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Context: Sex hormones (SH) are thought to influence sdrrdiices in cardiovascular disease
(CVD). N-Terminal pro-B-type Natriuretic Peptide TNboroBNP), a predictor of CVD, is higher
in women than men, which may relate to SH.

Objective: To evaluate whether SHotal testosterone (T), bicavailable T, free T, estradiol,
dehydroepiandrosterone (DHEA), SH binding globulin (SHBG)] are associated with cross-
sectional and longitudinal NT-proBNP levels.

Design: Cohort study (MESA)

Participants. Cross-sectional sample includ2@71 postmenopausal women and 2,688 men free
of CVD, of which 2,041 women and 2,348 men weréuded in longitudinal sample.

Main outcome measures. NT-proBNP at baseline (2000-2002) aritirepeat NT-proBNP
(through 2010-12). Analyses adjusted for CVD rig&tors.

Results: Women had higher NT-proBNP than men (median 79.38vSpg/ml). Cross-
sectionally, higher bioavailable T, free T, DHEAgddower SHBG levels were independently
associated with lower NT-proBNP among both womethraen (all p<0.05). Higher total T in
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women and estradiol in men were also associatddloxter NT-proBNP (both p<0.05).
Longitudinally, in women, higher total T, bioavdila T, free T, DHEA, and lower estradiol and
SHBG were associated with greater 10-year increalSd-proBNP (all p<0.05). In men, higher
free T and estradiol were associated with grealfepiBNP increase (both p<0.05).
Conclusions. A more androgenic SH pattern was inversely asseatiaith NT-proBNP cross-
sectionally and may contribute to sex differenceNT-proBNP. Longitudinally, a more
androgenic SH pattern was associated with greategase in NT-proBNP in women, which
may reflect a mechanism for increased CVD risk omen after menopause.

A more androgenic sex hormone pattern was found to be inversely associated with NT-proBNP levels
cross-sectionally, while also associated with greater longitudinal change in NT-proBNP levels over time.

Introduction

Significant differences exist in the prevalence arahifestation of atherosclerotic cardiovascular
disease (CVD) and with heart failure (HF) betweesnrand women.(1,2) Premenopausal
women have a lower risk of CVD and HF compared émnmowever, this risk increases after
menopause.(3-5) Sex hormones, particularly andsygere associated with CVD risk factors
and events and have been postulated to mediatbteeved sex differences in CVD.(6-10)

B-type natriuretic peptides (BNP) are secreted foamliomyocytes in response to
myocardial wall stress.(11) BNP plays an importatg in cardiovascular remodeling and
volume homeostasis. It exerts numerous cardioptieéeeffects by promoting vasodilation,
natriuresis, and ventricular relaxation, and byagonizing fibrosis and the effects of the renin-
angiotensin-aldosterone system.(11) While the miygical role of BNP is cardioprotective,
pathologically elevated N-Terminal pro-B-type Natatic Peptide (NT-proBNP) levels are used
clinically to indicate left ventricular hypertrophgysfunction, and myocardial ischemia.(12-15)
Higher NT-proBNP levels among individuals free bifiical CVD are associated with an
increased risk of incident CVD(16), HF(17), anddiavascular mortality(18,19).

BNP and NT-proBNP levels are higher in women tiveem in the general population.(20-
22) Several studies have proposed the use of sexage-specific reference ranges for BNP and
NT-proBNP levels, where reference limits are higloerwomen and older
individuals.(20,21,23,24) The etiology behind théx difference has not been fully elucidated,
but prior studies have demonstrated an associbgtween sex hormones and NT-proBNP
levels. Analyzing the relationship between NT-prdBahd sex hormones may help clarify the
role of sex hormones in CVD/HF pathogenesis. Cudata on the exact associations between
BNP and sex hormones are controversial. Initiadists) particularly in women using estrogen
therapy, have proposed that estrogen may havenalating effect on the natriuretic peptide
(NP) system.(20,25-27) More recent studies meagu@imlogenous sex hormones have
suggested that androgens may play a larger r@&lin regulation by inhibiting its
production.(28,29) These studies are predominantlgs-sectional and limited in the number of
sex hormones measured. Additionally, the associd@iween sex hormone levels and change in
NT-proBNP levels over time is unknown.

Therefore, to address these knowledge gaps, wedagadrom a large, multi-ethnic
community-based cohort of individuals free of CvildeHF at baseline to analyze both the
cross-sectional and longitudinal associations betvgex hormones (total testosterone [T],
bioavailable T, free T, dehydroepiandrosterone [BHEex hormone binding globulin [SHBG],
and estradiol) and NT-proBNP, separately for wormeth men. We hypothesized that a more
androgenic profile of sex hormones would be invgrassociated with NT-proBNP levels in
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both cross-sectional and longitudinal analyses,thatithe associations would be stronger in
women than in men.

