis

Persons receiving antidiabetic treatment
<1 year prior to enroliment
(n=3590)

F N

Persons receiving no or other antidiabetic
treatment than metformin 12 months prior
to enrollment or <2 metformin
prescriptions 6 months prior to enrollment
(n=2416)

A\ 4

867 treatment-naive persons

2041 metformin-treated persons

Lack of sample for IGFBP-2
measurement or missing IGFBP-2
measurement (n=8)

A

.| Random exclusion of persons to obtain
7 study cohort (n=1480)

Lack of sample for IGFBP-2
> measurement or missing IGFBP-2
measurement (n=3)

1417 persons eligible for final analysis (859 treatment-naive and 558 metformin-treated)

A

A4

Danish Civil
Registration System

Danish National
Patient Register

Danish National
Health Service
Prescription Database

Danish Cancer
Registry

Danish Diabetes
Database for Adults

Fig. 1. Flow chart of data collection in the DD2 cohort study. Some excluded patients met multiple exclusion criteria. DD2, Danish Centre for Strategic Research in
Type 2 Diabetes; GADA, glutamic acid decarboxylase antibodies; HOMA2, homeostatic model assessment 2; IGFBP-2, insulin-like growth factor binding protein-2;

T1D, type 1 diabetes; WHO, World Health Organization.
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were excluded (n = 454), as well as persons with no available mea-
surements of GADA (n = 2533). Subjects that were non-fasting or
without measurement of fasting glucose or C-peptide were also excluded
(n = 3729). Following these initial exclusions, 4457 persons fulfilled the
inclusion criteria and were eligible for analysis. The study cohort was
then restricted to persons who were drug-naive (n = 867) or had
received metformin as the only anti-diabetic treatment one year prior to
enrollment (n = 2041). A total of 561 metformin-treated persons were
randomly selected to generate the study cohort of 1428 persons.
Following analysis of IGFBP-2, measurements were missing in 11 per-
sons. Thus, the final study cohort comprised 859 drug-naive and 558
metformin-treated persons eligible for analyses. For some persons,
linkage to the DDDA was not possible, and thus, certain baseline data
were missing (n = 2-830; 0.1-58.6 %) (Supplementary Table S2).
Treatment-naive persons were older than persons receiving metfor-
min, whereas diabetes duration was longer in metformin-treated per-
sons. BMI and sex distribution were similar in both groups. HbA;. was
slightly higher in metformin-treated persons, but no differences were
seen in HOMA2-S, HOMA2-B, fasting glucose, or C-peptide between
groups. There was no difference in CCI. In all subjects, median IGFBP-2
level was 260 (181;431) ng/mL. Subjects receiving metformin had lower
levels of IGFBP-2 as compared to treatment-naive persons. However,
treatment with metformin was associated with lower age and following

Table 1
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adjustment for age, metformin no longer associated with IGFBP-2 (p =
0.798). Additional regression analyses with adjustment for all potential
confounders confirmed this finding. Restricting analyses to those with
T2D diagnosed at the time of enrollment, individuals with a diagnosis
occurring prior to enrollment but within the last 2 years, or to in-
dividuals with a diabetes duration exceeding 2 years did not change the
results. Thus, in all subsequent analyses, drug-naive and metformin-
treated persons were analyzed as one group. Table 1 presents charac-
teristics of the entire study population and of persons stratified by ter-
tiles of serum IGFBP-2 levels. Characteristics of treatment-naive and
metformin-treated T2D persons are shown in Supplementary Table S3.

3.2. Associations with metabolic markers

At baseline, IGFBP-2 was negatively associated with BMI (r =-0.361)
and waist-hip ratio (r = —0.120) and positively associated with age (r =
0.531). Levels of IGFBP-2 associated with indices of insulin sensitivity,
being inversely associated with fasting glucose (p = —0.278) and C-
peptide level (r = —0.331) and positively associated with HOMA2-S (r =
0.350). IGFBP-2 was not associated with HOMA2-B. HDL cholesterol
and triglyceride level also correlated with IGFBP-2 (r = 0.230 and r =
—0.298, respectively). An inverse association was observed between
IGFBP-2 and eGFR (r = -0.369), and thus, increased protein

Characteristics of T2D persons stratified by tertiles of serum IGFBP-2 levels. Characteristics of the persons in the entire cohort and stratified by IGFBP-2 tertile. Values
for continuous variables are shown as median (interquartile range). Categorical variables are indicated as numbers (n) and percentage (%) of persons.

