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Abstract
Background—Animal data suggest that natriuretic peptides play an important role in energy
metabolism, but prospective studies evaluating a relationship between these peptides and type 2
diabetes mellitus (T2DM) in humans are few and results are conflicting.

Methods—We used a prospective case-cohort approach (n=491 T2DM cases, n=561 reference
subcohort) within the Women's Health Study to evaluate baseline N-terminal pro-B-type
natriuretic peptide (NT-proBNP) concentrations and the risk of incident T2DM. We also tested for
associations between 4 common variants in the natriuretic peptide A and B genes (NPPA-NPPB)
and NT-proBNP concentrations (n=458) and incident type 2 diabetes (n=1372 cases among 22607
women).

Results—Case subjects had higher median baseline body mass index (29.4 vs. 25.0 kg/m2,
P<0.001) and lower baseline median (IQR) NT-proBNP concentrations [46.8 ng/L (26.1, 83.2) vs
66.7 ng/L (39.3, 124.7), P<0.001]. In proportional hazards models adjusting for established
diabetes risk factors, women in the highest quartile of baseline NT-proBNP (≥117.4 ng/L) had a
49% reduction in risk of T2DM (HR 0.51, 0.30–0.86, P=0.01) relative to those in the lowest
quartile. Two of the 4 tested variants in NPPA-NPPB (rs632793, rs198389) associated with
increased NT-proBNP concentrations and reduced risk of T2DM. For example, each copy of the
minor allele of rs632793 was associated with increased NT-proBNP (β (SE)=0.201 (0.063),
P<0.01) and decreased T2DM risk (HR 0.91, 0.84–0.989, P=0.026).

Conclusions—NT-proBNP concentrations that are high, but still within the reference interval,
associate with reduced risk of incident diabetes in women and support a favorable role for
natriuretic peptides in the development of T2DM.
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Introduction
The roles of natriuretic peptides in promoting vasodilation and natriuresis are well known,
(1, 2) and assays for both the active form of B-type natriuretic peptide (BNP) and the
inactive amino-terminal fragment of the peptide (NT-proBNP) have gained widespread
acceptance as tools for the diagnosis of heart failure in the acute-care setting.(3, 4) B-type
natriuretic peptides also play an important role in regulating lipolysis in adipocytes,(5, 6)
and several cross-sectional epidemiological studies have reported inverse associations
between BNP concentrations and body mass index, glucose concentrations, measures of
insulin resistance, and the number of components of the metabolic syndrome.(7–9)

However, prospective studies of the relationship between BNP concentrations and incident
type 2 diabetes mellitus (T2DM) are scarce and inconsistent.(10–12) To better understand
the possible metabolic effects of the natriuretic peptide system, we first measured baseline
concentrations of NT-proBNP and several other plasma markers of metabolism and
inflammation in healthy middle aged and older women enrolled in the Women's Health
Study (WHS).(13) We then examined correlations between these biomarkers and NT-
proBNP concentrations and tested for evidence of association between NT-proBNP
concentrations and incident T2DM in a prospective case-cohort study of women from the
WHS. We also conducted a series of analyses to determine if common genetic variants
previously reported to associate with NT-proBNP concentrations and T2DM demonstrated
similar evidence of association in our cohort of women.

Materials and Methods
Study Participants

Study participants were enrolled in the Women's Health Study (WHS), a completed
randomized, double-blind, placebo-controlled 2×2 factorial trial of aspirin and vitamin E in
the prevention of cardiovascular disease and cancer among 39,876 female health
professionals aged 45 years and older.(13) Enrollment began in 1992, participants were free
of cardiovascular disease at baseline, and a total of 28,345 women provided a blood sample
at baseline. Among these, 19,871 (70.1%) were fasting at time of sample collection. These
samples were centrifuged and then stored in liquid nitrogen until laboratory analysis. The
randomized portion of the study was completed in March 2004, and women were invited to
participate in continued observational follow up. Participants have been followed
continuously for incident cardiovascular disease and T2DM. Three different subgroups of
WHS participants were identified for the analyses of NT-proBNP and incident T2DM,
common genetic variation and NT-proBNP concentrations, and common genetic variation
and incident T2DM components of this study.