Materials and Methods

Data availability statement

The Multi-Ethnic Study of Atherosclerosis (MESA)haot participates in the National Heart,

Lung, and Blood Institute’s Biologic Specimen anat®Repository (BioLINCC). The MESA

data are available upon request, including data ggams 1 to 5, used in this analysis. Requests

for data can be made through the following website:
https://biolincc.nhlbi.nih.gov/studies/mesa/

Study population

The MESA is a prospective community-based cohtadysinvestigating the
characteristics of subclinical CVD and its progressnto clinical CVD. It enrolled 6,814 men
and women of four self-reported race/ethnicitiehit@/ Black, Hispanic, and Chinese-
American), who were 45-84 years old at the tim#éhefbaseline exam (2000-2002).(30) MESA
participants were recruited at six centers actosdinited States and were free of CVD/HF at
baseline. The study was approved by the institaticeview boards of all participating
institutions, and all participants provided writi@formed consent.

Our study included cross-sectional and longituldamalysesKigure 1). Premenopausal
women (n=514) were excluded, as sex hormone lelis significantly between pre- and post-
menopausal women. Participants with missing datad® hormones (n=209), baseline NT-
proBNP (n=975), and covariates from our second mn@de7), described below, were also
excluded. Ultimately, 5,059 participants were inldd in the cross-sectional analysis. Of this
sample, those that had at least one repeat meaishiie proBNP at exam 3 (2004-05) and/or
exam 5 (2010-2012) were included in our longitutaralysis (n=4,389).

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

Measurement of sex hormones

Early morning fasting blood samples were colle@ed stored at -7CQ at the time of the
baseline exam (exam 1). Sex hormones were measaredtored serum samples at the Steroid
Hormone Laboratory at the University of Massachsgdiedical Center (Worcester, MA).
Ultrasensitive radioimmunoassay kits from DiagroStystem Laboratories (Webster, TX) were
used to measure estradiol. Total T and DHEA werasmed using radioimmunoassay kits, and
SHBG was measured via a chemiluminescence enzymemometric assay using Immulite kits
from Diagnostic Products Corporation (Los Angef@s). Bioavailable T and free T were
calculated using total T and SHBG concentratiogsduations described by Sodergard et
al.(31) Intra-assay coefficients of variation fetradiol, total T, DHEA, and SHBG were 10.5%,
12.3%, 11.2%, and 9.0%, respectively.

Measurement of NT-proBNP

NT-proBNP levels were measured from blood samiblaswere collected at the time of
exams 1, 3, and 5, and stored a®€ZNT-proBNP measurements from a subset of exandBa
participants, plus participants at exam 5, weréopered using the Elecsys proBNP
immunoassay (Roche Diagnostics Corporation, Ingials, IN) at the University of California
San Diego and the University of Vermont.(32) Adudfital measures of NT-proBNP were
performed in the remaining samples from exams 13amsing the Cobas e601 (Roche
Diagnostics Corporation, Indianapolis, IN) at theiwersity of Maryland.(33) NT-proBNP
assays were harmonized across different Rochepiadf The measurement range was 5 to

=
L
U
-
L
—l
S
—
oC
<
LL
O
Z
<
>
Qo
<

ENDOCRINE
SOCIETY

3

ed from https://acadeni c. oup. coml j cenl advance-articl e-abstract/doi/10.1210/j c.2018- 01437/ 5076006
gl es County Harbor UCLA Medical Center, Parlow Library user
just 2018




The Journal of Clinical Endocrinology & Metabolis@opyright 2018 DOI: 10.1210/jc.2018-01437

35,000pg/mL, and the intra- and inter-assay cdefiis of variation were as follows: 2.7% and
3.2% at 175pg/mL, 2.4% and 2.9% at 355pg/mL, 1.89%26% at 1068pg/mL, and 1.8% and
2.3% at 4962pg/mL.(32)

Measurement of other covariates

Socio-demographic and lifestyle characteristissyall as CVD risk factors, were
obtained at exam 1 using standardized questiormailg/sical exam, and laboratory measures as
described previously.(30) Physical activity wasimed as the total amount of moderate plus
vigorous intentional exercise performed in a usue¢k and summed as MET-minutes/week.
Menopausal status was determined from a combinafiself-reported status, age, age of
menopause, and history of hysterectomy or oophamec{34) Due to missing self-reported
menopausal status data, as well as inconsistewiigs the data, an algorithm was created to
more accurately delineate the sample of postmersapatomen [shown iBupplemental
Figure(35)]. Participants were deemed postmenopauda¢yf inet one or more of the following
criteria: 1) age>55 years (86% of cross-sectional sample); 2) ageyears without history of
hysterectomy with available menopause age data )18Page <55 years with self-reported
postmenopausal status, but no menopause age dd@vhistory of hysterectomy (0.04%); 4)
age <55 with history of hysterectomy and bilate@bhorectomy if not already deemed
postmenopausal by any previous criteria (4%); ®) b with history of hysterectomy without
bilateral oophorectomy with reported hysterectoiingge > menopause age (0.08%). As stated
above, only postmenopausal women were includelisrnanalysis.

