I
O
o
<
i
0
w
o
(7]
w
o
>
o
wi
)
I
ar
<
wi
=3
>
(L)
o
-
=)
=
wi
=]
o
wi

D

Opposing Associations of

NT-proBNP With Risks of
Diabetes and Diabetes-Related
Complications

Diabetes Care 2020;43:2930-2937 | https://doi.org/10.2337/dc20-0553

OBJECTIVE

Circulating N-terminal pro B-type natriuretic peptide (NT-proBNP) is a classic di-
agnostic and prognostic marker for heart failure. However, it is inversely associated
with diabetes risk. We aimed to investigate relationships of NT-proBNP with risk of
diabetes-related complications in initially healthy individuals.

RESEARCH DESIGN AND METHODS

We performed a case-cohort study within the European Prospective Investigation
Into Cancer and Nutrition (EPIC)-Potsdam cohortincluding arandom subcohort (n =
1,294) and incident cases of type 2 diabetes (n = 649) and cardiovascular diseases
(n = 478). Incident cases of type 2 diabetes (n = 545) were followed up for
microvascular (n = 133) and macrovascular (n = 50) complications. Plasma NT-
proBNP was measured at baseline in initially healthy participants.

RESULTS

In multivariable models, NT-proBNP was linearly inversely associated with incident
type 2 diabetes with a hazard ratio (HR) (95% Cl) per doubling in NT-proBNP of 0.91
(0.86, 0.98). The association was only observable in women (0.80 [0.72, 0.90])
compared with men (0.98 [0.91, 1.07]). Among people with incident diabetes,
NT-proBNP was positively associated with diabetes complications: overall, 1.31
(1.13, 1.53); microvascular complications, 1.20 (1.01, 1.43); and macrovascular
complications, 1.37 (1.03, 1.83).

CONCLUSIONS

Although higher NT-proBNP levels are associated with lower diabetes risk, NT-
proBNP is a biomarker for vascular complications in people who develop diabetes
independent of potential confounders. Thus, NT-proBNP might be informative to
monitor risk for diabetes-related microvascular and macrovascular complications,
which should be further explored in future prospective studies.

Circulating N-terminal pro B-type natriuretic peptide (NT-proBNP) is an inactive
amino-acid fragment of the brain natriuretic peptide (BNP) that is released from
cardiomyocytes in response to volume or pressure overload, promoting vasodilation
and natriuresis. As such, it is a classic marker of acute heart failure (HF) and left
ventricular dysfunction. Several studies (1) have investigated relationships of NT-
proBNP with HF risk. However, NT-proBNP together with its receptors not only
orchestrates cardiovascular homeostasis and health by regulating blood pressure,
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blood volume, and sodium balance but
also it is involved in glucose and lipid
metabolism in adipose and muscle tis-
sues (2,3). Natriuretic peptides stimulate
lipolysis in adipocytes by binding to na-
triuretic peptide receptor A (NPR-A) in
adipose tissue; promote browning of
white adipocytes, oxygen consumption,
and glucose uptake in white and brown
adipocytes; regulate body fat distribu-
tion; and modulate food intake and
energy expenditure (2,3). Natriuretic pep-
tides enhance adiponectin secretion from
adipocytes via NPR-A, suggesting that
NPR-A activation may modulate adipo-
kine secretion and have a beneficial
effect on low-grade inflammation of the
adipose tissue and, thus, insulin resis-
tance (4). Taken together, these biolog-
ical effects of NT-proBNP benefit insulin
and glucose metabolism. Prospective hu-
man cohort studies, including 2 Mende-
lian randomization studies (5,6), have
already reported an inverse association
between baseline NT-proBNP levels and
type 2 diabetes risk (5-8).

However, there is a lack of insight
whether NT-proBNP levels relate to the
risk of vascular complications of diabetes.
Previous studies have been largely cross-
sectional in nature (9,10) or investigated
the risk of cardiovascular diseases (CVD)
and cardiovascular mortality in popula-
tions with diabetes (11-15). There are
well-recognized sex-specific differencesin
circulating NT-proBNP concentrations, with
women showing higher NT-proBNP levels
than men (16-18). We thus aimed to
investigate the prospective associations
of prediagnosis NT-proBNP levels with
risk of microvascular and macrovascular
complications in incident type 2 diabetes
cases from a nested case-cohort consist-
ing of initially healthy participants.