Prospective Association of NT-proBNP and Type 2 Diabetes
For the prospective analysis of NT-proBNP concentrations and incident T2DM, all subjects
were selected from among women without baseline-diagnosed diabetes (absent self report of
T2DM and HbA1c < 6.5%) and with adequate baseline fasting blood specimens. We
designed a case-cohort study by first selecting a random sample of incident T2DM cases
(n=491) from among the entire WHS cohort. Cases were defined as non-diabetic WHS
participants who provided baseline blood specimens and subsequently developed newly
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diagnosed T2DM. A randomly selected subcohort of women with available blood specimens
was then chosen as a reference risk set (n=561). The sampling technique excluded women
with baseline T2DM, but women who developed T2DM during follow up were eligible for
inclusion in the reference subcohort. By chance, 50 such women were selected for the
reference subcohort, so the case-cohort set included 491 incident T2DM cases and 511 non-
cases. The selection of the reference subcohort was stratified by race/ethnicity (White vs.
non-White) as well as age (in 5-year strata) to approximately match the distribution among
cases of T2DM (included in this study) as well as a separate group of cases of incident
cardiovascular disease (not included in this study).

Common Variants in NPPA-NPPB and NT-proBNP Concentrations
To validate previously reported associations between the common genetic variants in the
natriuretic peptide precursor A (NPPA) and natriuretic peptide precursor B (NPPB) genes
and NT-proBNP, we used data from women selected for the reference subcohort who also
had genotyping performed as part of the larger Women's Genome Health Study, which is a
subset of the women enrolled in the WHS. The Women's Genome Health Study includes
more than 25,000 women with available genotyping data. The study is described in detail
elsewhere.(14) Of the 561 women selected for inclusion in the reference subcohort for this
study, 458 were of European ancestry and had both genotyping information and available
NT-proBNP concentrations.

Common Variants in NPPA-NPPB and Incident Type 2 Diabetes Mellitus
To test whether common variation in NPPA and NPPB was associated with incident T2DM
in the WHS and Women's Genome Health Study, we identified all women of European
ancestry with genotyping information who had an HbA1c < 6.5% and did not have a clinical
diagnosis of T2DM at baseline. In total, there were 22607 women in this cohort with 1372
cases of incident T2DM.

Type 2 Diabetes Ascertainment
Incident T2DM was identified in an identical fashion for all participants in the WHS and in
this study. Possible cases of incident T2DM were initially identified by self-report on annual
questionnaires that asked if and when the participant had been diagnosed with T2DM since
baseline. Self-reported cases were then confirmed by physician-administered telephone
interviews using the American Diabetes Association diagnostic criteria (15) or a self-
administered supplemental questionnaire. In a validation study, both interview-based and
supplemental questionnaire-based confirmation yielded positive predictive values >90% in
comparison to medical record review.(16) In particular, the positive predictive value of the
supplemental questionnaire was 99% (95% CI 97–100%). Overall, in 95% of all-self-
reported T2DM events, sufficient information for confirmation or disconfirmation of the
endpoint was obtained, and only confirmed cases were used in this analysis. Because the
prevalence of undiagnosed T2DM among middle-aged US adults is so high, and because
this analysis was designed to investigate the role of NT-proBNP as a determinant of future
disease, we limited our sample to individuals with a baseline HbA1c less than 6.5%.

Laboratory Analysis
Plasma amino-terminal B-type natriuretic peptide (NT-proBNP) was measured using an
electrochemiluminescent immunoassay assay provided by Roche Diagnostics. The assay has
day-to-day variability at concentrations of 175, 434 and 6781 ng/L of 3.2, 2.4 and 2.2%,
respectively. In addition to NT-proBNP, plasma samples were measured for insulin, leptin,
resistin, interleukin-6, free fatty acids, oxidized low-density lipoprotein cholesterol,
creatinine, hemoglobin A1c, total cholesterol, low-density lipoprotein cholesterol, high-
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density lipoprotein cholesterol, triglycerides, high-sensitivity C-reactive protein, and soluble
intercellular adhesion molecule-1 in a core laboratory certified by the National, Heart, Lung,
and Blood Institute/Centers for Disease Control and Prevention Lipid Standardization
Program. Details of the assays used and measures of day-to-day variation are available upon
request.

DNA samples were genotyped with the Infinium II technology from Illumina (Human
HAP300 panel) as previously described.(14) All samples were required to have successful
genotyping using the BeadStudio v. 3.3 software (Illumina) for at least 98% of the single
nucleotide polymorphisms (SNPs). SNPs with call rates <90% and samples with percentage
of missing genotypes higher than 2% or that deviated from Hardy-Weinberg equilibrium
were removed from the analysis. We identified 4 single nucleotide polymorphisms
(rs198358, rs5068, rs632793, and rs198389) that had been associated with NT-proBNP
concentrations, atrial natriuretic peptides concentrations, or aspects of the metabolic
syndrome and/or T2DM in previously published literature.(10, 17–20) rs198358 was
directly genotyped with 99.25% success. The estimated allele dose at rs5068, rs632793, and
rs198389 was imputed using the MACH 1.0.16 program (http://www.sph.umich.edu/csg/
abecasis/mach/index.html) and data from HapMap.(21–23) Imputation quality scores ranged
from 0.962 (rs632793) to 0.998 (rs5068).