Body mass index (BMI) was calculated by weight (&yjded by height (m) squared. Seated
blood pressure was measured using a Dinamap awdrostillometric sphygmomanometer.
Hypertension was defined as systolic blood pres&B&)>140mmHg, diastolic blood pressure
(DBP)>90mmHg, or treatment with antihypertensive mediatDiabetes was defined as a
fasting glucose126mg/dL, self-reported diagnosis of diabetesreatment with hypoglycemic
medications. Estimated glomerular filtration rae¢&FR) was calculated using the CKD-EPI
equation.(36)

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

Statistical analysis
All analyses were performed stratified by sex, sisex hormone levels differ significantly
between women and men, with non-overlapping distieims. Continuous variables were
summarized as means (standard deviation [SD]),eatians (interquartile range [IQR]) in the
case of skewed distributions. Categorical variablese expressed as percentages.
Cross-sectional and longitudinal associations betveex hormones and NT-proBNP were
determined using multivariable-adjusted linear rdigéfects models. Because sex hormone and
NT-proBNP distributions were skewed, we used la@gpsformed values for both. Sex hormones
were modeled individually as continuous measunes the 90th vs 10th percentiles of their log-
transformed distributions were compared for comtiagr NT-proBNP, participants could
contribute 2 or 3 data points for longitudinal a/sa&ls. Among our sample, 3,085 participants had
all 3 data points (exams 1, 3, and 5), and 1,30dcgzants had data at exam 1 plus one follow-
up measurement at either exam 3 or 5. Cross-sattssociations were represented by
coefficients of the sex hormones, which estimagedifference in NT-proBNP at baseline by
varying sex hormone levels. Longitudinal assocretioere represented by coefficients of
interactions between sex hormones and time sirgeliba, which estimate the rate of change in
NT-proBNP associated with sex hormones. The lodgial analyses adjusted for baseline NT-
proBNP values in the mixed effects models. Becéageransformed values of sex hormones
and NT-proBNP may be difficult to interpret, thedeoefficients from the linear mixed effects

=
L
W
-
L
-
S
—
oC
<
LL
O
Z
<
>
Q
<

=NDOGIN=
SOCIETY

4

ed from https://acadeni c. oup. coml j cenl advance-articl e-abstract/doi/10.1210/j c.2018- 01437/ 5076006
gl es County Harbor UCLA Medical Center, Parlow Library user
just 2018




The Journal of Clinical Endocrinology & Metabolis@opyright 2018 DOI: 10.1210/jc.2018-01437

models were then exponentiated and presentedias (@5% CI) of the NT-proBNP geometric
means.

We utilized three models that were progressivejustdd for potential confounders. Model 1
adjusted for demographic factors, including ageefethnicity, and MESA site. Model 2
included all covariates in model 1, plus lifestydecioeconomic, body composition, and
hormonal factors, including education, smokingphtl consumption, BMI, and physical
activity, as well as use of hormone therapy (HTJ gears since menopause in women. Model 3
included all covariates of model 2, plus CVD rigktors, including diabetes, SBP, use of
antihypertensive medications, total and high-dgrgibprotein (HDL) cholesterol, use of lipid-
lowering therapy, and eGFR.

We additionally modeled sex hormones continuouslggirestricted cubic splines (with
knots at the 8, 35", 65", and 94' percentiles of the sex hormone sample distribs)itm assess
for potential non-linearity and to model a flexilllese-response relationship between sex
hormones and NT-proBNP. Sensitivity analyses weréopmed to exclude women on HT at
baseline, participants with reduced left ventrica@gction fraction (LVEF) at baseline (defined
as <50% as assessed by cardiac MRI), and partisipath incident clinical CVD events
between exams 1 and 5. Given inherent interestferences by race/ethnicity in this multi-
ethnic cohort, results were also stratified by fatteic groups in exploratory analyses.

Two-sided P values <0.05 were considered statitisgnificant. All analyses were
performed on STATA version 14 (StataCorp LP, Cal&gation, Texas).

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

Results

Participant characteristics

Baseline characteristics of the cross-sectiomapéa (n=5,059), stratified by sex, are
shown inTable 1L Women were slightly older than men (mean age 86dl.62.3 years,
respectively). NT-proBNP levels were higher in wantlean men at baseline (median 79.9 and
38.5pg/ml, respectively). Women had higher BMI tiggrated in less physical activity, and
were less likely to be smokers than men. Womentasiohigher SBP and total cholesterol and
were less likely to have diabetes. Approximatelg-timrd (32.9%) of women were receiving
HT. Baseline characteristics of the longitudindd-sample (n=4,389) are presented in
Supplemental Table 135) and are similar to those of the cross-seclisaaple.

Cross-sectional analysis
Table 2 shows the adjusted cross-sectional associatidngebe baseline sex hormones and
baseline levels of NT-proBNP. Among women, higluealt T, bioavailable T, free T, and DHEA
levels were independently associated with lowergddBNP (Model 1). These inverse
associations remained significant after furtheustilpg for lifestyle factors and hormonal status
(Model 2), and for other CVD risk factors (Model $he corresponding ratios (95% CI) of the
NT-proBNP geometric means per 1 SD increment inhggrone levels in the fully adjusted
model (Model 3) were: total T 0.96 (0.92, 0.99paviailable T 0.88 (0.84, 0.91), free T 0.81
(0.78, 0.85), and DHEA 0.90 (0.87, 0.94). SHBG{lmmother hand, was associated with higher
NT-proBNP levels, with significance persisting afaeljusting for the same covariates (ratio 1.24
[1.18, 1.29]). Estradiol levels were not signifidgrassociated with NT-proBNP in women in
cross-sectional analyses. These results were dgnaoasistent after stratifying by
race/ethnicity fupplemental Table 2(35)].