RESEARCH DESIGN AND METHODS

Study Design and Population

Our study is embedded in the European
Prospective Investigation Into Cancer and
Nutrition (EPIC)—Potsdam cohort, con-
sisting of 27,548 individuals (16,644
women aged 35-65 years and 10,904
men aged 40-65 years) with available
blood sample measurements (19). EPIC-
Potsdam is a cohort study aiming to
prospectively investigate the role of diet
in the development of cancer and other
chronic diseases (20). Participants were
recruited between 1994 and 1998 from
the general population of the Potsdam

area in Germany. The study was con-
ducted according to the Declaration of
Helsinki and approved by the Ethical
Committee of the State of Brandenburg,
Germany. All participants provided writ-
ten informed consent. At the time of
recruitment, anthropometric and blood
pressure measurements were taken, fol-
lowed by an interview and a question-
naire on prevalent medical conditions,
sociodemographic and lifestyle charac-
teristics. Follow-up on incident diseases,
diet, and other lifestyle factors was con-
ducted every 2—-3 years. Response rates
ranged between 90 and 96% per follow-
up round (21).

Analyses on incident type 2 diabetes
and CVD were performed in a case-cohort
setting. The nested case-cohort consisted
of a random sample of EPIC-Potsdam
participants who provided blood (n =
1,294) and all incident cases of type 2
diabetes (n = 820) or CVD (n = 518). Of
these, 74 diabetes cases and 29 CVD
cases were also part of the subcohort
(internal cases). End of the follow-up was
31 August 2005 for diabetes and 30 No-
vember 2006 for CVD. After exclusion of
participants with prevalent cardiometa-
bolic conditions, missing follow-up time,
or insufficient plasma samples, data on
1,656 and 1,648 participants were avail-
able for analyses on diabetes and CVD,
respectively (Supplementary Figs. 1
and 2).

For the analyses on diabetes compli-
cations, all incident type 2 diabetes cases
with available plasma samples from
baseline and follow-up information on
complications status formed the analyt-
ical sample (n = 545) (Supplementary
Fig. 1).

Case Ascertainment

Systematic information sources for in-
cident diabetes and CVD were self-report
of a respective diagnosis, pharmacolog-
ical treatment, or dietary change due to
disease, collected through follow-up ques-
tionnaires every 2—3 years. Further sources
of information included death certificates,
tumor centers, and clinical records linkage.
Verification of potential cases was carried
out through standardized forms filled by
the participants’ treating physicians (20).
Only physician-verified cases with a diag-
nosis date after the baseline examination
were considered confirmed incident cases
of type 2 diabetes or CVD (myocardial
infarction [MI] or stroke). For diabetes-
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related complications, standardized forms
were sent to the treating physicians of all
incident diabetes casesin 2014, assessing
the diagnosis of microvascular and mac-
rovascular complications. Complications
were considered incident if diagnosed
after diabetes onset. The following dis-
ease outcomes according to the ICD-10
were investigated in this study: type 2
diabetes (ICD-10 E11) and CVD, compris-
ing Ml (ICD-10 121) and stroke (ischemic,
ICD-10 163.0-163.9; hemorrhagic, ICD-10
160.0-161.9; and undetermined stroke,
ICD-10 164.0-164.9). Microvascular com-
plications comprised diabetic kidney dis-
ease (ICD-10E11.2, including unspecified
diabetes-related nephropathy and renal
replacement therapy), retinopathy (ICD-
10 E11.3, including proliferative or non-
proliferative retinopathy or blindness)
and neuropathy (ICD-10 E11.4, including
unspecified diabetes-related peripheral
neuropathy or amputation due to dia-
betic neuropathy). Macrovascular com-
plications encompassed MI or stroke
after diabetes diagnosis.

