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Abstract

Aims/hypothesis Growth differentiation factor 15 (GDF-15) is an anti-inflammatory cytokine of the transforming growth
factor-3 superfamily. Circulating levels of GDF-15 are associated with hyperglycaemia among people with obesity or diabetes,
but longitudinal evidence on the association between GDF-15 levels and diabetes risk is scarce. Our aim was to explore whether
circulating levels of GDF-15 at baseline are positively associated with future diabetes incidence in a middle-aged urban
population.

Methods Between 1991 and 1994, baseline fasting plasma GDF-15 levels were measured in 4360 individuals without diabetes
(mean age 57.4 £5.96 years, 38.6% men) who were participants in the Malmo Diet and Cancer—Cardiovascular Cohort. After a
follow-up of 19.0£5.16 years (mean + SD), Cox proportional hazards regression analysis was used for the study of the rela-
tionship between baseline GDF-15 and incident diabetes, with adjustment for established confounders. A sensitivity analysis
included further adjustment for levels of C-reactive protein (CRP).

Results During the follow-up period, 621 individuals developed diabetes. The multivariate-adjusted HR for diabetes incidence
was 1.43 (95% CI 1.11, 1.83; p for trend = 0.007) for the fourth compared with the first quartile of GDF-15, and was 1.17 (95%
CI 1.07, 1.28; p<0.001) per SD increase of GDF-15. If participants were grouped according to baseline fasting glucose, the
association between GDF-15 and diabetes risk was only evident in the group without impaired fasting glucose (n =3973). The
association tended to be less significant with increasing age: multivariate-adjusted HRs for diabetes per SD increase of GDF-15
were 1.24 (95% C11.08, 1.42),1.19 (95% CI 1.00, 1.41) and 1.04 (95% C10.89, 1.23) for participants aged <55, 56—60 (>55 and
<60) and >60 years, respectively. With adjustment for levels of CRP, the HR per SD increase of GDF-15 (1.21, 95% CI 1.09,
1.35) was significant (p = 0.015), but the HR for the fourth compared with the first quartile of GDF-15 was not significant (HR
1.30; 95% CI 1.01, 1.67; p for trend = 0.061).

Conclusions/interpretation GDF-15 may be useful for identification of people with a risk of incident diabetes, especially if those
people are <60 years old.
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What is already known about this subject?

e  Growth differentiation factor-15 (GDF-15) is an anti-inflammatory cytokine that has shown protective effects against
obesity and hyperglycaemia in experimental studies in mice

e In humans, circulating GDF-15 levels are associated with adverse outcomes

e  Results from a case-control study have previously identified a nonsignificant association between circulating GDF-15
levels at baseline and the subsequent incidence of diabetes

What is the key question?

e Does a positive association exist between baseline circulating GDF-15 levels and incident diabetes in a middle-aged

urban population?

What are the new findings?

e  Circulating levels of GDF-15 are significantly positively associated with the risk of incident diabetes over a 19 year

follow-up period in a middle-aged urban population

e The strength of this association is influenced by age, and is stronger in groups with lower baseline ages

How might this impact on clinical practice in the foreseeable future?

e  GDF-15 may be useful for the identification of people who are at risk of diabetes, particularly those who are <60 years

old when assessed

Introduction

Growth differentiation factor 15 (GDF-15) is a divergent
member of the transforming growth factor-f3 (TGF-f3) cyto-
kine superfamily [1, 2]. GDF-15 was initially identified as an
autocrine inhibitor of macrophage activation and labelled
macrophage inhibitory cytokine-1 [1], and its multiple roles
in the regulation of cell proliferation, migration and mainte-
nance of homeostasis were only discovered later [2]. In
humans, GDF-15 is mainly expressed in macrophages and
epithelial cells of various tissues [2], as well as in adipocytes.
GDF-15 expression is positively associated with adiponectin
production, which supports the proposal that GDF-15 is an
adipokine [3]. Expression and secretion of GDF-15 can be
dramatically enhanced by stimuli including injury, inflamma-
tion and malignancy [1, 4].

In experimental studies involving mice, GDF-15 has been
found to control appetite [4, 5], reduce body weight and fat
mass [4-7], increase thermogenesis, lipolysis and oxidative
metabolism [6, 7], improve insulin sensitivity and glucose
tolerance [5-7], and attenuate endothelial cell injury induced
by high levels of glucose [8]. Because of these protective
effects, GDF-15 has been considered to be beneficial for the
prevention and treatment of obesity and hyperglycaemia
[4-7]. However, in human studies, elevated GDF-15 concen-
trations are associated with adverse outcomes [9]. In individ-
uals with obesity or diabetes, circulating levels of GDF-15 are
higher than in unaffected individuals [10-12], and are posi-
tively correlated with blood concentrations of glucose, HbA .,

insulin resistance, C-reactive protein (CRP) and other cardio-
vascular risk factors [10, 11, 13]. GDF-15 levels are also as-
sociated with cardiovascular disease in individuals with
established diabetes [14]. However, longitudinal data relating
to the association between GDF-15 and diabetes risk are
scarce. The only relevant study conducted to date was a pro-
spective, nested case—control study [15], the results of which
were that baseline circulating GDF-15 concentrations were
higher in cases than in control participants, and had a nonsig-
nificant positive association with the incidence of diabetes (age
and sex-adjusted OR 1.21; 95% C1 0.997, 1.46; p =0.054). In
this study, the sample size was fairly small (180 cases of dia-
betes and 372 control participants) [15], and large cohort stu-
dies are still required to clarify whether circulating GDF-15
levels are associated with the incidence of diabetes. In the
current study, our aim was to test this association in a
middle-aged urban population in Sweden.