Statistical Analysis
Prospective Association of NT-proBNP and Type 2 Diabetes—Data for this
component of the study were analyzed as a case-cohort study using appropriate weighting of
the observations.(24, 25) Since sampling was stratified by race/ethnicity and age, we used
stratum-specific weighting.(26) Overall population characteristics were estimated using
weights equal to the inverse of the inclusion probabilities in the subcohort sample using the
Horvitz-Thompson weighting approach in PROC SURVEYMEANS in SAS 9.2.(24, 27)
Crude frequencies and median (IQR) values of baseline clinical and biochemical
characteristics were compared using chi-square and Wilcoxon rank-sum tests. Estimated
population frequencies of categorical variables were compared using the Rao-Scott Chi-
Square Test in PROC SURVEYFREQ in SAS 9.2. Estimated population means for
continuous variables in the cases and subcohort were compared using weighted linear
regression in PROC SURVEYREG in SAS 9.2. Associations between NT-proBNP and
other serum metabolic markers, including glycated hemoglobin (HbA1c), creatinine,
estimated glomerular filtration rate (eGFR), insulin, ghrelin, and adiponectin were computed
in the subcohort using Spearman correlation coefficients.

NT-proBNP concentrations were divided into increasing quartiles based on the distribution
in the reference subcohort of non-diabetic women. Cox proportional hazards models
adjusted for the weighted sample size(28) were used to calculate adjusted hazard ratios (HR)
and 95% confidence intervals (CIs) for incident T2DM according to the increasing quartile
of NT-proBNP, with the lowest quartile chosen as the referent category. Tests for trend
across quartiles of NT-proBNP were calculated using an indicator variable set to the median
value of each quartile of NT-proBNP. We also assessed the association between NT-
proBNP and incident diabetes modeled per one standard deviation increment on the natural
logarithm-transformed scale. Women without complete information for all covariables
included in multivariable models were excluded from those analyses. A maximum number
of 27 women were excluded from the primary analysis for missing covariate information.

Because the results of the primary analysis described above suggested the possibility of a
threshold effect, we conducted an exploratory analysis in which we analyzed several NT-
proBNP concentrations as possible dichotomous cutpoints for association with T2DM. The
primary analysis suggested the 75th percentile (117.4 ng/L) would be a possible cutpoint; we
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then selected the NT-proBNP value corresponding to the 50th, 55th, 60th, 65th, 70th, 80th,
85th, and 90th percentile of the NT-proBNP distribution in the reference subcohort. The risk
of T2DM for women with values at or above each threshold were compared to a reference
group comprised of women with NT-proBNP values less than the 50th percentile using
adjusted Cox proportional hazards models as described for the primary analysis. We also
performed sensitivity analyses that censored women at the time when they developed
cardiovascular disease (N=14) or congestive heart failure (N=8) prior to either developing
diabetes or the close of follow up. All analyses were performed using SAS 9.1 or 9.2 for
UNIX.

Common Variants in NPPA-NPPB and NT-proBNP Concentrations—Linear
regression models adjusted for age, body mass index, systolic blood pressure, and subject
selection criteria (prevalent T2DM, incident T2DM, incident cardiovascular disease, both
incident cardiovascular disease and T2DM, or subcohort) were used to test for evidence of
association between rs198358, rs5068, rs632793, and rs198389 and natural logarithm-
transformed NT-proBNP concentrations in the reference subcohort. Each SNP was tested for
evidence of association with body mass index, systolic blood pressure, and fasting insulin
concentration. Evidence for deviation of an additive mode of inheritance was evaluated by
including a term to test for nonlinearity in the linear regression model.

Common Variants in NPPA-NPPB and Incident Type 2 Diabetes Mellitus—Cox
proportional hazards models were constructed to test for evidence of association between
rs198358, rs5068, rs632793, and rs198389 and incident T2DM. Models were adjusted for
age, BMI, BMI squared, hormone therapy use, family history of diabetes, exercise at least
once per week, and alcohol use at least 1 drink per day. Each SNP was tested for evidence of
association with body mass index, hormone therapy use, family history of diabetes, exercise,
and alcohol use. Evidence for deviation of an additive mode of inheritance was evaluated by
including a term to test for nonlinearity in the proportional hazards regression model.