Laboratory Analyses

A sample of 30 mL blood was drawn from
mainly nonfasting participants at base-
line and collected in monovettes con-
taining 10% citrate. Samples were aliquoted
and stored in tanks of liquid nitrogen
(—196°C) or deep freezers (—80°C) (20).
Plasma NT-proBNP, estradiol, testoster-
one, and sex hormone-binding globulin
(SHBG) concentrations were measured
using a solid-phase two-site chemilumi-
nescentimmunometric assay (IMMULITE
2000 Systems Analyzers; SIEMENS, Es-
chborn, Germany) at the Institute of
Clinical Chemistry, University of Magde-
burg, Magdeburg, Germany. The assay
has an effective measuring range of 20—
35,000 pg/mL. The median within-run
coefficient of variation was 5.4% at a
concentration of 35.6 pg/mL and 4.1%
at a concentration of 29,725 pg/mL. The
overall coefficients of variation through-
out the analyses were 6.4% and 4.7%
at the same sample concentrations (18).
Plasma adiponectin was measured with
a sandwich ELISA (LINCO Research, St.
Charles, MO); HDL and total cholesterol,
triglycerides, hemoglobin A;. (HbA,.),
and hs-CRP were measured using an
automatic ADVIA 1650 analyzer (Siemens
Medical Solutions) at the University of
Tlbingen, Tlbingen, Germany. All plasma
biomarker measurements were corrected
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for the dilution introduced by citrate
volume to improve comparability with
concentrations measured in EDTA plasma
(22).

Statistical Analyses

Baseline characteristics of the study par-
ticipants were evaluated according to the
quartiles of baseline NT-proBNP concen-
trations in the subcohort. Missing data
were handled with multiple imputation,
by applying the multivariate model with
a fully conditional specification method;
five imputations were conducted. In 324
(19.6%) and 283 (17.2%) participants of
the case-cohorts for type 2 diabetes and
CVD, the NT-proBNP concentration was
below the limit of detection (<20 pg/
mL); thus, these values were imputed
with multiple imputation using the uni-
form distribution method (23). The same
method was applied for imputing testos-
terone and estradiol concentrations be-
low limit of detection (<0.69 nmol/L and
<73.4 pmol/L, respectively). Apart from
missing data due to it being below the
limit of detection, missing values ranged
between 0.4 and 3.6%. Concentrations of
NT-proBNP, triglycerides, hs-CRP, creat-
inine, testosterone, estradiol, SHBG, and
adiponectin were nonnormally distrib-
uted; thus, log,-transformed values of
these biomarkers were used in all anal-
yses. Correlation between NT-proBNP
and cardiometabolic risk factors (BMI,
smoking, prevalent hypertension or hy-
perlipidemia, blood lipids, sex hormones,
and other cardiovascular biomarkers)
was assessed with age-adjusted Spear-
man correlation coefficients.

For associations between baseline NT-
proBNP concentrations and risk of type 2
diabetes and CVD, Prentice-weighted
Cox models were used to account for
the case-cohort design, stratified by age
at recruitment. Age at recruitment was
used as an underlying time scale. Follow-
up in the case-cohort was defined as
the time between enrollment and study
exit (diagnosis of type 2 diabetes or CVD,
death, drop out, or final censoring date,
which ever came first). The basic multi-
variable model (model 1) was adjusted for
sex, BMI (kg/mz), educational attainment
(in training/or no certificate, professional
school, or university degree), smoking
status (current smoking: yes/no), alcohol
intake (categories: <6.0, 6.1-12.0, 12.1-
24.0, 24.1-60.0, 60.1-96.0 and >96.0 g/
day), recreational physical activity (average

weekly hours), blood pressure, antihy-
pertensive treatment, and prevalent con-
ditions (hyperlipidemia; and for analyses
on CVD risk: type 2 diabetes). The main
model (model 2) was additionally ad-
justed for hs-CRP, total and HDL-choles-
terol, triglycerides, estimated glomerular
filtration rate (eGFR), and sex hormones
(testosterone, estradiol, and SHBG). eGFR
was estimated with the Chronic Kidney
Disease Epidemiology Collaboration for-
mula (24). The final model (model 3) was
further adjusted for HbA, . and adiponectin.