Methods

Participants The Malmo Diet and Cancer (MDC) study is a
large prospective cohort study that includes men and women
from Malmé, a city in southern Sweden [16]. From 1991 to
1994, 6103 participants were randomly selected from the
MDC study population and were invited to undergo additional
examinations to study the epidemiology of carotid artery athe-
rosclerosis. These individuals constituted the subcohort of the
MDC cohort, the Malmo Diet and Cancer—Cardiovascular
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Cohort (MDC-CV) [17]. Among them, 291 were excluded on
the basis of missing data on waist circumference or smoking.
Of the remaining 5812 participants, 5249 attended a second
appointment for fasting blood collection. Participants who had
missing data on LDL-cholesterol or glucose (n =21), or whose
remaining stored blood samples were insufficient for GDF-15
measurement (n = 380), or who did not pass an internal quality
control test for biomarker analysis (n = 118) were excluded, so
that 4730 participants with complete data on GDF-15 and
covariates remained in the study. Further exclusion of 193
individuals with self-reported diabetes or use of glucose-
lowering medication, and 177 with fasting blood glucose
>6.1 mmol/l (corresponding to a fasting plasma glucose cut-
off of 7.0 mmol/l for the diagnosis of diabetes [18]), left 4360
participants for the cohort analysis (1682 men and 2678 wo-
men, age = 57.4 + 5.96 years [mean + SD]) (Fig. 1). Complete
information on insulin and the HOMA index was available for
4336 participants. In sensitivity analyses, a further 93 individ-
uals were excluded because CRP measurements were not
available. All participants provided written informed consent.
The study was approved by the Regional Ethical Review
Board in Lund, Sweden (LU 51/90) (LU 2012/762) and was
carried out in accordance with the Declaration of Helsinki.

Malmé Diet and Cancer—Cardiovascular Cohort
examined 1991-1994, N=6103

Incomplete general measurements, n=291
> (waist circumference, n=10; smoking,
n=281)
Non-attendance for fasting blood
collection, n=563
Incomplete covariate measurements in
- 5
blood samples, n=21
Remaining stored blood samples
—— insufficient for GDF-15 measurements,
n=380
Samples not passing the internal quality
_ @ @ 5
control for biomarker analysis, =118
— Baseline diabetes, n=370
v

Participants included in the final cohort study
(n=4360, aged 57.4 + 5.96 years, 38.6% men)

\_{ Sensitivity analysis: cases excluded for
missing CRP data, n=93
Fig. 1 Study population flow chart
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Baseline examinations Anthropometric measurements were
made at baseline using standard procedures. Waist circumfe-
rence was determined midway between the lowest rib margin
and iliac crest. Blood pressure was measured after individuals
had rested for 10 min in a supine position. Information about
current medication, smoking and alcohol consumption was
obtained from a self-administered questionnaire. Participants
were classified as non-smokers (former or never smokers) or
current smokers (regular or occasional smokers). Men with
alcohol intake >40 g per day and women with alcohol intake
>30 g per day were classified as having a high level of alcohol
consumption.

Blood samples were collected from the cubital vein after an
overnight fast. Fresh plasma samples were used for measure-
ment of levels of fasting blood glucose (mmol/l), according to
standard procedures at the Department of Clinical Chemistry,
University Hospital, Malmé. Insulin was measured by radio-
immunoassay. The HOMA index was calculated as fasting
insulin x fasting glucose/22.5 [17]. LDL-cholesterol concen-
trations (mmol/l) were estimated using the Friedewald formula
[19]. Measurements of GDF-15 and CRP (nmol/l) used fasting
plasma samples that had been stored at —80°C immediately
after collection. CRP was analysed with the Tina-quant CRP
latex assay (Roche Diagnostics, Basel, Switzerland). GDF-15
was measured by the ScilLifeLab analysis service (Uppsala,
Sweden) using the Proseek Multiplex CVD T ?©*% reagent
kit (Olink Proteomics, Uppsala, Sweden) [20]. The high-
specificity Proseek assay uses proximity extension technology
[21, 22], so that antibody binding of antigens (such as GDF-
15) brings oligonucleotide pairs into proximity, enabling PCR
amplification of a reporter sequence. For GDF-15, the lower
and upper limits of quantification were 15.3 and 62,500 pg/ml,
respectively. Intra-assay variation was 9%, which was the
mean coefficient of variation for seven individual samples
within each of nine separate runs during validation. Inter-
assay variation was 11%, which was the mean coefficient of
variation for the same seven individual samples between the
nine separate runs during validation. Raw Proseek data
underwent a pre-processing normalisation procedure. For each
data point (corresponding to PCR amplification resulting from
binding to a specific protein in one sample well), normalisation
for technical variation (such as pipetting differences) was per-
formed by subtraction of the quantification cycle (C,) value in
that well for the extension control (an antibody linked to a pair
of oligonucleotides, resulting in antigen-independent PCR am-
plification). To control for variation between plates, a standard
sample containing goat IgG conjugated to each of the 92 oligo-
nucleotide pairs of the assay (the inter-plate control [IPC]) was
added to three wells of each plate. Normalisation between runs
was performed by subtracting the median IPC C, from all the
extension control-adjusted values on a plate, resulting in normal-
ised protein expression (NPX, log, scale) values. The NPX
values were finally adjusted to give a background level
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(from negative controls) of around zero. Levels of plasma GDF-
15 measured by the Proseck assay correlated closely with those
measured with an electrochemiluminescence immunoassay
(Roche Diagnostics, Mannheim, Germany) [23] in a sample of
987 men and women from a different population to the cohort in
the current study (= 0.89 [L. Lind, unpublished data]).

Outcomes All participants without a previous history of dia-
betes were followed until incident diabetes, emigration from
Sweden, death or the end of follow-up (31 December 2014),
whichever came first. Information on new diabetes cases was
retrieved from both local and national registers [24],
consisting of the Swedish National Diabetes Register
(NDR), the regional Diabetes 2000 register of the Scania re-
gion, the Malmo HbA . register (MHR), the Swedish inpa-
tient register, the Swedish outpatient register and the nation-
wide Swedish drug prescription register. In the Swedish NDR
and the Diabetes 2000 register, new cases of diabetes were
diagnosed according to established criteria (fasting plasma
glucose concentration>7.0 mmol/l with two repeated tests
on separate occasions). In MHR, individuals were considered
to have developed diabetes if they had at least two HbA
recordings >42 mmol/mol (6.0%) with the Swedish Mono-S
standardisation system (corresponding to 53 mmol/mol
[7.0%] according to the US National Glycohemoglobin
Standardization Program) after the baseline examination. In
the Swedish inpatient and outpatient registers, diabetes was
diagnosed by a senior physician. In the nationwide prescrip-
tion register, a filled prescription of insulin or glucose-
lowering medications (ATC-code A10) was required for diag-
nosis of diabetes.