The funding entities played no role in the conduct, data collection, data management, data
analysis, or preparation of the manuscript.

Results
Prospective Association of NT-proBNP and Type 2 Diabetes

The baseline characteristics of the women who subsequently developed T2DM and the
women selected for inclusion in the reference subcohort, both in crude analyses and after
reweighting to reflect sampling from the larger Women's Health Study population, are
displayed in Table 1. As anticipated, in both crude and reweighted analyses, women who
developed T2DM had higher BMI and blood pressure and were more likely to have a family
history of diabetes, drank alcohol and exercised less frequently, and had higher fasting
insulin and hsCRP concentrations (each P<0.0001). In both the crude and reweighted
analyses, NT-proBNP concentrations were lower among the women who subsequently
developed T2DM (each P<0.001). The median (IQR) duration of follow up for all women
included in the case-cohort sample was 13.4 (7.7, 11.6) years.

Correlations between baseline concentrations of NT-proBNP and baseline anthropometric,
metabolic, lipid, and inflammatory biomarkers in the reference subcohort are displayed in
Table 2. In the unadjusted analysis, age (0.37), insulin (−0.25) and leptin (−0.18) appeared
to be at least as closely correlated with NT-proBNP concentrations as other known
correlates, including body mass index (−0.17), blood pressure (0.06), and eGFR (−0.20).
After adjusting for age, and for age and BMI, correlations between NT-proBNP and insulin

Everett et al. Page 5

Clin Chem. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



persisted (−0.25 and −0.18, respectively). Neither HbA1c nor any of the inflammatory
biomarkers showed any important correlations with NT-proBNP.

The risk of incident T2DM according to increasing quartiles of NT-proBNP concentrations
is displayed in Table 3. In models adjusted for age and race, increasing concentrations of
NT-proBNP were associated with a reduced risk of incident T2DM for all 3 quartiles
compared to the first quartile. After adjusting for BMI, the observed reductions in the risk of
T2DM were attenuated in quartiles 2, 3 and 4, but remained statistically significant for the
highest as compared to the lowest category of NT-proBNP (HR 0.54, 95% CI 0.33–0.89,
P=0.015). This relationship persisted after adjustment for eGFR, hormone therapy use,
family history of diabetes, physical activity, and alcohol consumption (HR 0.51, 95% CI
0.30–0.86, P=0.011) and was attenuated by further adjusting for baseline insulin
concentrations (HR 0.58, 95% CI 0.35–0.97, P=0.039) We observed a 20% reduction in the
risk of incident T2DM per 1 standard deviation unit increase in natural logarithm-
transformed NT-proBNP concentrations in fully adjusted models (Table 3 Model 4; HR
0.80, 95% CI 0.67–0.96, P=0.016). This point estimate did not change substantially when
HbA1c was added to the model (HR 0.80, 95% CI 0.65–0.99, P=0.044). No significant
change in the risk estimates was noted after further adjusting for high sensitivity C-reactive
protein or after substituting alternative measures of adiposity (waist circumference, hip
circumference, or waist to hip ratio) for BMI in adjusted models (data not shown).

The results of the categorical analysis suggested the possibility of a threshold effect, in
which only women with the highest NT-proBNP concentrations were at reduced risk of
T2DM. In an exploratory analysis, we examined the risk of incident T2DM for women with
NT-proBNP concentrations at or above the 55th through the 90th percentiles, using women
with NT-proBNP concentrations below the 50th percentile (<65.2 ng/L) as the referent group
(Figure 1). As can be seen, the association with incident T2DM is statistically significant for
NT-proBNP cutpoints of the 75th percentile and higher. For example, women with NT-
proBNP concentrations ≥75thth percentile (117.4 ng/L) were at 47% lower risk of T2DM
(HR 0.53, 95% CI 0.33–0.86, P=0.009) than those with NT-proBNP concentrations below
the median after adjustment for all confounders but insulin. Further adjustment for insulin
did not substantially alter the results (HR 0.58, 95% CI 0.36–0.93, P=0.024).