For associations between baseline NT-
proBNP concentrations and microvascu-
lar and macrovascular complications in
people with incident diabetes, conven-
tional Cox regression models, stratified
by age at diabetes diagnosis, were ap-
plied. The covariate structure was the
same as in the analyses on type 2 di-
abetes and CVD, except that models were
additionally adjusted for the time inter-
val between recruitment and diabetes
diagnosis. Further, subjects’ age at di-
abetes diagnosis was used as underlying
time scale. Follow-up time in these anal-
yses was defined as the time between
diabetes diagnosis and diagnosis of the
respective vascular complication, death,
or date of last examination by the treat-
ing physician. The shape of the associ-
ation with all outcomes was evaluated
with restricted cubic spline regressions
with three knots at 5th, 50th, and 95th
percentile, applied on the fully adjusted
model 2. The median log,-transformed
NT-proBNP was used a reference. The
nonlinear trend was assessed with the
Wald test. We excluded individuals with
baseline HbA;. =6.5% (n = 249) in the
sensitivity analyses on type 2 diabetes
and diabetes complications.

Finally, we tested whether the addi-
tion of NT-proBNP would improve the
predictive performance of prediction
models for type 2 diabetes and compli-
cations using c-index. For the prediction
of diabetes, we used the German Di-
abetes Risk Score (25,26). For the pre-
diction of complications, we constructed
a model comprising age, BMI, smoking
status, systolic blood pressure, HDL-
cholesterol, triglycerides, eGFR, and HbA;,
based on the recent meta-analysis of 20
studies on the prediction of diabetic
kidney disease (27).

The interaction between NT-proBNP and
sex was tested by creating cross-product
terms and evaluating the significance level.
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A two-sided P < 0.05 denoted statistical
significance. All statistical analyses were
performed using SAS (version 9.4, Enter-
prise Guide 7.1; SAS Institute Inc., Cary,
NC).

RESULTS

Characteristics of Study Participants
According to Baseline NT-proBNP
Concentrations

Median (interquartile range) follow-up
times for type 2 diabetes, CVD, and dia-
betes complications (from diabetes di-
agnosis on) were 6.1 (3.5), 8.0 (2.5), and
12.5 (5.0) years, respectively.

Clinical and demographic character-
istics of participants of the subcohort
according to the distribution of baseline
NT-proBNP are presented in Table 1.
Study participants with higher NT-proBNP
concentrations were on average older,
more likely to be women, and had lower
BMI and daily alcohol consumption. The
fraction of hypertensive individuals in-
creased across NT-proBNP quartiles. Con-
centrations of HDL-cholesterol, hs-CRP,
estradiol, SHBG, and adiponectin increased
on average and concentrations of tri-
glycerides, creatinine, and testosterone
decreased across NT-proBNP quartiles.
NT-proBNP concentrations were weakly
positively correlated to adiponectin (r =
0.18 in men and r = 0.08 in women) and
SHBG (r = 0.15in men and r = 0.21 in
women) and were inversely correlated to
triglyceride concentrations (r= —0.16in
men and r = —0.04 in women) and BMI
(r = —0.10 in men and r = —0.08 in
women) after adjustment for age (Sup-
plementary Table 1).

NT-proBNP and Risk of Type 2 Diabetes
There was an inverse association be-
tween NT-proBNP concentrations and
future risk of type 2 diabetes (model 2,
Fig. 1A, and Supplementary Table 2):
each twofoldincreasein NT-proBNP was
associated with 9% reduction in diabe-
tes risk (hazard ratio [HR] 0.91; 95% Cl
0.86, 0.98). When tested for interaction
in the basic model adjusted for lifestyle
factors and prevalent conditions, we
found a significant interaction between
NT-proBNP and sex (P = 0.04). We thus
stratified the analyses by sex and found a
more pronounced association in women
(model 2, Fig. 1B, and Supplementary
Table 2): 20% reduction in type 2 diabetes
risk with each doubling of NT-proBNP
levels (HR 0.80; 95% CI 0.72, 0.90). In
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Table 1—Participants’ characteristics of the subcohort according to quartiles of NT-proBNP, n = 1,064