Statistical analyses Because the distribution of values was
skewed, CRP measurements were logarithmically trans-
formed before analyses. Participants were divided into quar-
tiles according to GDF-15 concentrations, with a stable pro-
portion of men and women across quartiles. To describe base-
line characteristics of participants in each quartile, continuous
variables are presented as means + SD (or medians [25-75%]
for skewed distributions), and categorical variables are pre-
sented as percentages. Differences in characteristics across
GDF-15 quartiles were determined by analysis of variance
for continuous variables and logistic regression for categorical
variables. Multiple linear regression including other known
covariates was used for identification of factors independently
associated with GDF-15 concentration. The incidence of dia-
betes across GDF-15 quartiles was plotted with the Kaplan—
Meier curve. Cox proportional hazards regression was used
for assessment of the associations between baseline GDF-15
quartiles or SD increments of GDF-15 and incident diabetes,
with ‘time in study’ as the timescale. In a sensitivity analysis,
age was also used as the timescale. The analyses were adjusted
for potential confounders including age, sex, waist

circumference, LDL-cholesterol, fasting glucose, systolic
blood pressure, anti-hypertensive medication, smoking and
alcohol consumption. A sensitivity analysis was also adjusted
for CRP. In other sensitivity analyses waist circumference was
replaced with body mass index or waist:hip ratio, and adjust-
ment was made for physical activity and total energy intake
(see [25] for detailed measurement methods).

Possible interactions between GDF-15 levels and risk fac-
tors, with respect to incidence of diabetes, were explored by
introduction of interaction terms in the multivariate model
(one at a time). Restricted cubic spline functions [26, 27] were
incorporated into the Cox model to explore the shape of the
association between GDF-15 and diabetes in adjusted analy-
ses, with knots placed at 20%, 40%, 60% and 80% of GDF-15
concentration. Similarly, possible time-dependent effects were
estimated with knots placed at 5, 10, 15 and 20 years of fol-
low-up. If (post hoc) threshold or time-dependent effects were
detected, risk was estimated by fitting piecewise linear models
[26] or sub-distribution hazards models with time-dependent
effects [28], respectively. A competing-risks model was ap-
plied to investigate the association between GDF-15 and inci-
dence of diabetes, with deaths from causes other than diabetes
used as competing events [28].

HRs and corresponding 95% Cls were calculated. A two-
tailed p < 0.05 was considered to be statistically significant.
All analyses were performed using the Statistical Analysis
System version 9.3 for Windows (SAS Institute, Cary, NC,
USA).

Results

The study population included 4360 individuals aged 57.4
5.96 years (mean = SD). During a follow-up period of 19.0 +
5.16 years, 621 participants developed diabetes. The inci-
dence rate was 7.50 per 1000 person-years. Participants who
developed diabetes during follow-up had higher baseline
GDF-15 levels than participants who were free of diabetes at
the end of follow-up (p < 0.001, data not shown).

Baseline characteristics of participants stratified by quartiles
of GDF-15 are shown in Table 1. Levels of almost all risk
factors showed significant trends, increasing from the lowest
to the highest GDF-15 quartile, with the exception of high-level
alcohol consumption, which did not differ statistically across
the groups. Multiple linear regression revealed that age was the
factor with the strongest independent association with baseline
GDF-15 concentrations (standardised (3 =0.343, p<0.001).
Smoking, CRP, male sex and systolic blood pressure were also
positively correlated with GDF-15 in the multiple linear regres-
sion model (standardised 3 =0.231, 0.151, 0.083 and 0.034,
respectively; all p <0.05). Waist circumference, high-level al-
cohol consumption, LDL-cholesterol, fasting glucose and anti-

@ Springer



82 Diabetologia (2019) 62:78-86

Table 1 Characteristics of individuals across quartiles (Q1-Q4) of GDF-15 (N = 4360)

Characteristics GDF-15 quartiles p for trend®
Ql Q2 Q3 Q4

n 1091 1089 1091 1089 -

GDF-15 range (arbitrary units)® 6.09-8.44 8.34-8.79 8.66-9.16 9.01-12.30 -

Age (years) 54.5+5.53 56.6+£5.71 58.4+5.54 59.9+£5.60 <0.001

Fasting glucose (mmol/l) 4.84+043 4.86+0.46 4.92+045 4.93+0.47 <0.001

HOMA-IR® (N =4336) 1.23 (0.82, 1.71) 1.28 (0.80, 1.88) 1.39 (0.89, 1.99) 1.46 (0.92,2.22) 0.020

CRP (nmol/l)° (N=4267) 9.52 (4.76, 18.1) 10.5 (5.71, 21.0) 12.4 (6.67, 26.7) 19.0 (8.57, 38.1) <0.001

Systolic blood pressure (mmHg) 135.7+16.5 139.5+18.6 1419+19.2 144.0+£19.0 <0.001

Diastolic blood pressure (mmHg) 85.4+8.51 86.3+9.18 86.9+9.44 87.1+9.47 <0.001

Waist circumference (cm) 81.4+11.5 81.6+11.8 82.8+12.5 842+12.8 <0.001

Body mass index (kg/m?) 252+3.54 25.2+347 25.6+3.85 25.8+3.98 0.007

LDL-cholesterol (mmol/l) 4.09+£0.94 4.07+£0.94 4.24+0.96 4.27+1.04 <0.001

Smokers, n (%) 105 (9.62) 185 (17.0) 268 (24.6) 389 (35.7) <0.001

High level of alcohol consumption, n (%) 43 (3.67) 34 (3.12) 33 (3.03) 34 (3.12) 0471

Anti-hypertensive medication, n (%) 119 (10.9) 144 (13.2) 177 (16.2) 204 (18.7) <0.001

Statin medication, n (%) 5(0.46) 18 (1.65) 18 (1.65) 18 (1.65) 0.02

Values are expressed as mean + SD or n (%), unless otherwise indicated

# Analysis of variance or logistic regression analysis

® GDF-15 is expressed as NPX values on a log, scale; ranges of GDF-15 concentration across quartiles were 6.09-8.44, 8 44-8.79, 8.79-9.16 and 9.16—
11.5 for males, and were 6.78-8.34, 8.34-8.66, 8.66-9.01 and 9.01-12.30 for females