Characteristic All persons (n = 1417) IGFBP-2 tertile
Low (n = 473) Middle (n = 472) High (n = 472) p for trend
74-207 ng/mL 209-362 ng/mL 366-1486 ng/mL
Age, years 64 (56;70) 56 (49;63) 64 (57;70) 70 (64;75) <0.001
Male sex, n (%) 802 (56.6) 252 (53.3) 270 (57.2) 280 (59.3) 0.164
BMI, kg/m? 29.7 (26.7;33.6) 32.2 (28.7;36.6) 29.8 (27.0;33.2) 27.7 (24.8;30.6) <0.001
Waist-hip ratio 0.97 (0.91;1.03) 0.98 (0.92;1.03) 0.98 (0.91;1.03) 0.95 (0.89;1.02) 0.001
Metformin, n (%) 558 (39.4) 201 (42.5) 187 (39.6) 170 (36.0) 0.124
Diabetes duration, years 0.9 (0.02;2.3) 0.7 (0.02;2.2) 0.8 (0.00;2.2) 1.2 (0.03;2.6) 0.108
HbA;., % 6.3 (6.0;6.8) 6.6 (6.1;6.9) 6.3 (6.0;6.7) 6.3 (5.9;6.7) <0.001
HbA;., mmol/mol 45.7 (42.6;50.9) 47.6 (43.6;51.9) 45.7 (42.7;49.8) 45.4 (41.0;49.8) <0.001
HOMAZ2-S: insulin sensitivity 37.0 (28.1;48.7) 31.3(23.9;39.7) 36.8 (28.6;49.4) 43.8 (34.7;57.6) <0.001
HOMA2-B: beta cell function 93.7 (72.7;119.4) 96.7 (75.0;123) 93.1 (71.9;119) 91.0 (70.6;116) 0.035
C-peptide, pmol/L 1098 (834;1422) 1267 (1022;1659) 1098 (824;1380) 945 (725;1192) <0.001
Plasma glucose, mmol/L 7.0 (6.3;7.9) 7.4 (6.7;8.2) 7.0 (6.3;7.8) 6.7 (6.1;7.4) <0.001
Lipids, mmol/L
Total cholesterol 4.4 (3.8;5.1) 4.4 (3.7;5.3) 4.5(3.8;5.2) 4.3 (3.8;5.0) 0.236
LDL cholesterol 2.3(1.8;2.9) 2.4 (1.8;2.9) 2.3 (1.8;3.0) 2.2 (1.8;2.8) 0.082
HDL cholesterol 1.2 (1.1;1.5) 1.2 (1.0;1.3) 1.2 (1.1;1.5) 1.4 (1.1;1.6) <0.001
Triglycerides 1.5 (1.1;2.2) 1.8 (1.3;2.6) 1.5 (1.1;2.1) 1.3 (1.0;1.7) <0.001
Blood pressure, mmHg
Systolic 130 (124;140) 130 (124;140) 130 (125;140) 130 (124;138) 0.569
Diastolic 80 (74;85) 80 (76;86) 80 (74;85) 78 (66;92) <0.001
Anti-hypertensive treatment, n (%) 758 (67.4) 221 (60.7) 252 (68.1) 285 (76.0) <0.001
Hypolipidemic treatment, n (%) 679 (61.2) 215 (59.1) 231 (62.4) 233 (62.1) 0.585
Creatinine, pmol/L 74 (64;86) 71 (62;82) 74 (64;86) 77 (66;90) <0.001
eGFR, ml/min/1.73 m? 87 (74;96) 93 (82;101) 87 (74;96) 81 (64;89) <0.001
Smoking, n (%)
Never 497 (48.6) 179 (55) 145 (43) 173 (48) 0.036
Previous 339 (33.2) 93 (29) 121 (36) 125 (35)
Current 186 (18.2) 54 (17) 71 (21) 61 (17)
Physical activity, days/week* 4(2;,7) 3(1;6) 4(2;,7) 4(2;7) 0.013
Weekly alcohol consumption, n (%)
<14/21 units (women/men) 1306 (92.2) 438 (92.6) 423 (89.6) 445 (94.3) 0.026
>14/21 units (women/men) 111 (7.8) 35 (7.4) 49 (10.4) 27 (5.7)
CCI score, n (%)
0 980 (69.2) 367 (75.3) 345 (73.1) 268 (56.8) <0.001
1-2 376 (26.5) 93 (19.7) 113 (24.0) 170 (36.0)
>3 61 (4.3) 13 (2.8) 14 (3.0) 34 (7.2)
All previous cardiovascular disease, n (%) 360 (25.4) 76 (16.1) 123 (26.0) 161 (34.1) <0.001
All previous cancer, n (%) 158 (11.2) 38 (8.0) 49 (10.4) 71 (15.0) 0.002
Mortality, n (%) 87 (6.1) 9(1.9) 25 (5.3) 53 (11.2) <0.001