First quartile Second quartile Third quartile Fourth quartile
NT-proBNP, pg/mL 18.4 (13.2) 40.8 (11.4) 65.8 (17.2) 130.2 (72.5)
Sociodemographics
Age at recruitment, years 45.0 (12.0) 47.0 (14.0) 50.0 (16.0) 54.0 (15.0)
Age at type 2 diabetes diagnosis, years 52.5 (13.2) 54.6 (14.8) 58.2 (15.9) 60.5 (14.9)
Sex, women, n (%) 91 (34.0) 159 (60.2) 206 (76.6) 203 (77.2)
BMI, kg/m? 26.2 (4.7) 25.0 (5.4) 24.6 (4.9) 25.1 (5.6)
Obesity, n (%)* 48 (17.9) 39 (14.8) 35 (13.0) 38 (14.5)
Higher education (university), n (%) 108 (40.3) 101 (38.3) 96 (35.7) 92 (35.0)
Physical activity, h/week 1.5 (0.3) 1.5 (0.3) 1.5 (0.3) 1.5 (0.3)
Alcohol consumption, g/day 11.8 (23.1) 8.4 (18.0) 6.7 (13.8) 7.5 (13.3)
Smoking, n (%) 61 (22.8) 64 (24.2) 54 (20.1) 43 (16.4)
eGFR, mL/min/1.73 m*t 95.5 (20.0) 95.1 (22.6) 91.4 (24.3) 90.3 (21.2)
SBP, mmHg 128.5 (20.5) 126.0 (19.8) 124.0 (25.0) 130.0 (27.5)
DBP, mmHg 83.5 (13.0) 81.5 (16.0) 81.0 (14.0) 83.0 (16.5)
Prevalent hypertension, n (%)% 122 (45.5) 117 (44.3) 122 (45.4) 147 (55.9)
Prevalent hyperlipidemia, n (%) 70 (26.1) 62 (23.5) 66 (24.5) 76 (28.9)
Biomarkers
HbA, % 5.4 (0.6) 5.4 (0.6) 5.4 (0.6) 5.4 (0.6)
HbA;., mmol/mol 36 (6.6) 36 (6.6) 36 (6.6) 36 (6.6)
Total cholesterol, mg/dL 206.6 (57.5) 200.0 (50.0) 205.8 (45.9) 203.4 (61.1)
Triglycerides, mg/dL 126.8 (108.4) 97.4 (91.5) 102.3 (72.1) 101.1 (71.1)
HDL cholesterol, mg/dL 49.6 (17.6) 56.2 (18.6) 57.1 (20.3) 57.7 (19.5)
hs-CRP, mg/dL 0.06 (0.2) 0.06 (0.2) 0.07 (0.2) 0.10 (0.2)
Creatinine, mg/dL 0.9 (0.2) 0.8 (0.2) 0.8 (0.2) 0.8 (0.2)
Testosterone, nmol/L 9.4 (13.0) 1.1 (10.6) 0.7 (1.1) 0.7 (1.1)
SHBG, nmol/L 35.3 (23.8) 50.8 (39.7) 54.1 (41.0) 59.8 (48.8)
Estradiol, pmol/L 139.7 (100.0) 144.2 (173.1) 155.8 (166.9) 149.1 (158.5)
Adiponectin, pg/mL 5.8 (4.2) 7.8 (5.1) 8.5 (5.2) 8.9 (6.1)

Data are presented as median (interquartile range), unless otherwise noted. *Obesity was defined as BMI =30 kg/m?. teGFR estimated with Chronic
Kidney Disease Epidemiology Collaboration formula. +Hypertension was defined as self-reported hypertension, or use of antihypertensive medication,
or systolic blood pressure (SBP) =140 mmHg, or diastolic blood pressure (DBP) =90 mmHg during blood pressure measurement in the study center at

baseline examination.

men, the direction of the association was
similar; however, Cox models showed no
association (0.98; 0.91, 1.07) (model 2,
Fig. 1C, and Supplementary Table 2).
When adjusted for HbA;. and adiponec-
tin (model 3), the inverse association
between NT-proBNP and risk of type 2
diabetes was slightly attenuated; how-
ever, it remained significant in women
(Supplementary Table 2). Reduction in
diabetes risk in women was observed
independent of menopausal status (P =
0.54 for interaction) (Supplementary
Table 2). When we excluded participants
with baseline HbA;. =6.5%, the associ-
ations between NT-proBNP and type 2
diabetes risk were not substantially
altered (data not shown). The results
obtained by multiple imputation for
NT-proBNP and steroid hormones
were also well in agreement with esti-
mates obtained by imputing the lowest
detectable value (Supplementary Table 3).