¢ Values expressed as median (25-75%)

hypertensive medication were not significantly associated with
GDF15 in this multiple linear regression model (all p > 0.05).
Diabetes-free survival was shorter among participants with
high baseline GDF-15 concentrations than in those with low
baseline GDF-15 (Fig. 2). The crude and adjusted relationships
between GDF-15 quartiles and incidence of diabetes are
shown in Table 2. The risk of developing diabetes increased
with increasing quartiles of GDF-15. After multivariate

0.95

0.90

0.85

Diabetes-free survival

0.75

0 5 10 15 20 25
Follow-up (years)

Fig. 2 Diabetes-free survival across quartiles (Q1-Q4) of baseline GDF-
15 concentration
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adjustment (Table 2, Model 3), the HR for diabetes in the
fourth compared with the first quartile of GDF-15 was 1.43
(95% CI 1.11, 1.83; p for trend = 0.007). The multivariate-
adjusted HR for diabetes per SD increase of GDF-15 was
1.17 (95% CI 1.07, 1.28; p<0.001). Further adjustment for
CRP attenuated the association between GDF-15 quartiles and
diabetes risk. The HR for diabetes in the fourth compared with
the first quartile of GDF-15 was 1.30 (95% CI1.01, 1.67; p for
trend = 0.061), but the association between GDF-15 (in SD
units) and diabetes remained significant (HR 1.12; 95% CI
1.02, 1.23; p= 0.015). Results changed only marginally when
body mass index (or waist:hip ratio), physical activity or total
energy intake were taken into consideration in multivariate
analyses (data not shown).

We observed significant interaction between GDF-15 and
age in the association with incident diabetes (p for interaction
<0.001). Therefore, participants were divided into three age
groups: younger (<55 years old, n = 1758), intermediate (>55
and <60 years old, n=1014) and older (>60 years old, n=
1588). The association between GDF-15 and diabetes tended
to be less significant with increasing age (Fig. 3). A moderate
interaction was also observed between GDF-15 and fasting
glucose (p for interaction = 0.04). Fasting blood glucose was
stratified by a cut-off value of 5.6 mmol/I (corresponding to a
cut-off of 6.1 mmol/l for definition of impaired fasting glucose
using plasma [18]). Significant association between GDF-15
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Table 2  Relationships between circulating levels of GDF-15 (per SD increase or by quartiles [Q1—Q4]) and incidence of diabetes (N = 4360)

Per SD increase  p GDF-15 quartiles p for trend®

of GDF-15

o) @ Q3 Q4

n - 1091 1089 1091 1089 -
Incidence, n — 125 152 159 185 -
Incidence, n (per 1000 person-years) - 5.68 7.08 7.70 9.89 -
Model 1° HR (95% CI) 1.28 (1.19, 1.39) <0.001 Reference 1.25(0.99,1.59) 1.39(1.10,1.75) 1.84(1.47,2.31) <0.001
Model 2° HR (95% CI) 1.22(1.12,1.33) <0.001 Reference 1.27(1.00,1.61) 1.33(1.04,1.69) 1.66(1.30,2.11) <0.001
Model 3¢ HR (95% CI) 1.17(1.07,1.28) <0.001 Reference 1.17(0.92,1.49) 1.16(0.91,1.49) 1.43(1.11,1.83) 0.007

# Analysis by Cox proportional hazards model
® Crude model

¢ Adjusted for sex, age and waist circumference

dAdjusted for sex, age, waist circumference, LDL-cholesterol, fasting glucose, systolic blood pressure, anti-hypertensive medication, smoking and

alcohol consumption

and diabetes risk was found only in participants with fasting
glucose <5.6 mmol/l (n=3973). In this group, the adjusted
HR for diabetes per SD increase in GDF-15 was 1.21 (95% CI
1.09, 1.35; p < 0.001), and with additional adjustment for CRP
this HR was 1.16 (95% CI 1.04, 1.29; p =0.009). No interac-
tion between GDF-15 and any other covariate was identified.

a

T

Age >60 years A HR 1.04 (0.89, 1.23)

Age >55 and <60 years A —s———— HR1.19 (1.00, 1.41)

Age <55years - —— 4 HR 1.24** (1.08, 1.42)

0.8 1.0 1.2 1.4 1.6
HR (95% Cl)

b

Age >60 years 4 HR 1.03 (0.87, 1.21)

Age >55 and <60 years [ S ——— HR 1.13 (0.95, 1.35)

Age <55years A ——s—— HR1.20* (1.04, 1.38)

T T 1

0.8 1.0 1.2 1.4 1.6
HR (95% CI)

Fig. 3 Association of baseline levels of GDF-15 with incident diabetes
over long-term follow-up. (a) Association of GDF-15 (per SD increase)
with diabetes risk, divided by age groups, adjusted for sex, waist circum-
ference, LDL-cholesterol, fasting glucose, systolic blood pressure, anti-
hypertensive medication, smoking and alcohol consumption. (b)
Association of GDF-15 (per SD increase) with diabetes risk, divided by
age groups, additionally adjusted for CRP. *p<0.05, **p<0.01

The association of GDF-15 with diabetes risk was general-
ly linear (p for non-linearity = 0.363), and was not time de-
pendent (p for time dependency = 0.051). However, because
this p value was close to being significant, HRs at different
time points were calculated, and a slightly decreasing effect of
GDF-15 with time was observed (adjusted HRs for diabetes
per SD increase in GDF-15 were 1.28 [95% CI 1.13, 1.44] and
1.20 [1.09, 1.33], respectively, at 10 and 20 years of follow-
up). When death from causes other than diabetes was
accounted for as a competing event, the association between
GDF-15 and the risk of diabetes was attenuated, but remained
significant. In a multivariate competing-risk model, HRs for
diabetes were 1.33 (95% CI 1.03, 1.71; p for trend = 0.049) for
the fourth vs the first quartile of GDF-15, and 1.10 (95% CI
1.00, 1.21; p=0.042) per SD increase in GDF-15.

Discussion

The results of this cohort study showed that, in an urban pop-
ulation, circulating levels of GDF-15 were positively asso-
ciated with the risk of incident diabetes, after controlling for
traditional risk factors. The associations were evident in peo-
ple without impaired fasting glucose and were considerably
stronger in people <60 years old than in those >60 years old at
baseline.