We did not observe any evidence of statistical interaction between NT-proBNP
concentrations above or below this threshold and World Health Organization category of
BMI (<25, 25 to < 30, 30+kg/m2), a family history of diabetes, systolic blood pressure, or
age above or below 53 (the median in the study population). In a sensitivity analysis, we
constructed separate proportional hazards models that censored women when they
developed either incident cardiovascular disease or congestive heart failure. Our results
remained unchanged.

Common Variants in NPPA-NPPB and NT-proBNP Concentrations
The results for the test of association between SNPs rs198358, rs5068, rs632793, and
rs198389 are displayed in Table 4. As can be seen, we observed statistically significant
evidence of association between natural logarithm transformed baseline NT-proBNP
concentrations and rs632792 and rs198389. Each copy of the minor allele at each SNP
increased natural-log transformed NT-proBNP concentrations by 0.2012 and 0.1860
standard deviation units, respectively. No statistically significant evidence of deviation from
an additive mode of inheritance was detected for any of the SNPs. While none of the SNPs
was significantly related to blood pressure, we did detect a statistically significant
association between BMI and rs632792 (beta (standard error) per 1 kg/m2 increase in BMI =
−0.69682 (0.33556), P=0.038) and rs198389 (−0.66137 (0.32973), P=0.046). Including an
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interaction term between each SNP and BMI in linear regression models of natural
logarithm transformed NT-proBNP concentrations did not improve model fit.

Common Variants in NPPA-NPPB and Incident Type 2 Diabetes Mellitus
When each of the four SNPs was tested for evidence of association with incident T2DM in
adjusted Cox models (n=22607 with 1372 cases of incident T2DM), we observed evidence
of association for both rs632793 and rs198389. The per-allele hazard ratio for T2DM was
0.91 (95% CI 0.84–0.989; P=0.026) for rs632793 and 0.92 (95% CI 0.85–0.995; P=0.036)
for rs198389. The effect of SNPs at either rs632793 or rs198389on T2DM risk is consistent
with the direction of their effect on NT-proBNP concentrations. However, we observed no
statistically significant association for either rs198358 (per-allele HR 0.94, 95% CI 0.86–
1.03, P=0.18) or rs5068 (per-allele HR 0.98, 95% CI 0.83–1.16, P=0.84). No statistically
significant evidence of deviation from an additive mode of inheritance was detected for any
of the SNPs, and no significant associations with BMI, family history of diabetes, exercise,
hormone therapy use, or alcohol use were noted.

Discussion
In these prospective analyses, we report a statistically robust association between
concentrations of NT-proBNP and the risk of incident diabetes in a population of initially
healthy women at usual risk for T2DM. We observed a nearly 50% reduction in the risk of
type 2 diabetes among women with NT-proBNP concentrations above 117 ng/L (the 75th

percentile), a concentration that is both well within the reference interval and routinely
observed in clinical practice. This reduced risk cannot be attributed to intervening
congestive heart failure or coronary heart disease occurring during follow-up. Furthermore,
while we observed the expected associations between NT-proBNP concentrations and age
and body mass index, we also observed an inverse relationship between NT-proBNP and
fasting insulin that persisted after adjusting for age and body mass index. We also confirmed
previously reported associations between common variation in the NPPA-NPPB gene and
NT-proBNP concentrations, and an association between two SNPs in NPPA-NPPB and
incident T2DM in initially healthy women. The direction of these effects was consistent
with data we report here for the association between plasma NT-proBNP and the risk of
incident T2DM.

These data, taken together, lend support to the hypothesis that natriuretic peptides are
causally involved in the development of insulin resistance and clinical diabetes. The
magnitude of risk reduction observed is consistent with that observed by Pfister and
colleagues in the EPIC-Norfolk cohort, who reported a 21% reduction in the adjusted risk of
incident T2DM per 1 unit SD increase in natural-logarithm transformed NT-proBNP
concentrations (HR 0.79, 95% CI 0.64–0.97, P=0.02).(10) In that same report, Pfister and
colleagues performed a Mendelian randomization analysis that supports a causal role for
natriuretic peptides in the development of T2DM. Our observations support that conclusion,
and suggest that alterations in NT-proBNP concentrations precede the clinical diagnosis of
diabetes by many years. Other prospective studies have reported similar results, with one
study reporting significant associations between B-type natriuretic peptide concentrations,
NT-proBNP concentrations, and mid-regional atrial natriuretic peptide concentrations and
incident T2DM(11) and another reporting a significant association for mid-regional atrial
natriuretic peptide but not NT-proBNP.(12) Cross-sectional studies have also reported
inverse associations between natriuretic peptides and features of the metabolic syndrome.(7–
9)

Our prospective study adds to this previously published work by closely examining the
relationships between NT-proBNP and hormones with important metabolic functions,
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including insulin, leptin, and ghrelin. We observed a modest inverse correlation between
NT-proBNP and fasting insulin concentrations that was independent of BMI and appeared to
be stronger than its correlation with blood pressure, a traditionally accepted determinant of
natriuretic peptide concentrations. In our study, the relationship between NT-proBNP and
incident T2DM is independent of both BMI and fasting insulin concentrations, supporting
the hypothesis that alterations in NT-proBNP concentrations contribute to T2DM risk via a
different biological mechanism or with different timing than alterations in insulin sensitivity
or obesity.