NT-proBNP and Risk of CVD
No statistically significant association be-
tween circulating NT-proBNP and the risk

of future CVD, MI, or stroke could be
detected in any of the adjusted Cox
models, regardless of sex of the partic-
ipants (Supplementary Table 4). Inspec-
tion of the restricted cubic splines revealed
a U-shaped relationship with MI risk in
women (P = 0.02) (Supplementary Fig. 3B).
No further violation of linearity of the as-
sociations could be seen in Supplementary
Fig. 3A and C.

NT-proBNP and Risk of Microvascular
and Macrovascular Complications

Next, we investigated the relationships of
NT-proBNP, measured at recruitment in
healthy individuals, with subsequent risk
of diabetes-related vascular complica-
tions. Participants destined to develop
vascular complications of diabetes were
on average older, more likely to be men,
and had a more unfavorable cardiome-
tabolic profile characterized by higher
triglycerides, lower HDL-cholesterol, lower
adiponectin, and higher NT-proBNP con-
centrations (Supplementary Table 5).
Density distribution of NT-proBNP concen-
trations stratified by diabetes complications

status and sex revealed different distri-
bution patterns between men and women
(Fig. 2). On average, women had higher
NT-proBNP concentrations than men. The
distribution of NT-proBNP in women who
later developed type 2 diabetes without
complications was shifted to lower con-
centrations as compared with their coun-
terparts with vascular complications (Fig.
2B), but no such trend was apparent in
the male population (Fig. 2C).

In multivariable Cox regression analyses,
higher baseline NT-proBNP concentra-
tions were linearly positively associated
with higher risk of microvascular and
macrovascular complications (Fig. 3 and
Supplementary Table 6). Each doubling
in NT-proBNP concentration was asso-
ciated with a 1.31-times higher risk of
any diabetes complications (95% Cl 1.13,
1.53) (Fig. 3A and Supplementary Table
6), a 1.20-times higher risk of microvas-
cular complications (1.01, 1.43) (Fig. 3B
and Supplementary Table 6), and a
1.37-times higher risk of macrovascular
complications(1.03,1.83) (Fig. 3Cand Sup-
plementary Table 6). The associations for
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Figure 1—Sex-specific associations of baseline NT-proBNP concentrations with risk of type 2 diabetes in the case-cohort of the EPIC-Potsdam study (n =
1,656). Adjusted HRs per doubling in NT-proBNP concentrations were assessed with Cox proportional hazards model (main model 2) and are shown with
corresponding 95% Cls in the middle of each panel. Linearity of the relationship between NT-proBNP concentrations and risk of type 2 diabetes was
assessed with restricted cubic splines. Splines with corresponding 95% Cls from five imputation data sets are shown.

any diabetes-related complications seemed
to be more pronounced in men (HR 1.50;
95% Cl 1.23, 1.83) compared with women
(1.19; 0.85, 1.68) (Supplementary Fig. 4
and Supplementary Table 6). However,
no statistically significant interaction be-
tween NT-proBNP levels and sex could be
detected (P = 0.22). HRs for microvas-
cular complications were 1.42 (1.11, 1.81)
in men and 1.17 (0.79, 1.74) in women
(Supplementary Fig. 4 and Supplementary
Table 6). It was not possible to estimate
the HRs for macrovascular complications
in women due to insufficient case num-
bersinthissubgroup (n = 15). Exclusion of
participants with baseline HbA;. =6.5%
did not substantially change the asso-
ciations of NT-proBNP with any vascular
complications of diabetes (data not
shown).

Prediction of Diabetes and Diabetes-
Related Complications with
NT-proBNP

Regarding the predictive ability of NT-
proBNP for type 2 diabetes, the c-index
(95% Cl) was not changed upon addi-
tion of NT-proBNP to the German Di-
abetes Risk Score model: 0.853 (0.819,
0.884) vs. 0.852 (0.819, 0.883). Also,
NT-proBNP alone was not able to dis-
criminate between diabetes cases and
noncases: c-index 0.546 (0.502, 0.590).
For prediction of diabetes-related com-
plications, however, the c-indeximproved
from 0.681 (95% C1 0.558, 0.793) to 0.694
(95% Cl 0.572, 0.804) upon addition of
NT-proBNP to the model.