Results from previous studies have shown that individuals
with obesity or diabetes have significantly higher GDF-15
concentrations than control participants [10—12]. In addition,
GDF-15 levels are higher in obese individuals with (than in
those without) impaired glucose tolerance [13], and are also
higher in people with diabetes than in those without it [10, 11].
Our results are supported by those of a nested case—control
study involving 180 participants with diabetes and 372 control
participants) [15], which demonstrated that circulating GDF-
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15 concentrations are higher in individuals from the diabetes
group than in those from the control group, even before diag-
nosis. However, this evidence was inconclusive [15], whereas
our results demonstrated that the longitudinal association
between GDF-15 and diabetes remained significant even after
adjustment. Our study had a larger sample size than the pre-
vious study, and greater statistical power for the detection of
associations. Results from another previous cohort study [13]
demonstrated that baseline GDF-15 is associated with future
insulin resistance and impaired glucose control. The study
population consisted of obese individuals who were enrolled
in a clinical trial, rather than a sample of the general popula-
tion. Moreover, the small size of the study population meant
that it was not possible to explore the association between
GDF-15 and incidence of diabetes [13]. By contrast, our re-
sults were derived from a large-scale cohort study, and showed
that baseline GDF-15 was positively associated with the inci-
dence of diabetes in the 19 year follow-up period.

GDF-15 is an anti-inflammatory cytokine, and other anti-
inflammatory markers (such as TGF-f31) are also known to be
elevated before the onset of diabetes [29, 30]. Like GDF-15,
TGF-{31 is a member of the TGF-[3 cytokine superfamily [30].
It has been suggested that upregulation of GDF-15 occurs in
response to inflammation that precedes diabetes, but that this
upregulation is not sufficient to compensate for the chronic
low-grade inflammation [31], which leads to metabolic disor-
ders such as {3 cell dysfunction and insulin resistance [31, 32].
Another link between GDF-15 and hyperglycaemia might in-
volve activation of the transcription factor p53. In adipose
tissue from both mice and humans, obesity-induced p53 acti-
vation contributes to inflammation and insulin resistance [33].
Results from studies carried out in vitro have shown that up-
regulation of GDF-15 expression occurs in a pS3-dependent
manner [8, 34]. Thus, GDF-15 may serve as a surrogate mark-
er of p53 activation in the pathogenesis of obesity and
hyperglycaemia.

Our results showed that GDF-15 was positively correlated
with various cardiovascular risk factors, which is consistent
with the findings of previous studies [10, 11, 13, 15, 35]. Age,
smoking and CRP are important risk factors that were inde-
pendently associated with GDF-15 levels. The anti-
inflammatory nature of GDF-15 suggests a mechanism in
which its expression may be increased as a compensatory
response to inflammation (as depicted by CRP) or proinflam-
matory stimuli (such as smoking). Of the three risk factors,
age had the strongest correlation with GDF-15, which is in
accordance with previous findings [11, 13, 36]. Age may be
associated with GDF-15 expression via both physiological
and pathological processes. Evidence suggests that GDF-15
is a potential biomarker for ageing and age-related cognitive
decline [37, 38]. An elevated concentration of circulating
GDF-15 could reflect mitochondrial dysfunction, which is a
hallmark of ageing, and which contributes to the pathogenesis
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of various age-related disorders [38, 39]. In addition, oxidative
stress, inflammation, protein glycation, cellular senescence
and hormonal deregulation may develop with age [40]. Such
dysregulations may contribute to higher GDF-15 expression,
possibly via the transcription factors early growth response
protein-1 or p53 [8, 34, 41]. The complexity of the relation-
ship between ageing and GDF-15 expression could at least
partly explain why the strength of the association that we
observed between GDF-15 and diabetes risk changed with
age and with follow-up duration. Further studies are required
to clarify the exact role of ageing in the association between
GDF-15 and diabetes risk.

In our study, no significant association between GDF-
15 and diabetes risk was detected in participants with
impaired fasting glucose. One possible explanation for
this observation is that our study had insufficient power
to detect an association in this group because of the lim-
ited sample size (n=387). Another possibility is that in
this group, compensatory secretion of GDF-15 might have
reached a maximum in response to pre-existing metabolic
disturbance.

Strengths of this study include its prospective design,
the large sample (which was randomly selected from the
general urban population) and the long-term follow-up
with a high follow-up rate (>99.0%) [16]. Some limitations
also need to be considered. GDF-15 was measured in arbi-
trary units, on the basis of real-time PCR quantification, so
the concentrations cannot be directly compared with re-
sults derived from other assays. However, the study cohort
was drawn from the general urban population, so the con-
centrations of GDF-15 could, by definition, be regarded as
normal [42]. Furthermore, correlation was found to be high
(r=0.89 [L. Lind, unpublished data]) between GDF-15
levels measured by the Proseek proximity extension meth-
od and by an electrochemiluminescence immunoassay in a
sample of 987 individuals from a different population to
the cohort in the current study. Another potential limitation
is that measurement of GDF-15 was conducted only once,
using frozen blood samples stored at —80°C for more than
a decade. The long-term stability of GDF-15 in these sam-
ples is not known, but GDF-15 levels in stored baseline
samples have previously been found to correlate strongly
with levels in samples taken at 5 year follow-up, when all
samples were analysed at the same time [43]. In addition,
in a study of similar design to ours, baseline GDF-15 levels
measured in samples frozen for up to 18 years had a pre-
dictive ability for adverse outcomes [44]. These findings
suggest that such samples are sufficiently stable. In our
study, we did not distinguish diabetes types. However,
the study population included only middle-aged adults,
and because symptoms of type 1 diabetes usually appear
in early life, individuals with type 1 diabetes should have
been thoroughly excluded at baseline as prevalent cases.
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All incident cases in the present study were very likely to
be type 2 diabetes.