*Days per week with a minimum of 30 min of physical activity.

BMI, body mass index; CCI, Charlson Comorbidity Index; eGFR, estimated glomerular filtration rate; HbA;., glycated hemoglobin; HDL, high-density lipoprotein;
HOMAZ2, homeostasis model assessment 2; IGFBP-2, insulin-like growth factor binding protein-2; LDL, low-density lipoprotein.
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concentration was associated with a reduced kidney function. IGFBP-2
was not associated with T2D duration at enrollment. Persons with
high IGFBP-2 were more likely to receive anti-hypertensive treatment.

3.3. IGFBP-2 and comorbidity

Persons with one or more hospital-diagnosed comorbidities (CCI >
0) within the 10-year period prior to enrollment were older and had
longer diabetes durations than persons with no comorbidities (CCI = 0).
More men than women suffered from comorbidities, but no differences
were seen in BMIL IGFBP-2 level was lower in persons with no comor-
bidities at enrollment (242 (169;378) ng/mL) as compared to persons
with a CCI score of 1-2 (327 (212;514) ng/mL) or > 3 (415 (229;675)
ng/mL) (Fig. 2). The characteristics of T2D persons with (CCI > 0) or
without (CCI = 0) comorbidities are shown in Supplementary Table 54.

IGFBP-2 level was increased in subjects with previous cardiovascular
disease or cancer at any timepoint before the enrollment date, both
when compared to all other persons and when compared to persons with
a CCI score of 0. Additional analyses of the comorbid diseases included
in calculation of the CCI showed that levels of IGFBP-2 were elevated in
certain conditions as compared to persons with no comorbidities. Levels
were higher in persons with previous myocardial infraction (n = 69),
congestive heart failure (n = 43), peripheral vascular disease (n = 60),
cerebrovascular disease (n = 77), chronic pulmonary disease (n = 99),
ulcer disease (n = 27), renal disease (n = 21), and any cancer disease (n
= 124). Following adjustment for age, the associations persisted be-
tween high IGFBP-2 level and myocardial infarction, peripheral vascular
disease, cerebrovascular disease, chronic pulmonary disease, and ulcer
disease.

3.4. Follow-up analysis of all-cause mortality

The persons were followed in the registers for a median of 4.9
(3.9;5.9) years from the date of enrollment, during which 87 died.
Mortality was not associated with T2D duration at enrollment. However,
death was observed more frequently in persons with a CCI score of 1-2
(n = 45 (11.8 %)) or a CCI score > 3 (n = 11 (17.7 %) than in persons
with no preexisting comorbidities (n = 32 (3.2 %)), p < 0.001.