CONCLUSIONS

We observed that NT-proBNP was in-
versely associated with the risk of type 2
diabetes and that this association was

more apparent in women in our study.
In contrast to this inverse association,
circulating levels of NT-proBNP were
positively associated with vascular com-
plications among individuals who devel-
oped type 2 diabetes during the follow-up,
independent of major risk factors such as
age, sex, BMI, sociodemographic and life-
style factors, history of prevalent condi-
tions, inflammatory and cardiometabolic
biomarkers, and sex hormones.

The reported associations of high-normal
NT-proBNP concentrations with lower
diabetes risk in this study are in accor-
dance with previously published findings
from large epidemiological and Mende-
lian randomization studies (5-8,28). In-
triguingly, our data suggest that the
contribution of this biomarker to the risk
of type 2 diabetes is potentially modified
by sex. Circulating NT-proBNP was ob-
served to be affected by sex, withwomen
showing higher levels of this peptide
than men (16—18). This is an observa-
tion also made in our study. Previous
studies observed a stimulatory effect of
estrogens on the natriuretic peptide
system (29-31), though these findings
were inconsistent in humans (17). Es-
tradiol appeared to regulate natriuretic
peptide transcription and secretion and
to augment NPR-A expression levels
while stabilizing or reducing NPR-C tran-
scription levels in mice (29,30); and in
humans, natriuretic peptides inversely
correlated with androgen levels (17,32)
and were found to be lower in postmen-
opausal compared with premenopausal
women (16,17,31). Sex- and hormone-
dependent regulation of natriuretic pep-
tides could at least partially account for
the differences in cardiometabolic risk
profiles between women and men by

promoting adipose tissue dissemination
from visceral to more favorable subcu-
taneous depots (33). Though we do not
have measures of body composition in
this study, hormone-dependent modu-
lation of cardiometabolic risk through
fat distribution by natriuretic peptides
remains a possibility.

We could not detect any statistically
significant linear associations of NT-proBNP
with the risk of Ml or stroke in our study.
Two systematic reviews showed a useful
role of natriuretic peptides in cardiovas-
cular risk assessment (34,35). However,
Mendelian randomization studies inves-
tigating the causal role of NT-proBNP in
Ml or stroke onset are lacking, and the
systematic reviews included studies on
high-risk populations and/or patients with
stable CVD, and HF cases in the compos-
ite CVD outcome. It could be speculated
that higher cardiac NT-proBNP levels in
physiological conditions may be protec-
tive against type 2 diabetes and also
against CVD (3,36), acting against obesity
and dysregulation of glucose/lipid me-
tabolism, while higher levels in patho-
logical conditions may represent a rescue
mechanism of the cardiovascular system,
which attempts to counteract the pa-
thology by releasing the cardiac hor-
mones. In line with previous studies (37),
higher NT-proBNP levels were associated
with a more favorable lipid profile, which
are characterized by lower triglycerides
and higher HDL-cholesterol concentra-
tions in our study. This relation may
further substantiate a positive role of
NT-proBNP on cardiometabolic and car-
diovascular risks in healthy physiology.

With regard to vascular complica-
tions of diabetes, several prospective
studies in patients with diabetes reported
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Figure 2—Density distribution of baseline NT-proBNP concentrations stratified by type 2 diabetes
complications status and sex. A: Density distribution of baseline NT-proBNP concentrations in all
participants with incident diabetes. B: Density distribution of baseline NT-proBNP concentrations
in women with incident diabetes. C: Density distribution of baseline NT-proBNP concentrations in

men with incident diabetes.

associations of higher NT-proBNP concen-
trations with an increased risk of CVD
(11-15). However, prospective studies on

microvascular complications are scarce.
The only two prospective studies known
to us are a case-cohort study nested