Type 2 diabetes is often asymptomatic during the initial
stages, and may remain unrecognised for several years [45].
Our findings support the view that metabolic manifestations
and corresponding compensatory responses can precede the
onset of diabetes by many years. In particular, the results of
sub-analyses implied that the compensatory reactions might
be more sensitive in people who are relatively young
(<60 years old) or who have normal fasting glucose, suggest-
ing that these might be the most appropriate populations in
which to use GDF-15 to evaluate diabetes risk. Even though
the observed association remained significant after extensive
adjustments, unknown residual confounding could exist, and
further studies are still needed to provide confirmation of the
relationship. As one element in that relationship, the role of
ageing may be better understood if specific ageing-related
variables such as telomere length [46] or mitochondrial func-
tion [38] are taken into consideration.

In conclusion, the results of this study identified a positive
association between baseline levels of circulating GDF-15 and
diabetes risk in a 19 year follow-up period. The strength of this
association was influenced by age at baseline. GDF-15 may be
useful for identification of people with a risk of incident dia-
betes, especially if those people are <60 years old.

Acknowledgements We thank all the participants in this study, as well as
the staff of the Department of Clinical Chemistry at University Hospital,
Malmd. We would like to acknowledge the information provided by the
Swedish NDR, the Diabetes 2000 register of the Scania region, the MHR,
the Swedish inpatient register, the Swedish outpatient register and the
nationwide Swedish drug prescription register. The Clinical Biomarker
Facility at SciLifeLab, Uppsala, Sweden, is acknowledged for providing
assistance in protein analyses.

Data availability The data that support the findings of this study are
available from Lund University, but restrictions apply to the availability
of these data, which were used under licence for the current study, and so
are not publicly available. Data are, however, available from the corre-
sponding author (XB) upon reasonable request and with permission of
Lund University.

Funding The study was funded by the Swedish Heart-Lung Foundation
(Grant No. 2016-0315 and 2017-0626), the Region Skdne County
Council, and the China Scholarship Council (Grant No.
201706940044). The funders had no role in study design, data collection
and analysis, decision to publish or preparation of the manuscript.

Duality of interest The authors declare that there is no duality of interest
associated with this manuscript.

Contribution statement XB and GE designed the study. XB, GE and YB
developed the methodology. XB performed the statistical analysis. XB,
YB, IFM, JN, LL, OM, KN, MOM and GE contributed to the analysis
and interpretation of the data. XB wrote the manuscript. XB, YB, IFM,
JN, OM, KN, MOM and GE reviewed and edited the manuscript. LL
revised the manuscript critically for important intellectual content. All
authors gave final approval of the manuscript prior to submission. GE
is responsible for the integrity of the work as a whole.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Bootcov MR, Bauskin AR, Valenzuela SM et al (1997) MIC-1, a
novel macrophage inhibitory cytokine, is a divergent member of the
TGF-beta superfamily. Proc Natl Acad Sci U S A 94(21):11514—
11519. https://doi.org/10.1073/pnas.94.21.11514

2. Unsicker K, Spittau B, Krieglstein K (2013) The multiple facets of
the TGF-beta family cytokine growth/differentiation factor-15/mac-
rophage inhibitory cytokine-1. Cytokine Growth Factor Rev 24(4):
373-384. https://doi.org/10.1016/j.cytogfr.2013.05.003

3. Ding Q, Mracek T, Gonzalez-Muniesa P et al (2009) Identification
of macrophage inhibitory cytokine-1 in adipose tissue and its secre-
tion as an adipokine by human adipocytes. Endocrinology 150(4):
1688—1696. https://doi.org/10.1210/en.2008-0952

4. Johnen H, Lin S, Kuffner T et al (2007) Tumor-induced anorexia
and weight loss are mediated by the TGF-beta superfamily cytokine
MIC-1. Nat Med 13(11):1333-1340. https://doi.org/10.1038/
nml677

5. Macia L, Tsai VW, Nguyen AD et al (2012) Macrophage inhibitory
cytokine 1 (MIC-1/GDF15) decreases food intake, body weight and
improves glucose tolerance in mice on normal & obesogenic diets.
PLoS One 7(4):e34868. https://doi.org/10.1371/journal.pone.
0034868

6. Wang X, Chrysovergis K, Kosak J et al (2014) hNAG-1 increases
lifespan by regulating energy metabolism and insulin/IGF-1/mTOR
signaling. Aging (Albany NY) 6(8):690-704. https://doi.org/10.
18632/aging.100687

7. Chrysovergis K, Wang X, Kosak J et al (2014) NAG-1/GDF-15
prevents obesity by increasing thermogenesis, lipolysis and oxida-
tive metabolism. Int J Obes 38(12):1555-1564. https://doi.org/10.
1038/ijo.2014.27

8. LiJ, Yang L, Qin W, Zhang G, Yuan J, Wang F (2013) Adaptive
induction of growth differentiation factor 15 attenuates endothelial
cell apoptosis in response to high glucose stimulus. PLoS One 8(6):
€65549. https://doi.org/10.1371/journal.pone.0065549

9. Brown DA, Breit SN, Buring J et al (2002) Concentration in plasma
of macrophage inhibitory cytokine-1 and risk of cardiovascular
events in women: a nested case-control study. Lancet 359(9324):
2159-2163. https://doi.org/10.1016/S0140-6736(02)09093-1

10. Dostalova I, Roubicek T, Bartlova M et al (2009) Increased serum
concentrations of macrophage inhibitory cytokine-1 in patients with
obesity and type 2 diabetes mellitus: the influence of very low
calorie diet. Eur J Endocrinol 161(3):397—404. https://doi.org/10.
1530/EJE-09-0417

11. Vila G, Riedl M, Anderwald C et al (2011) The relationship be-
tween insulin resistance and the cardiovascular biomarker growth
differentiation factor-15 in obese patients. Clin Chem 57(2):309—
316. https://doi.org/10.1373/clinchem.2010.153726

12.  Sugulle M, Dechend R, Herse F et al (2009) Circulating and pla-
cental growth-differentiation factor 15 in preeclampsia and in preg-
nancy complicated by diabetes mellitus. Hypertension 54(1):106—
112. https://doi.org/10.1161/HYPERTENSIONAHA.109.130583

13. Kempf T, Guba-Quint A, Torgerson J et al (2012) Growth differen-
tiation factor 15 predicts future insulin resistance and impaired glu-
cose control in obese nondiabetic individuals: results from the
XENDOS trial. Eur J Endocrinol 167(5):671-678. https://doi.org/
10.1530/EJE-12-0466