IGFBP-2 level was significantly increased with increasing CCI score

*
1,750
1,500
~ 1,250
Z —
~ * *
£ 1,000 [
o
o
m 7507
[T
Q
500
250
0
0 12 =3 0 12 =23 0 12 =23
All patients Alive Dead

Fig. 2. Baseline level of IGFBP-2 according to CCI and mortality. IGFBP-2
concentrations at baseline in persons with a low (0), medium (1-2), or high
(>3) CCI score according to mortality status at follow-up. Boxes represent
median with 25th and 75th percentiles. *p < 0.05. CCI, Charlson Comorbidity
Index; IGFBP-2, insulin-like growth factor binding protein-2.
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both in persons who were alive and in persons who had died at the end of
follow-up (Fig. 2). Since IGFBP-2 was highly associated with comor-
bidities prior to enrollment, its relation to all-cause mortality was
analyzed both in the entire cohort and separately on persons without
preexisting comorbidities or with a medium to high CCI score (CCI > 0).
ROC area under the curve (AUC) demonstrated that in the entire cohort,
IGFBP-2 had a discriminatory capability of 72 (67;77)%. Log-rank
analysis showed different incidence distributions according to IGFBP-2
tertile, and increased mortality was associated with increased IGFBP-2
tertile level in the entire cohort. A total of 9, 25, and 53 deaths were
observed in the low, middle, and high tertile groups, respectively (p¢end
< 0.001). The associations persisted when subjects were divided into
groups based on CCI score, and the strongest association was observed in
persons with one or more comorbidities. Kaplan-Meier survival curves
according to tertiles of IGFBP-2 are shown in Fig. 3. The association
between mortality and IGFBP-2 was investigated using both the
continuous variable and tertiles with the low tertile as reference group
(Table 2). With each 2-fold increase in IGFBP-2 concentration, the
mortality HR increased by 162 % in unadjusted analysis. In a categorical
model using the first tertile as reference, IGFBP-2 was associated with
mortality with an increase in HR of 187 % and 523 % for the middle and
high tertile, respectively. As a continuous variable, IGFBP-2 remained
associated with mortality in the partially and fully adjusted models,
whereas the categorical model was significant when comparing the high
vs. low tertile. Separate analyses performed on subjects stratified by
presence of comorbidities confirmed these findings (Supplementary
Table S5). In persons with a CCI = 0, IGFBP-2 as a continuous variable
was only associated with outcome in the univariable analysis. However,
in persons with CCI > 0, IGFBP-2 associated with mortality in all models.
Restricting analyses to those treated with metformin or to those with
T2D diagnosed at the time of enrollment, prior to enrollment but within
the last 2 years, or more than 2 years before enrollment did not change
the associations.

4. Discussion

In this cohort of 1417 persons with T2D, low circulating IGFBP-2 was
associated with high fasting glucose and insulin secretion and low
HOMAZ2-S, which may indicate insulin resistance. However, levels were
not affected by treatment with metformin. Interestingly, IGFBP-2 level
at enrollment was higher in persons who suffered from comorbidities,
and concentrations associated positively with five-year all-cause mor-
tality. The prognostic ability of IGFBP-2 appeared to rely primarily on its
association with comorbidities. This finding may appear contradictory,
as subjects with high IGFBP-2 had a more favorable metabolic risk
profile.

To our knowledge, this is the first clinical study to demonstrate that
metformin does not exert an effect on circulating IGFBP-2 level. Met-
formin is the most extensively prescribed insulin-sensitizing and
glucose-lowering agent [23], and thus, given the association between
IGFBP-2 and insulin sensitivity, it is not far-fetched to hypothesize that
IGFBP-2 is influenced by metformin actions. So far, the association be-
tween IGFBP-2 and metformin has been assessed in two previous studies
only, and results were conflicting. In cell cultures and mice, metformin
increased gene expression of IGFBP2 [14]. The opposite was demon-
strated in prostate cancer cell lines, with metformin treatment causing a
reduction in IGFBP2 gene expression [15]. In a relatively small study by
Kang et al., IGFBP-2 was assessed in 36 T2D persons receiving metfor-
min, 20 persons receiving other glucose-lowering medications, and 53
non-diabetes controls [14]. In T2D persons receiving metformin, IGFBP-
2 level was increased compared to T2D persons receiving other medi-
cations, and levels were comparable to those found in non-diabetics.
Thus, the study contained no strict comparison of drug-naive and
metformin-treated T2D persons, as opposed to our study. Therefore, we
conclude that metformin does not seem to affect IGF homeostasis by
modulating IGFBP-2 in persons with T2D.
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All T2D patients

T2D patients without comorbidity
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T2D patients with comorbidity
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Years since diagnosis

Number at risk Number at risk

Low 473 434 352 129 Low 367 336
Middle 472 440 352 104 Middle 345 322
High 472 433 339 96 High 268 254

Years since diagnosis

Years since diagnosis
Number at risk

274 97 Low 106 98 78 32
264 76 Middle 127 118 88 28
210 64 High 204 179 129 32

Fig. 3. All-cause mortality in persons according to tertiles of IGFBP-2. P-values: log-rank test for equality of survival between tertile groups. T2D, type 2 dia-

betes mellitus.