Among men, in the fully adjusted model (Model@pavailable T (0.94 [0.91, 0.98]),
free T (0.85 [0.82, 0.89]), and DHEA (0.92 [0.89@)) were associated with lower NT-
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proBNP. Estradiol was also significantly associateith lower NT-proBNP levels (0.94 [0.91,
0.98]). Similar to the relationship in women, SHBBels in men were significantly associated
with higher NT-proBNP (1.17 [1.12, 1.21]). Thessuks were also generally consistent after
stratifying by race/ethnicityJupplemental Table 2(35)].

Longitudinal analysis

Table 3shows the association between baseline sex hosvamtkadjusted change in NT-
proBNP over a 10-year follow-up (2000-2002 to 2@00-2). Among women, greater baseline
total T (ratio 1.06 [1.02, 1.11]), bioavailable T.13 [1.09, 1.18]), free T (1.16 [1.11, 1.20]), and
DHEA levels (1.04 [1.00, 1.08]) were associatechwaitgreater increase in NT-proBNP even
after adjusting for demographic, lifestyle, and C¥ig€k factors (Model 3). In contrast, SHBG
and estradiol were inversely associated with cham®¥T-proBNP after adjustment for the
above covariates (0.86 [0.83, 0.90] and 0.95 [00949], respectively).

All above associations in women were preserved akeluding 22 women with reduced
LVEF at baseline$upplemental Table 3(35)]. After excluding 691 women who were
receiving HT at baseline, bioavailable T, free fid @stradiol levels were associated with greater
longitudinal increase in NT-proBNP, and SHBG lewetye associated with less change in NT-
proBNP Supplemental Table 4(35)]. The pattern of findings also remained consistetetr af
excluding 116 women with incident CVD and HF evethising follow-up Bupplemental Table
5 (35)], as well as after stratifying by race/ethtyigSupplemental Table 6(35)].

In men, greater free T and estradiol were asstiaith a greater increase in NT-
proBNP over 10-yeard &ble 3), even after adjusting for demographic, lifestged CVD risk
factors (Model 3). The adjusted ratios were 1.08Q11.09] for free T and 1.08 [1.03, 1.13] for
estradiol. Findings were consistent after excludidignen with reduced LVEF at baseline
[Supplemental Table 335)], after excluding 197 men with incident CVDdadF during
follow-up [Supplemental Table 535)], and after stratifying by race/ethnicityypplemental
Table 6(35)].

To test for a non-linear relationship between sexrtones and NT-proBNP, we modeled the
associations using adjusted restricted cubic splffigures 2, 3. Among women, those with
free T in the 18 percentile had higher baseline NT-proBNP levedstthose with free T in the
90" percentile Figure 2A, time=0 years). However, notably, the longitudimarease and slope
of the rise in NT-proBNP was greater among womeh ttie highest free T. Despite having
lower NT-proBNP levels at baseline, women with ffeim the 98' percentile had a steeper
increase in their NT-proBNP levels such that thirproBNP levels were not significantly
different from those in women with free T in thé™iercentile by the end of follow-ufigure
2A, time=11 years). In terms of estradiol, the défages in baseline and longitudinal NT-
proBNP levels in women with fpercentile compared to $@ercentile estradiol levels were
not statistically significantigure 3A).

Among men, those with baseline free T in th® pércentile had higher NT-proBNP levels
over the course of follow-up than those with fre the 90" percentile Eigure 2B). Men with
estradiol in the 90 percentile had lower NT-proBNP levels at baseling,had greater increase
in their NT-proBNP levels such that over the cows®llow-up, their NT-proBNP levels were
similar to that of men with estradiol in the"™percentile Figure 3B).

We additionally examined the associations of seonfen vs. men) with baseline and
longitudinal change in NT-proBNP levelBgble 4). After adjusting for demographic and
lifestyle covariates and CVD risk factors, womeuw gaeater adjusted geometric means of NT-
proBNP levels at baseline (women: 68.1pg/mL [63(&9], men: 39.7 [38.3, 41.2]), but men
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demonstrated a greater increase in NT-proBNP |ewads the 10-year follow-up period
(women: 1.71 [1.64, 1.79], men: 2.43 [2.34, 2.58le results were similar after stratifying by
race/ethnicity fupplemental Table 7(35)].

Discussion

In a large, multi-ethnic cohort of men and womesefof baseline clinical CVD/HF, we
found that women had higher levels of NT-proBNBageline, but men had a greater increase in
NT-proBNP over 10-years of follow-up, after accangtfor age and CVD risk factors.
Additionally, we found that a more androgenic pattef sex hormones (higher bioavailable T,
free T, and DHEA, and lower SHBG) was associatdd lewer baseline NT-proBNP levels in
men and postmenopausal women. These cross-sedgswliations suggest a potential
mechanism for the higher levels of NT-proBNP obsdrin women compared to men, seen in
our study and in other studies in the general . (20-22) Unexpectedly, we found that the
longitudinal associations between sex hormoneshadge in NT-proBNP were the opposite of
their cross-sectional associations. In women, aeraadrogenic and less estrogenic pattern of
sex hormones (higher total T, bioavailable T, ffeand DHEA, and lower SHBG and estradiol)
were positively associated with change in NT-proBB\Is over 10-years. In men, higher
estradiol and higher free T levels were associaféugreater increase in NT-proBNP. Fewer
sex hormones demonstrated significant longitudasabciations with NT-proBNP in men than
in women, suggesting that the associations betwermormones and change in NT-proBNP
may be more robust in women compared to men. Ayetalresults show that while women
with a more androgenic pattern of sex hormones laver NT-proBNP levels at baseline, they
also experience a greater increase in NT-proBNP tave.