@ Springer


https://doi.org/10.1073/pnas.94.21.11514
https://doi.org/10.1016/j.cytogfr.2013.05.003
https://doi.org/10.1210/en.2008-0952
https://doi.org/10.1038/nm1677
https://doi.org/10.1038/nm1677
https://doi.org/10.1371/journal.pone.0034868
https://doi.org/10.1371/journal.pone.0034868
https://doi.org/10.18632/aging.100687
https://doi.org/10.18632/aging.100687
https://doi.org/10.1038/ijo.2014.27
https://doi.org/10.1038/ijo.2014.27
https://doi.org/10.1371/journal.pone.0065549
https://doi.org/10.1016/S0140-6736(02)09093-1
https://doi.org/10.1530/EJE-09-0417
https://doi.org/10.1530/EJE-09-0417
https://doi.org/10.1373/clinchem.2010.153726
https://doi.org/10.1161/HYPERTENSIONAHA.109.130583
https://doi.org/10.1530/EJE-12-0466
https://doi.org/10.1530/EJE-12-0466

86

Diabetologia (2019) 62:78-86

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Retnakaran R (2018) Novel biomarkers for predicting cardiovascu-
lar disease in patients with diabetes. Can J Cardiol 34(5):624-631.
https://doi.org/10.1016/j.cjca.2017.10.017

Carstensen M, Herder C, Brunner EJ et al (2010) Macrophage
inhibitory cytokine-1 is increased in individuals before type 2 dia-
betes diagnosis but is not an independent predictor of type 2 diabe-
tes: the Whitehall II study. Eur J Endocrinol 162(5):913-917.
https://doi.org/10.1530/EJE-09-1066

Berglund G, Elmstahl S, Janzon L, Larsson SA (1993) The Malmé
Diet and Cancer Study. Design and feasibility. J Intern Med 233(1):
45-51. https://doi.org/10.1111/j.1365-2796.1993.tb00647.x
Hedblad B, Nilsson P, Janzon L, Berglund G (2000) Relation be-
tween insulin resistance and carotid intima-media thickness and
stenosis in non-diabetic subjects. Results from a cross-sectional
study in Malmo, Sweden. Diabet Med 17(4):299-307. https:/doi.
org/10.1046/).1464-5491.2000.00280.x

Alberti KG, Zimmet PZ (1998) Definition, diagnosis and classifi-
cation of diabetes mellitus and its complications. Part 1: diagnosis
and classification of diabetes mellitus provisional report of a WHO
consultation. Diabet Med 15(7):539-553. https://doi.org/10.1002/
(SICI)1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S
Friedewald WT, Levy RI, Fredrickson DS (1972) Estimation of the
concentration of low-density lipoprotein cholesterol in plasma,
without use of the preparative ultracentrifuge. Clin Chem 18(6):
499-502

CVD 196x96 - Olink. Available at https://www.olink.com/content/
uploads/2015/12/0696-v1.3-Proseek-Multiplex-CVD-I-Validation-
Data_final.pdf. Last accessed 23 July 2018

Lundberg M, Eriksson A, Tran B, Assarsson E, Fredriksson S
(2011) Homogeneous antibody-based proximity extension assays
provide sensitive and specific detection of low-abundant proteins in
human blood. Nucleic Acids Res 39(15):e102. https://doi.org/10.
1093/nar/gkr424

Assarsson E, Lundberg M, Holmquist G et al (2014) Homogenous
96-plex PEA immunoassay exhibiting high sensitivity, specificity,
and excellent scalability. PLoS One 9(4):¢95192. https://doi.org/10.
1371/journal.pone.0095192

Wallentin L, Zethelius B, Berglund L et al (2013) GDF-15 for
prognostication of cardiovascular and cancer morbidity and mortal-
ity in men. PLoS One 8(12):¢78797. https://doi.org/10.1371/
journal.pone.0078797

Enhorning S, Sjogren M, Hedblad B, Nilsson PM, Struck J,
Melander O (2016) Genetic vasopressin 1b receptor variance in
overweight and diabetes mellitus. Eur J Endocrinol 174(1):69-75.
https://doi.org/10.1530/EJE-15-0781

Brunkwall L, Chen Y, Hindy G et al (2016) Sugar-sweetened bev-
erage consumption and genetic predisposition to obesity in 2
Swedish cohorts. Am J Clin Nutr 104(3):809-815. https://doi.org/
10.3945/ajen. 115.126052

Bhaskaran K, Douglas I, Forbes H, dos-Santos-Silva I, Leon DA,
Smeeth L (2014) Body-mass index and risk of 22 specific cancers:a
population-based cohort study of 5.24 million UK adults. Lancet
384(9945):755-765. https://doi.org/10.1016/S0140-6736(14)
60892-8

Heinzl H, Kaider A (1997) Gaining more flexibility in Cox propor-
tional hazards regression models with cubic spline functions.
Comput Methods Prog Biomed 54(3):201-208. https://doi.org/10.
1016/S0169-2607(97)00043-6

Kohl M, Plischke M, Leffondre K, Heinze G (2015) PSHREG:a
SAS macro for proportional and nonproportional subdistribution
hazards regression. Comput Methods Prog Biomed 118(2):218—
233. https://doi.org/10.1016/j.cmpb.2014.11.009

Herder C, Brunner EJ, Rathmann W et al (2009) Elevated levels of
the anti-inflammatory interleukin-1 receptor antagonist precede the
onset of type 2 diabetes: the Whitehall II study. Diabetes Care
32(3):421-423. https://doi.org/10.2337/dc08-1161

@ Springer

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Herder C, Zierer A, Koenig W, Roden M, Meisinger C, Thorand B
(2009) Transforming growth factor-betal and incident type 2 dia-
betes: results from the MONICA/KORA case-cohort study, 1984—
2002. Diabetes Care 32(10):1921-1923. https://doi.org/10.2337/
dc09-0476

Germain RN (2012) Maintaining system homeostasis: the third law
of Newtonian immunology. Nat Immunol 13(10):902-906. https://
doi.org/10.1038/ni.2404

Kolb H, Mandrup—Poulsen T (2010) The global diabetes epidemic
as a consequence of lifestyle-induced low-grade inflammation.
Diabetologia 53(1):10-20. https://doi.org/10.1007/s00125-009-
1573-7