Table 2

Cox regression analyses. IGFBP-2 as a continuous and categorical variable was investigated both in univariable and multivariable analyses. Model 1 was adjusted for
sex, age, BMI, C-peptide, eGFR, and CCI. Model 2 was adjusted for sex, age, BMI, C-peptide, eGFR, CCI, diabetes duration, fasting blood glucose, HbA,, diastolic blood
pressure, HDL cholesterol, and smoking. Missing covariables were treated with multiple imputation.

Log,-IGFBP-2 Univariable Model 1 Model 2

Model Range (ng/mL) HR (95 % CI) p HR (95 % CI) P HR (95 % CI) p
Continuous* 2.62 (2.04;3.37) <0.001 2.11 (1.55;2.88) <0.001 2.21 (1.61;3.01) <0.001
Categoricalf

Low tertile 74-207 Reference Reference Reference

Middle tertile 209-362 2.87 (1. 34;6.16) 0.027 2.02 (0.93;4.45) 0.077 2.09 (0.95;4.61) 0.068
High tertile 366-1486 6.23 (3.07;12.64) <0.000 3.23 (1.47;7.09) 0.003 3.57 (1.61;7.92) 0.002

* HR per doubling of IGFBP-2; modeled as log(IGFBP-2)/log(2).

BMI, body mass index; CCI, Charlson Comorbidity Index; CI, confidence interval; eGFR, estimated glomerular filtration rate; HbA;, glycated hemoglobin; HDL, high-
density lipoprotein; HR, hazard ratio; IGFBP-2, insulin-like growth factor binding protein-2.

 HR with the low tertile as reference group.

In the present study, low IGFBP-2 was cross-sectionally associated
with increased fasting glucose, C-peptide, insulin resistance, and body
fat. This finding is in accordance with previous observations and sup-
ports the common conception that IGFBP-2 possesses metabolically
beneficial and T2D-protective effects, primarily mediated through its
leading operator, IGF-1 [24]. Supportive of this, IGFBP-2 transgenic
mice show reduced caloric intake and susceptibility to obesity and in-
sulin resistance in response to dietary excess [7]. IGFBP-2 over-
expression also results in improved hepatic insulin sensitivity and a
reversal of the diabetic phenotype in diet-induced obese mice and leptin-
deficient mice [8]. Furthermore, IGFBP-2 is the primary binding protein
secreted by differentiating white adipocytes [25], and administration of
IGFBP-2 to human adipocytes results in an impairment of adipogenesis
and adipocyte size, especially at the visceral level [26]. However,
despite a potential benefit of IGFBP-2 in obesity prevention, its use as a
therapeutic has yet to be pursued [7,8,13].

Considering the strong inverse association between IGFBP-2 and
insulin, IGFBP-2 may also serve as a robust biomarker for the identifi-
cation of individuals with so-called insulinopenic T2D, who are char-
acterized by relatively high insulin sensitivity but reduced beta cell
function [27]. Unlike the hyperinsulinemic T2D person, who is severely
insulin resistant and benefits from treatment with insulin-sensitizing
agents such as metformin, the ideal path to normoglycemia for the
insulinopenic person is to improve insulin secretion or use insulin
treatment. IGFBP-2 could potentially identify this subgroup of persons,
who may benefit from treatment aiming at increasing insulin levels and
thus allow for more individualized treatments. Importantly, the lack of
noticeable prandial or diurnal variability makes IGFBP-2 especially

attractive as a biomarker in situations where fasting blood samples are
not available [28].