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

Cross-sectional vs. longitudinal associations bet@a NT-proBNP and sex hormones

NT-proBNP mediates various cardioprotective effdnt stimulating vasodilation and
natriuresis and inhibiting hypertrophy and fibroSsates of NP deficiency, including obesity
and African-American race, have been associatdu adverse cardiovascular outcomes,
including hypertension and HF.(37-39) Our crosdisral analyses demonstrated that a more
androgenic pattern of sex hormones was associatbdower levels of NT-proBNP in women
and men, suggesting that having a more androgaiiierp of sex hormones may represent
another state of NP deficiency. This may contrilibterise in CVD/HF risk in women after
menopause, when women experience a decreaseagerstrand develop relative androgen
excess.

To our knowledge, the longitudinal relationshigvizeen sex hormones and NT-proBNP
has not been previously studied. Our analysis stidiat, in women, a more androgenic pattern
of sex hormones was associated witireater increase in NT-proBNP over time. This was
consistent with our finding that men experienceptesmter longitudinal change in NT-proBNP
levels than women. While NT-proBNP plays a favoeatalle in cardioprotective and
homeostatic functions, elevated levels of NT-proBiM@ seen in acute HF and acute coronary
syndrome and are used clinically as markers ofghadfy. Studies have suggested that HF
patients demonstrate BNP resistance and suffer fetative BNP deficiency, resulting in
activation of compensatory systems that increasg@pdBNP levels to restore homeostasis.(11)
In acute HF, BNP undergoes abnormal processindasbiologically active forms that are
indistinguishable from active forms on standarcagissAs a consequence, HF patients
experience blunted physiological effects of BNPspiee having significantly elevated NT-
proBNP values.(40,41) A prior MESA study found thia inverse relationship between NT-
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proBNP and various CVD risk factors, including BMpids, and insulin resistance, was present
at NT-proBNP levels <100 pg/mL, but not preserieatls>100.(42)

Taken together, current evidence suggests thaewWlitproBNP exerts cardioprotective
effects to maintain volume homeostasis, and whétes of NP deficiency are associated with
higher risk of CVD, elevated levels of NT-proBNRegict poorer outcomes. The apparently
paradoxical roles of NT-proBNP as both a cardiggmtivte hormone and a biomarker of CVD
and HF are likely due to the involvement of NT-pMiBin a negative feedback loop, where
there is a compensatory increase in NT-proBNP $ewethe setting of pathology.(39) In our
study, at baseline, a more androgenic pattern>oheanones was associated with lower NT-
proBNP, which may represent a state of NP defigie@wer the course of follow-up, a more
androgenic and less estrogenic pattern of sex hwemwas associated with greater change in
NT-proBNP. Women with the highest percentile okfiehad the lowest levels of NT-proBNP
at baseline but had the greatest increase in NBNPoover time. The rise in NT-proBNP over
time in these women may reflect the developmemaélent subclinical CVD and subsequent
compensatory increase in NT-proBNP levels, paridylin those with relative NP deficiency at
baseline. The association between androgenic sexdmas and greater change in NT-proBNP
may also help explain the higher incidence of Cvibnen and postmenopausal women
compared to premenopausal women, who have rehatioier androgen levels. Additionally,
our results suggest that higher levels of andrageormones may identify individuals who may
have greater CVD risk.

Our findings also suggest that the associatioradfogens with NT-proBNP levels are
more robust in women than in men, which was preshiounrecognized. This suggests that sex
hormone levels may impact change in NT-proBNP im&no more so than in men, which
mirrors the increase in the risk of heart failuriéhvpreserved ejection fraction (HFpEF) in
women compared to men.

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

Role of androgens versus estrogen in NP regulation

Whether the suppressive effect of androgens ostiheilatory effect of estrogens is the
primary driver in sex hormone regulation of BNRimglear, as there is evidence for both from
prior studies. A study of men with systolic HF demstated that total and free T were inversely
associated with NT-proBNP.(43) In women, higherragens have been found to be associated
with lower NT-proBNP, while estrogen status did afiect NT-proBNP levels.(28,29,44) A
cross-sectional analysis of premenopausal womémeiDallas Heart Study found that higher
levels of SHBG and lower levels of T were corredatéth higher BNP and NT-proBNP
levels.(28) Additionally, the Framingham Heart Ststhowed that higher SHBG and lower free
T were associated with higher NT-proBNP in both veorand men cross-sectionally.(29) These
prior studies have proposed that men may have addli€iency compared to women. Our
cross-sectional results extend these findings bysiyg that higher androgen levels were
associated with lower NT-proBNP in women and meonsga range of androgenic sex
hormones. Our results also suggest that a mor@genic sex hormone pattern may mediate the
state of NP deficiency in both men and women.