Minamino T, Orimo M, Shimizu I et al (2009) A crucial role for
adipose tissue p53 in the regulation of insulin resistance. Nat Med
15(9):1082—-1087. https://doi.org/10.1038/nm.2014

Kelly JA, Lucia MS, Lambert JR (2009) p53 controls prostate-
derived factor/macrophage inhibitory cytokine/NSAID-activated
gene expression in response to cell density, DNA damage and hyp-
oxia through diverse mechanisms. Cancer Lett 277(1):38-47.
https://doi.org/10.1016/j.canlet.2008.11.013

Berezin AE (2016) Diabetes mellitus related biomarker: the predic-
tive role of growth-differentiation factor-15. Diabetes Metab Syndr
10(1):S154-S157. https://doi.org/10.1016/j.dsx.2015.09.016
Doerstling S, Hedberg P, Ohrvik J, Leppert J, Henriksen E (2018)
Growth differentiation factor 15 in a community-based sample:age-
dependent reference limits and prognostic impact. Ups J Med Sci
123(2):86-93

Jiang J, Wen W, Sachdev PS (2016) Macrophage inhibitory cyto-
kine-1/growth differentiation factor 15 as a marker of cognitive
ageing and dementia. Curr Opin Psychiatry 29(2):181-186.
https://doi.org/10.1097/Y CO.0000000000000225

Fujita Y, Taniguchi Y, Shinkai S, Tanaka M, Ito M (2016) Secreted
growth differentiation factor 15 as a potential biomarker for mito-
chondrial dysfunctions in aging and age-related disorders. Geriatr
Gerontol Int 16 (Suppl 1):17-29. https://doi.org/10.1111/ggi.12724
JiX, Zhao L, JiK et al (2017) Growth Differentiation Factor 15 is a
novel diagnostic biomarker of mitochondrial diseases. Mol
Neurobiol 54(10):8110-8116. https://doi.org/10.1007/s12035-016-
0283-7

Simm A, Nass N, Bartling B, Hofmann B, Silber RE, Navarrete
Santos A (2008) Potential biomarkers of ageing. Biol Chem 389(3):
257-265. https://doi.org/10.1515/BC.2008.034

Adela R, Banerjee SK (2015) GDF-15 as a target and biomarker for
diabetes and cardiovascular diseases:a translational prospective. J
Diabetes Res 2015:490842

Melander O, Newton-Cheh C, Almgren P et al (2009) Novel and
conventional biomarkers for prediction of incident cardiovascular
events in the community. JAMA 302(1):49-57. https://doi.org/10.
1001/jama.2009.943

Eggers KM, Kempf T, Wallentin L, Wollert KC, Lind L (2013)
Change in growth differentiation factor 15 concentrations over time
independently predicts mortality in community-dwelling elderly
individuals. Clin Chem 59(7):1091-1098. https://doi.org/10.1373/
clinchem.2012.201210

Daniels LB, Clopton P, Laughlin GA, Maisel AS, Barrett-Connor E
(2011) Growth-differentiation factor-15 is a robust, independent
predictor of 11-year mortality risk in community-dwelling older
adults:the rancho Bernardo study. Circulation 123(19):2101-2110.
https://doi.org/10.1161/CIRCULATIONAHA.110.979740
American Diabetes A (2004) Screening for type 2 diabetes.
Diabetes Care 27(Suppl 1):S11-S14

Blasco MA (2007) Telomere length, stem cells and aging. Nat
Chem Biol 3(10):640—649. https://doi.org/10.1038/nchembio.
2007.38


https://doi.org/10.1016/j.cjca.2017.10.017
https://doi.org/10.1530/EJE-09-1066
https://doi.org/10.1111/j.1365-2796.1993.tb00647.x
https://doi.org/10.1046/j.1464-5491.2000.00280.x
https://doi.org/10.1046/j.1464-5491.2000.00280.x
https://doi.org/10.1002/(SICI)1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S
https://doi.org/10.1002/(SICI)1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S
https://www.olink.com/content/uploads/2015/12/0696-v1.3-Proseek-Multiplex-CVD-I-Validation-Data_final.pdf
https://www.olink.com/content/uploads/2015/12/0696-v1.3-Proseek-Multiplex-CVD-I-Validation-Data_final.pdf
https://www.olink.com/content/uploads/2015/12/0696-v1.3-Proseek-Multiplex-CVD-I-Validation-Data_final.pdf
https://doi.org/10.1093/nar/gkr424
https://doi.org/10.1093/nar/gkr424
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1371/journal.pone.0078797
https://doi.org/10.1371/journal.pone.0078797
https://doi.org/10.1530/EJE-15-0781
https://doi.org/10.3945/ajcn.115.126052
https://doi.org/10.3945/ajcn.115.126052
https://doi.org/10.1016/S0140-6736(14)60892-8
https://doi.org/10.1016/S0140-6736(14)60892-8
https://doi.org/10.1016/S0169-2607(97)00043-6
https://doi.org/10.1016/S0169-2607(97)00043-6
https://doi.org/10.1016/j.cmpb.2014.11.009
https://doi.org/10.2337/dc08-1161
https://doi.org/10.2337/dc09-0476
https://doi.org/10.2337/dc09-0476
https://doi.org/10.1038/ni.2404
https://doi.org/10.1038/ni.2404
https://doi.org/10.1007/s00125-009-1573-7
https://doi.org/10.1007/s00125-009-1573-7
https://doi.org/10.1038/nm.2014
https://doi.org/10.1016/j.canlet.2008.11.013
https://doi.org/10.1016/j.dsx.2015.09.016
https://doi.org/10.1097/YCO.0000000000000225
https://doi.org/10.1111/ggi.12724
https://doi.org/10.1007/s12035-016-0283-7
https://doi.org/10.1007/s12035-016-0283-7
https://doi.org/10.1515/BC.2008.034
https://doi.org/10.1001/jama.2009.943
https://doi.org/10.1001/jama.2009.943
https://doi.org/10.1373/clinchem.2012.201210
https://doi.org/10.1373/clinchem.2012.201210
https://doi.org/10.1161/CIRCULATIONAHA.110.979740
https://doi.org/10.1038/nchembio.2007.38
https://doi.org/10.1038/nchembio.2007.38

	Growth...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References