We were also able to replicate the results of several genetic studies that reported significant
associations between common variation in the NPPA-NPPB gene and NT-proBNP
concentrations, blood pressure, and prevalent T2DM.(17–20) Our results are largely
consistent with those previously published findings, as 3 of the 4 SNPs previously reported
to associate with NT-proBNP concentrations were also associated with NT-proBNP
concentrations in our cohort. The fourth, rs5068, has shown less consistent association with
B-type natriuretic peptide concentrations.(19, 20) We also replicated previously published
cross-sectional associations between variation in NPPA-NPPB and prevalent T2DM.(17, 18)
In our prospective analysis of 1372 cases of incident T2DM, we observed a statistically
significant association between two closely linked SNPs (rs632793 and rs198389, r2 = 0.874
and D' =1.00 in the Caucasian population of 1000 Genomes(29)) in the NPPA-NPPB gene
and T2DM.

A possible causal link between natriuretic peptides and T2DM is supported by evidence
from experimental mouse models of altered natriuretic peptide expression. In recent work by
Miyashita and colleagues, transgenic mice that expressed BNP at levels >100 times normal
were leaner and were resistant to the effects of a high fat diet on weight gain and insulin
resistance, and had lower total body fat and increased oxygen consumption.(30) These
effects were mediated by increased mitochondrial biogenesis through a natriuretic peptide
activated cyclic GMP signaling pathway. Furthermore, natriuretic peptide receptors are
expressed in pancreatic beta-cells and modulate glucose-stimulated insulin secretion.(31, 32)

Although our study is prospective, the possibility of reverse causality cannot be excluded. In
particular, we observed a modest inverse correlation between NT-proBNP concentrations
and fasting insulin concentrations at baseline, and physiologic evidence of insulin resistance
can precede the clinical signs by 3–6 years T2DM.(33) However, the median time to clinical
diabetes in our cohort was 8.2 years, and the association between NT-proBNP and incident
T2DM was independent of insulin concentrations, suggesting that the two hormones may
mark different pathophysiologic processes on the path to T2DM. We also observed an
inverse correlation between BMI and NT-proBNP concentrations, as have others.(9) Our
prospective data raise the possibility that the relationship between natriuretic peptide
concentrations and altered metabolism is not completely mediated by obesity, although
overlapping biologic pathways are difficult to exclude. Finally, we observed no attenuation
of the relationship between NT-proBNP and T2DM after adjusting for subclinical
inflammation, which is an important risk marker for T2DM, and suggests that natriuretic
peptides act to alter T2DM risk by an alternative mechanism.(34)

In conclusion, we observed a more than 40% reduction in the risk of incident type 2 diabetes
among initially healthy women with NT-proBNP concentrations that were higher than 117
ng/L. This association was independent of other traditional risk factors for diabetes,
including body mass index, kidney function, age, and fasting insulin concentrations. We also
replicate published reports of associations between common variation in the NPPA-NPPB
genes and both NT-proBNP concentrations and the risk of T2DM. These prospective data
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offer strong support for the hypothesis that the natriuretic peptide system plays an important
role in glucose and fatty acid metabolism and in the development of type 2 diabetes.
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Figure 1.
Adjusted relative risk of incident type 2 diabetes calculated for a range of possible cutpoints
for NT-proBNP. Possible cutpoints were chosen based on the distribution of NT-proBNP
concentrations in the reference subcohort. The risk of incident diabetes is calculated for
women with NT-proBNP concentrations at or above the indicated value compared to women
with NT-proBNP concentrations less than the 50th percentile (65.2 ng/L). Hazard ratios and
95% confidence intervals are adjusted for age, race, body mass index (kg/m2), estimated
glomerular filtration rate, hormone therapy use, family history of diabetes, exercise at least
once per week, and alcohol use of 1 drink or more per day. Further adjustment for baseline
insulin concentrations did not alter the results substantially (data not shown).
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Table 1