In terms of estrogen modulation of the NP systidf Jevels have been found across
multiple studies to be higher in women using HT paned to those not on HT.(20,26,27,45)
However, other studies have argued that estrogeotigrimarily responsible for sex differences
in BNP.(28,29,44) Of note, many of these studieseMieited by the inability to measure
endogenous estrogen levels in both men and womedrgstrogen status in women was inferred
from menopausal status, HT use, and measuremeih&f hormones in the gonadal axis.
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Our ability to measure estradiol directly in botemand women allows us to discern the
differences in the relationship between estradiol M T-proBNP in men and women, after
adjustment for important clinical confounders. Gtudy demonstrates that, among women, only
androgens, not estrogen, were associated with NBNIP in cross-sectional analyses. This
supports the hypothesis that primarily androgesitbier than estrogens, influence cross-sectional
NT-proBNP levels in postmenopausal women. Of nmdstmenopausal women not on HT have
lower estradiol levels than men. In men, estragiad actually associated with lower cross-
sectional levels of NT-proBNP. One possible expli@mais that estradiol levels are higher in
obese men due to increased aromatization in adissee, and obesity is associated with lower
levels of NT-proBNP.(46,47) However, the inverseagsation between estradiol and NT-
proBNP remained after adjusting for BMI. Additiorsilidies are needed to elucidate the
etiology of the relationship between estradiol &iidproBNP in men.

Strengths and limitations

The inclusion of a longitudinal design was a githrof our study, as it allowed us to
assess the change in NT-proBNP over time in reldbdoaseline sex hormone levels. Additional
strengths include a large sample size, a multitettwhort, and the ability to evaluate six
different sex hormone levels and various importamtfounding clinical variables.

Limitations of this study include having onlyiagle measure of sex hormone levels at
baseline. We were thus unable to analyze whetleee thhere any associations between changes
in sex hormone levels and changes in NT-proBNP. ME®rolled predominantly
postmenopausal women, and we excluded the few m@paesal women for the analyses
presented here; therefore, we were unable to exawliether relationships between sex
hormone and NT-proBNP differ prior to the menophtrsasition. The observational nature of
our study precludes the ability to determine catysdlongitudinal analyses are limited by
temporal bias from attrition. Finally, the aim bfg present study was to examine the
relationships of sex hormones with NT-proBNP, apantant biomarker related to ventricular
wall stress, volume homeostasis, and LV hypertrofhgain insight into sex differences in NT-
proBNP levels, HFpEF risk, and the female predomieaof both. This complements our
previous work in MESA where we examined the ref&lap of sex hormones with 10-year
change in cardiac structure/function(7) and aatiftness(9) and with incident clinical events
including CVD, HF, and HFpEF.(10)

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

Conclusions

In summary, we found that a more androgenic patiesex hormones was
independently associated with lower NT-proBNP |svrlcross-sectional analyses in men and
postmenopausal women. This association may heliaiexgex differences in the distribution of
NT-proBNP and may contribute to the NP deficientynen relative to women. In longitudinal
analyses, a more androgenic pattern of sex hormeagsnore strongly associated with a greater
increase in NT-proBNP levels in women, with onlgdrT being associated with NT-proBNP in
men. This relationship may be a mechanism fornbeeased risk of CVD and HF seen in
women after menopause. Additional research is retdfurther explore whether longitudinal
changes in NT-proBNP levels seen in our study areetated with longitudinal changes in sex
hormones. The impact of menopause on changes iprdBNP levels over time should also be
explored. Furthermore, future studies should aimieti@rmine whether sex hormones directly
play a role in biological pathways of BNP synthesisl clearance in a causal fashion. Lastly, the
dual role of NT-proBNP as both a cardioprotectieenmone and a biomarker of CVD and HF, as
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well as the role of sex hormones in delineatingé¢hgrocesses, should be further explored. This
would provide a step toward improved clinical CMBkrstratification and prognostication based
on sex hormone and NT-proBNP levels.
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Figure 1: Selection of study sample

Figure 2: Longitudinal associations between free T and KdBNP in men and women using
restricted cubic splinég. *Adjusted for model 2 covariates: age, race/etiyi MESA site,
education, smoking, alcohol consumption, body nvadsx, and physical activity; in women,

also adjusts for use of hormone therapy and yaaecs snenopause. T Graphs represent baseline
and longitudinal change in NT-proBNP, with knotshe 8", 35", 65", and 98' percentiles of

the free T distribution. 95% CI are representedbiged lines. Abbreviations: T, testosterone;
NT-proBNP, N-Terminal pro-B-type Natriuretic Pepid
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Figure 3: Longitudinal associations between estradiol afieagkoBNP in men and women using
restricted cubic splinég. *Adjusted for model 2 covariates: age, race/atityi MESA site,
education, smoking, alcohol consumption, body nvadsx, and physical activity; in women,

also adjusts for use of hormone therapy and yaacs snenopause. T Graphs represent baseline
and longitudinal change in NT-proBNP, with knotshe 5", 35", 65", and 9' percentiles of

the estradiol distribution. 95% CI are represemgdotted lines. Abbreviations: NT-proBNP,
N-Terminal pro-B-type Natriuretic Peptide.
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Table 1: Characteristics of study participants at MESA baseexam (2000-2002)