Despite the apparent beneficial metabolic effects of IGFBP-2, our
study also demonstrate that elevated serum IGFBP-2 concentrations are
anything but beneficial as regards morbidity. High IGFBP-2 has been
observed in numerous diseases, including cardiovascular disease
[29,30], neurodegenerative diseases [31], osteoporosis, and bone dis-
eases [32]. Especially in cancer, IGFBP-2 has been considered to act as
an oncogene, and it appears integrally involved in cellular growth and
apoptosis through IGF-driven mechanisms [11,33-35]. Blocking of
IGFBP-2 efficiently reduce tumor growth and metastasis in vitro and in
rodents [36,37]. Of note, IGFBP-2 seems to exert intrinsic roles in
tumorigenesis through a variety of IGF-independent molecular path-
ways [36]. IGFBP-2 interacts with transcription factors and cytoplasm-
nuclear transporters [36] and it can inactivate the tumor suppressor
gene PTEN [38]. Thus, these findings provide direct mechanistic links
between IGFBP-2 and cancer disease. In conditions outside of cancer,
IGFBP-2 appears to possess a plethora of functions, although the effects
are less clear. Its association to morbidities may partly be explained by
impaired nutritional status, as IGFBP-2 levels are known to be very high
in patients with anorexia nervosa and reduced following refeeding [39].
High levels of IGFBP-2 also associate with various inflammatory medi-
ators, and malnutritional, catabolic states, and inflammatory conditions
are all coexistent with many diseases and furthermore, associated with
reduced IGF-1. Collectively, our results suggest that there is a U-shaped
association between serum IGFBP-2 level and detrimental effects. Low
IGFBP-2 associates with high fasting glucose and insulin secretion, high
IGFBP-2 associates with several morbidities. Thus, additional studies
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may be able to identify an ideal IGFBP-2 range that associates with a
healthier phenotype. Interestingly, similar U-shaped relationships are
found for IGF-1 and other IGFBPs, especially IGFBP-1 [6,40].

Besides the association between IGFBP-2 and morbidity, we found a
strong association between baseline IGFBP-2 level and mortality during
follow-up. In the entire cohort, persons in the high IGFBP-2 tertile group
died at three times the rate of persons in the low tertile group, despite
adjustment for CCI and age. Thus, combined with its association with
morbidity, IGFBP-2 possesses prognostic value for mortality, and this
relationship appears independent of metabolic status. Consequently,
regarding non-diabetes disease monitoring and mortality, IGFBP-2
levels must be interpreted in relation to insulin sensitivity, and ana-
lyses should always be adjusted for potential metabolic confounders.

The primary strength of the study is the size and comprehensiveness
of the DD2 cohort, and its linkage to several high-quality Danish health
registers. However, for this investigation, subjects were selected based
on treatment characteristics, and consequently, our cohort does not fully
represent the general T2D person in Denmark (n = 8246 at index date
for this study). Furthermore, those who did not receive any glucose-
lowering therapy at baseline were older than those who received mon-
otherapy or combination therapy, and persons with a high comorbidity
level were more likely to initiate glucose-lowering therapy. We also
noticed that the likelihood of initiating glucose-lowering therapy during
the first year following diagnosis was higher in persons with central
obesity, limited physical activity, high blood glucose, and high HbA;,
[41]. In addition, the limitations of this study include a possible
participation bias when entering the DD2 cohort [42]. We may expect
reduced participation of individuals with a severe T2D phenotype or
high cardiovascular risk, which may bias results toward the null hy-
pothesis. Furthermore, studying associations with morbidity and mor-
tality is rendered difficult by the complex nature of the T2D patient
profile. A variety of other drugs used in this cohort, including anti-
hypertensive and hypolipidemic treatments, likely impede the in-
terpretations. Finally, based on our observations and the study design,
we can only speculate on potential causal pathways that link IGFBP-2 to
T2D.

5. Conclusions

In persons with T2D, high IGFBP-2 levels associated with increased
comorbidity at baseline and all-cause mortality. Concentrations of
IGFBP-2 correlated with estimated parameters of insulin sensitivity,
including fasting glucose and insulin secretion, but were unaffected by
treatment with metformin. Our findings suggest that IGFBP-2 is inti-
mately involved in the metabolic dysregulation that accompanies T2D,
possesses a plethora of functions in human health and disease and holds
potential both as an indicator of insulin resistance and for the detection
and monitoring of various pathologies.
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