Comparisons of baseline characteristics of type 2 diabetes cases and the random subcohort, in the sample and
reweighted to the total Women's Health Study cohort

Crude Reweighted to Population

Baseline Characteristics Diabetes Cases N=491 Reference Subcohort n=561 P value Diabetes Cases N=1228 Reference Subcohort n=19277 P-value

Age, years 53.3 (49.0, 59.8) 56.7 (50.9, 64.2) <0.0001 53.6 (49.3, 59.7) 53.5 (49.2, 59.3) 0.53

White race, N (%) 450 (92) 516 (92) 0.37 1134 (92.4) 18468 (95.8)

Body mass index, kg/m2 29.4 (25.8, 33.9) 25.6 (23.0, 28.3) <0.0001 29.6 (26.0, 33.9) 25.6 (22.9, 28.3) <0.0001

Blood pressure, mm Hg 135 (125, 145) 125 (115, 135) <0.0001 135 (125, 145) 125 (115, 135) <0.0001

Current smoking, N (%) 63 (12.9) 56 (10.0) 0.18 159 (12.9) 1999 (10.4) 0.29

Family history of
diabetes, N (%)

208 (42.4) 158 (28.2) <0.0001 520 (42.3) 5178 (26.9) <0.0001

Alcohol use ≥1 drink per
day, N (%)

27 (5.5) 45 (8.0) 0.06 361 (29.4) 7749 (40.2) 0.0001

Exercise ≥1 times per
week, N (%)

159 (32.4) 259 (46.2) <0.0001 399 (32.5) 8991 (46.6) <0.0001

Hormone therapy use, N
(%)

209 (42.7) 242 (43.3) 0.60 533 (43.5) 8379 (43.6) 0.80

Randomized aspirin use,
N (%)

248 (50.5) 275 (49.0) 0.66 617 (50.2) 9312 (48.3) 0.41

eGFR, ml/min/1.73 m2 112.5 (92.4, 141.7) 92.6 (7584, 110.6) <0.0001 112.7 (92.6, 141.7) 96.1 (80.5, 115.7) <0.0001

HbA1c, % 5.3 (5.1, 5.5) 5.0 (4.9, 5.2) <0.0001 5.3 (5.1, 5.5) 5.0 (4.8, 5.2) <0.0001

Fasting insulin, μIU/mL 12.5 (8.4, 18.9) 6.8 (4.4, 10.7) <0.0001 12.5 (8.4, 18.8) 6.9 (4.3, 10.7) <0.0001

hsCRP, mg/L 4.0 (2.2, 7.0) 2.2 (0.9, 4.6) <0.0001 4.1 (2.3, 7.0) 2.1 (0.9,4.5) <0.0001

NT-proBNP, ng/L 46.8 (26.1, 83.2) 65.2 (37.8, 117.4) <0.0001 46.9 (26.4, 83.1) 58.7 (35.2, 103.5) <0.0001

Ln(NT-proBNP) 3.9 (3.3, 4.4) 4.2 (3.7, 4.8) <0.0001 3.9 (3.3, 4.4) 4.1 (3.6, 4.6) <0.001

Abbreviations: eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; hsCRP, high sensitivity C-reactive protein; NT-proBNP,
amino-terminal pro B-type natriuretic peptide.

All values for continuous variables are median (interquartile range).
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Table 2

Spearman correlations between NT-proBNP and other metabolic biomarkers in the reference subcohort, a
representative subsample of the Women's Health Study.

Unadjusted Age adjusted Age and BMI adjusted

Characteristic or Biomarker Rho P-value Rho P-value Rho P-value

Age, years 0.371 <0.0001 - - - -

Body mass index, kg/m2 −0.165 <0.0001 −0.185 <0.0001 - -

Systolic blood pressure, mm Hg 0.059 0.17 −0.044 0.30 0.025 0.57

Metabolic biomarkers

 Insulin, μIU/mL −0.245 <0.0001 −0.248 <0.0001 −0.180 <0.0001

 Hemoglobin A1c, % −0.039 0.36 −0.106 0.01 −0.069 0.10

 Ghrelin, pg/mL 0.051 0.23 0.051 0.23 −0.015 0.72

 Leptin, ng/mL −0.177 <0.0001 −0.178 <0.0001 −0.070 0.10

 Resistin, ng/mL −0.033 0.43 −0.073 0.08 −0.051 0.23

 Creatinine, mg/dL −0.014 0.74 −0.054 0.20 −0.052 0.22

 Estimated glomerular filtration rate, mL/min/1.73 m2 −0.195 <0.0001 −0.048 0.26 0.070 0.10