LLI
J
m Women (n = 2,371) Men (n = 2,688) Overall (n = 5,059)
<( Age, years 65.1 (9.0) 62.3 (10.3) 63.6 (9.8)
Race/ethnicity, n (%)
LL] White 928 (39.1) 1,081 (40.2) 2,000 (39.7)
O Chinese-American 310 (13.1) 363 (13.5) 673 (13.3)
Black 577 (24.3) 619 (23.0) 1,196 (23.6)
Z Hispanic 556 (23.5) 625 (23.3) 1,181 (23.3)
Education, n (%)
< <High school 544 (22.9) 427 (15.9) 971 (19.2)
> High school, technical school, or
associate degree 1,181 (49.8) 1,137 (42.3) 2,318 (45.8)
D College, graduate or professional
school 646 (27.2) 1,124 (41.8) 1,770 (35.0)
< Cardiovascular risk factors
BMI, kg/m? 28.6 (6.0) 27.8 (4.5) 28.2 (5.3)
Systolic BP, mmHg 129.4 (23.6) 125.7 (19.1) 127.5 (21.4)
iii Diastolic BP, mmHg 68.9 (10.2) 74.8 (9.3) 72.0 (10.2)
Antihypertension medication, n (%) 992 (41.8) 947 (35.2) 1,939 (38.3)
E Current smoking, n (%) 234 (9.9) 383 (14.2) 617 (12.2)
O Total intentional exercise, MET- 3390.0 (1665.0 - 6360.0) 4361.3 (2130.0 - 8332.3) 8453 (1890.0 - 7290.0)
O
()
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min/week*
Total cholesterol, mg/dl 201.7 (36.0) 188.4 (34.9) 194.6 (36.0)
HDL cholesterol, mg/d| 56.7 (15.4) 45.0 (11.8) 50.5 (14.8)
LDL cholesterol, mg/dl 118.2 (32.0) 116.6 (31.0) 117.3 (31.5)
Triglycerides, mg/dl 133.2 (76.0) 137.3 (98.5) 135.4 (88.7)
Lipid lowering medication, n (%) 445 (18.8) 440 (16.4) 885 (17.5)
Diabetes, n (%) 295 (12.4) 363 (13.5) 658 (13.0)
eGFR, mL/min/1.73 m2 74.7 (15.8) 78.0 (16.0) 76.5 (16.0)
Sex hormones
Total T, nmol/L* 0.9 (0.6 - 1.3) 14.2 (11.3-17.7) 8.0 (0.9 - 14.6)
Bioavailable T, nmol/L* 0.2 (0.1-0.3) 5.2 (4.2-6.5) 2.9(0.2-5.3)
Estradiol, nmol/L* 0.1 (0.0-0.2) 0.1(0.1-0.1) 0.1 (0.1-0.1)
DHEA, nmol/L* 10.1 (6.8 - 14.4) 12.6 (9.1-17.1) 11.3 (8.0 0)6.
Free T, %* 1.3(0.9-1.7) 2.0 (1.6-2.3) 17 (1.2-2.1)
SHBG, nmol/L* 59.9 (40.6 - 94.9) 40.8 (31.4 - 52.6) 46.9 (346Y 7)
Hormone therapy, n (%) 763 (32.9) NA 763 (32.9)
NT-proBNP, pg/mL * 79.9 (41.7 - 154.2) 38.5 (15.7 - 81.7) 56.0 (24117.8)

*Data represented as median (IQR)
MESA, Multi-Ethnic Study of Atherosclerosis; BMIpdy mass index; BP, blood pressure; HDL, high-dgnsi
lipoprotein; LDL, low-density lipoprotein; eGFR,tesated glomerular filtration rate; T, testosterpD&lEA,

dehydroepiandrosterone; SHBG, sex hormone bindiwigugin; NT-proBNP, N-Terminal pro-B-type Natriuret

Peptide.

Table 2 Cross-sectional associations between sex hormeopts and NT-proBNP levels at
MESA baseline exam (2000-2002)

Ratio of NT-proBNP (pg/mL)*

Sex hormones*

Women (n = 2,371)

Men (n = 2,688)

Model 1 Model Z Model 3 Model 1' Model Z Model 3

Total T (nmol/L) 0.96 (0.92, 1.02 (0.99, 1.02 (0.98, 1.01 (0.97,

0.94 (0.91,0.98)| 0.96 (0.93, 1.00) 0.99) 1.06) 1.06) 1.05)
Bioavailable T 0.88 (0.84, 0.95 (0.92, 0.94 (0.1,
(nmol/L) 0.86 (0.83,0.89)| 0.87 (0.84,0.90) 0.91) 0.99) 0.95 (0.91, 0.99) 0.98)
Free T (%) 0.81(0.78, 0.86 (0.83,

0.82 (0.80, 0.85)| 0.80 (0.76, 0.83) 0.85) 0.90) 0.87 (0.83, 0.90)| 0.85 (0.82, 0.89)
Estradiol (nmol/L) 0.98 (0.94, 0.95 (0.91,

1.03 (0.99, 1.07) 1.00 (0.96, 1.05 1.03) 0.99) 0.95 (0.91, 0.99)| 0.94 (0.91, 0.98)
DHEA (nmollL) 0.90 (0.87, 0.92 (0.88,