within the Action in Diabetes and Vas-
cular Disease: Preterax and Diamicron
MR Controlled Evaluation (ADVANCE) trial
(38) and a 9-month-long randomized
controlled sulodexide macroalbuminuria
(Sun-MACRO) trial (11). Both studies
reported that NT-proBNP was associated
with a risk of renal events, such as ne-
phropathy (38) or loss of kidney function
or end-stage renal disease (11). Also, in
line with our findings, they showed that
the discriminative performance of the
models increased upon addition of
NT-proBNP for prediction of nephropa-
thy (38) or cardiovascular and renal
events (11). However, these studies
were limited as they did not report
sex-specific associations, were of shorter
duration, assessed NT-proBNP concen-
trations after individuals developed
diabetes, and included patients with
preexisting complications. Because NT-
proBNP levels in diseased populations
might be altered due to a present or
subclinical vascular, renal, and neurological
impairment, reverse causation cannot
be ruled out. In contrast, we measured
NT-proBNP before diabetes onset and ex-
cluded participants with prevalent compli-
cations. Our data therefore provide new
insights into the prospective contribution of
this peptide to vascular and renal dysfunc-
tion that is assessed as microvascular
events, in addition to its role as an estab-
lished marker of cardiac impairment and
stress. In individuals prone to develop di-
abetes, subclinical cardiac abnormalities as
indicated by prediagnosis high-normal ele-
vations in NT-proBNP may hint at physiologic
stresses (extracellular volume expansion,
left ventricular hypertrophy, silent myocar-
dial ischemia, and reduced renal clearance).
A strong association between asymptom-
atic cardiac impairment and kidney func-
tion decline exists even in the absence of
clinically overt CVD (39,40).

The major strength of our study is its
population-based design in a low-risk
setting and a use of both microvascular
and macrovascular diabetes complica-
tions as an outcome in the same study.
To our knowledge, this is the first study
reporting on associations between base-
line NT-proBNP and the risk of diabetes-
related vascular complications in the
setting of an incident cohort with di-
abetes consisting of initially healthy in-
dividuals. Previous studies which reported
the associations between peripheral NT-
proBNP and type 2 diabetes did not
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Figure 3—Associations of baseline NT-proBNP concentrations with risk of diabetes-related vascular complications in the patients with incident diabetes
from the case-cohort, n = 545. Adjusted HRs per doubling in NT-proBNP concentrations were assessed with Cox proportional hazards model (main
model 2) and are shown with corresponding 95% Cls the in the middle of each panel. Linearity of the relationship between NT-proBNP concentrations
and risk of diabetic complications was assessed with restricted cubic splines. Splines with corresponding 95% Cls from five imputation data sets are
shown. A: Associations with total vascular complications. B: Associations with microvascular complications. C: Associations with macrovascular
complications. Microvascular complications were defined as new-onset retinopathy or blindness due to retinopathy, neuropathy or amputation due to
neuropathy, nephropathy or kidney replacement therapy. Macrovascular complications were defined as newly diagnosed Ml or stroke.

report the results separately for men
and women (6,8,11,38). Our finding that
associations differ by sex should be
confirmed in further studies. Further
strengths include the rigorous validation
of self-reported diagnoses, low drop-out
rates, thorough adjustment for cardio-
metabolic risk factors, the large study
sample, and long study follow-up.

Our study has some limitations. Di-
agnoses of nephropathy, neuropathy, and
retinopathy were collected only in indi-
viduals which developed type 2 diabetes
during follow-up. Moreover, the number
of macrovascular complications was rel-
atively low in our study. NT-proBNP mea-
surements were done at recruitment,
relatively long before the diabetes di-
agnosis, which was the new baseline for
the analyses on complications. We tried
to overcome these shortcomings by ac-
counting for HbA,. levels at recruitment
and the duration between recruitment
and diabetes onset in the statistical
modeling. Furthermore, no repeated as-
sessments of NT-proBNP concentrations
were available in this study. It would be
interesting to compare associations of
pre- and postdiagnosis levels in terms of
strength of association with complica-
tions. Study participants are ethnically
almost exclusively of Caucasian ancestry;
therefore, our findings might not be gen-
eralizable to other ethnicities and war-
rant an evaluation in other population
groups. Finally, because of the observa-
tional character of this study, the ob-
served associations cannot necessarily
be considered causal.

In conclusion, peripheral NT-proBNP
was inversely associated with the risk of

type 2 diabetes in healthy individuals,
particularly in women, whereas higher
concentrations of this peptide related to
higher risk of macrovascular and micro-
vascular disease in people who develop
diabetes. NT-proBNP may be a promising
biomarker for detection of subclinical
impairment in asymptomatic individuals
at high risk for diabetes-related compli-
cations. Future studies should test the
utility of NT-proBNP in risk stratification
and tailoring therapeutic interventions
for prevention of diabetes complications.
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