Lipid biomarkers

 Total cholesterol, mg/dL −0.130 0.002 −0.209 <0.0001 −0.196 <0.0001

 Low density lipoprotein cholesterol, mg/dL −0.151 0.0004 −0.228 <0.0001 −0.202 <0.0001

 Oxidized low density lipoprotein cholesterol −0.027 0.52 −0.087 0.04 −0.054 0.21

 High density lipoprotein cholesterol, mg/dL 0.143 0.0007 0.132 0.002 0.070 0.10

 Triglycerides, mg/dL −0.110 0.009 −0.148 0.0005 −0.098 0.02

 Free fatty acids mEq/L 0.031 0.46 −0.048 0.26 −0.022 0.61

Inflammatory biomarkers

 High-sensitivity C-reactive protein, mg/L 0.016 0.70 −0.026 0.54 0.050 0.24

 Interleukin (IL)-6, pg/mL 0.076 0.07 −0.009 0.83 0.047 0.27

 Soluble intracellular adhesion molecule-1, ng/mL 0.006 0.89 −0.090 0.03 −0.061 0.15
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Table 3

Risk of incident diabetes according to baseline concentration of NT-proBNP.

Adjusted Risk of Incident Type 2 Diabetes

Model Quartile 1 Quartile 2 Quartile 3 Quartile 4 P-trend Per 1 unit SD*

NT-proBNP range (ng/L) <37.4 37.4 to < 64.2 64.2 to < 117.0 ≥117.4

Model 1 1.0 0.56 (0.40–0.78) 0.61 (0.43–0.85) 0.40 (0.27–0.60) <0.001 0.68 (0.58–0.79)

 P-value 0.0006 0.004 <0.0001 <0.001

Model 2 1.0 0.84 (0.56–1.26) 0.93 (0.61–1.42) 0.54 (0.33–0.89) 0.047 0.79 (0.67–0.94)

 P-value 0.40 0.75 0.015 0.007

Model 3 1.0 0.88 (0.58–1.34) 0.97 (0.62–1.51) 0.51 (0.30–0.86) 0.041 0.78 (0.65–0.93)

 P-value 0.56 0.89 0.011 0.006

Model 4 1.0 0.96 (0.63–1.47) 0.99 (0.63–1.56) 0.58 (0.35–0.97) 0.10 0.80 (0.67–0.96)

 P-value 0.86 0.97 0.039 0.016

Model 1: Age and race adjusted

Model 2: Model 1 plus BMI (kg/m2) and BMI squared

Model 3: Model 2 plus eGFR, hormone therapy use, family history of diabetes, exercise at least once per week, alcohol use at least 1 drink per day.

Model 4: Model 3 plus insulin (μIU/mL)

Abbreviations: SD, standard deviation

*
Per 1 unit standard deviation (SD) of the natural logarithm-transformed NT-proBNP value.
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Table 4

Association of common variants in the NPPA-NPPB region with natural logarithm-transformed NT-proBNP
concentrations. For each of the SNPs, the smallest P-value was seen when an additive (rather than dominant)
mode of inheritance was assumed.

Per-allele association with 1 SD change in natural
log-transformed NT-proBNP concentrations*

SNP Chr Position Minor/Major Allele MAF
† Quality Score Beta (standard error) P-Value

rs198358‡ 1 11826663 C/T 0.236 N/A 0.0829 (0.0680) 0.228

rs5068 1 11828561 G/A 0.059 0.998 −0.0035 (0.1255) 0.978

rs632793 1 11833264 G/A 0.409 0.962 0.2012 (0.0631) 0.0015

rs198389 1 11841858 G/A 0.427 0.987 0.1860 (0.0620) 0.0029

Abbreviations: SNP, single nucleotide polymorphism; Chr, chromosome; MAF, minor allele frequency; SD, standard deviation.

*
Adjusted for Age, BMI, and systolic blood pressure. The mean (SD) natural logarithm transformed NT-proBNP concentration in the reference

subcohort is 4.254 (0.821).

†
Minor allele frequency in the participants of European descent with available genotyping information and NT-proBNP concentrations. rs198358

was directly genotyped; genotyping information for the remaining SNPs was imputed.

‡
This test of association used directly measured genotypes. The results did not differ when missing genotypes at rs198358 (n=1, or 0.22%) were

replaced with the imputed estimated genotype dose.
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