0.89 (0.86, 0.92)| 0.90 (0.86, 0.93) 0.94) 0.95) 0.91 (0.87, 0.95)| 0.92 (0.89, 0.96)
SHBG (nmol/L) 1.24 (1.18, 1.15(1.11,

1.22 (1.18,1.26)| 1.26 (1.21, 1.32) 1.29) 1.20) 1.15 (1.11, 1.20) 1.17 (1.12, 1.21)

* Per 1 standard deviation greater log-transforsexdhormone levels. Results are presented as exjiaiee beta
coefficient to reflect ratio of NT-proBNP geometrniteans (95% CI) at baseline. Statistically sigaificresultsyf <
0.05) are in bold. Each hormone was modeled segarat
T Model 1: Adjusted for age, race/ethnicity, and $AEsite.
1 Model 2: Adjusted for model 1, plus educationp&ing, alcohol consumption, body mass index, angicil
activity. In women, also adjusts for use of hormthrerapy and years since menopause.

§ Model 3: Adjusted for model 2, plus systolic kdogressure, use of antihypertensive medicatiotel, ¢bolesterol,

HDL cholesterol, use of lipid-lowering therapy, bées, and eGFR.

Abbreviations: NT-proBNP, N-Terminal pro-B-type Matetic Peptide; MESA, Multi-Ethnic Study of
Atherosclerosis; T, testosterone; DHEA, dehydraegiasterone; SHBG, sex hormone binding globulin.

Table 3: Longitudinal associations between sex hormone $eaetl 10-year change in NT-
proBNP from MESA exam 1 (2000-2002) to MESA exai2810-2012)

Ratio of 10-year Change in NT-proBNP (pg/mL*)

Sex hormones*

Women (n = 2,041)

Men (n = 2,348)

Model 1 Model 2 Model 3 Model 1' Model 2 Model 3
Total T (nmol/L) 1.06 (1.02, 0.98 (0.93,
1.07 (1.03,1.11)| 1.06 (1.02, 1.11) 1.11) 1.02) 0.98 (0.93,1.02]  0.98 (0.93, 1.0
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Bioavailable T 1.13 (1.09, 0.99 (0.94,
(nmol/L) 1.14 (1.10,1.19)| 1.13(1.09, 1.18) 1.18) 1.03) 0.98 (0.94,1.03]  0.98 (0.94, 1.0B)
Free T (%) 1.16 (1.11, 1.04 (1.00,

1.16 (1.12, 1.21)| 1.16 (1.11, 1.21) 1.20) 1.09) 1.04 (1.00, 1.09)| 1.04 (1.00, 1.09)
Estradiol (nmol/L) 0.95 (0.91, 1.08 (1.03,

0.94 (0.91,0.98)| 0.95 (0.91, 0.99) 0.99) 1.13) 1.08 (1.03, 1.13)| 1.08 (1.03, 1.13)
DHEA (nmol/L) 1.04 (1.00, 0.99 (0.95,

1.05 (1.01, 1.09)| 1.04 (1.00, 1.08) 1.08) 1.04) 0.99 (0.95,1.04]  0.99 (0.95, 1.08)
SHBG (nmol/L) 0.86 (0.83, 0.95 (0.91,

0.86 (0.83, 0.89)| 0.86 (0.83, 0.90) 0.90) 1.00) 0.96 (0.92,1.00)  0.96 (0.92, 1.0D)

* Per 1 standard deviation greater log-transforsexihormone levels. Results are presented as exjistee beta
coefficient to reflect ratio of NT-proBNP geometriteans (95% CI) in change in NT-proBNP from 20002
2010-2012. Statistically significant resulps< 0.05) are in bold. Each hormone was modeled aégigr

T Model 1: Adjusted for age, race/ethnicity, and 3#Esite.

1 Model 2: Adjusted for model 1, plus educationpkimg, alcohol consumption, body mass index, angsiohl
activity. In women, also adjusts for use of hormthrerapy and years since menopause.

§ Model 3: Adjusted for model 2, plus systolic bdgaressure, use of antihypertensive medicatiote, ¢bolesterol,
HDL cholesterol, use of lipid-lowering therapy, bées, and eGFR.

Abbreviations: NT-proBNP, N-Terminal pro-B-type Matetic Peptide; MESA, Multi-Ethnic Study of
Atherosclerosis; T, testosterone; DHEA, dehydragghiasterone; SHBG, sex hormone binding globulin.
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o Table 4: Baseline and 10-year change in NT-proBNP levelghan and postmenopausal
°3 women
22
%E Baseline NT-proBNP (pg/mL) 10-year change in NT-proBNRpg/mL)
e Women 68.1 (65.5, 70.9) 1.71 (1.64, 1.79)
EZ Men 39.7 (38.3,41.2) 2.43 (2.34, 2.53)
Difference (Women — Men) 28.4 (31.5, 25.3) -1.42 (-1.34, -1.51)

*Geometric mean of NT-proBNP, adjusted for ageefathnicity, MESA site, education, smoking, alcohol
consumption, body mass index, and physical activity

Abbreviations: NT-proBNP, N-Terminal pro-B-type Matetic Peptide; MESA, Multi-Ethnic Study of
Atherosclerosis;
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