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Associations Between the Cyclic Guanosine Monophosphate Pathway

and Cardiovascular Risk Factors: MESA
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Background—cGMP mediates numerous cardioprotective functions and is a potential therapeutic target for cardiovascular
disease. Preclinical studies suggest that plasma cGMP is reflective of natriuretic peptide stimulation. Epidemiologic associations
between cGMP and natriuretic peptide, as well as cardiovascular disease risk factors, are unknown.

Methods and Results—We measured plasma cGMP in 542 men and 496 women free of cardiovascular disease and heart failure in
MESA (Multi-Ethnic Study of Atherosclerosis). Cross-sectional associations of N-terminal pro-B type natriuretic peptide, sex
hormones, and cardiovascular disease /heart failure risk factors with log(cGMP) were analyzed using multivariable linear regression
models. Mean (SD) cGMP was 4.7 (2.6) pmol/mL, with no difference between the sexes. After adjusting for cardiovascular risk
factors, N-terminal pro-B type natriuretic peptide was significantly positively associated with cGMP (P<0.05). Higher blood pressure
and lower estimated glomerular filtration rate were associated with higher cGMP (P<0.05). Triglyceride levels, total/high-density
lipoprotein cholesterol ratio, presence of diabetes mellitus, and the homeostatic model assessment of insulin resistance were
inversely associated with cGMP (P<0.05). Among women, free testosterone and dehydroepiandrosterone were inversely
associated with cGMP, while sex hormone binding globulin was positively associated (P<0.05).

Conclusions—In a community-cohort, plasma cGMP was associated with natriuretic peptide signaling. Higher blood pressure and greater
renal dysfunction were positively associated with cGMP, while adverse metabolic risk factors were inversely associated. Increased
androgenicity in postmenopausal women was inversely associated with cGMP. These novel associations further our understanding of the
role of cGMP in a general population. (/ Am Heart Assoc. 2019;8:e013149. DOI: 10.1161/JAHA.119.013149.)
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yclic guanosine monophosphate (cGMP) is an intracel-

lular second messenger that mediates a vast array of
beneficial processes in the cardiovascular system. It stimu-
lates left ventricular relaxation, counters maladaptive hyper-
trophy and remodeling, and induces relaxation of endothelial
and smooth muscle cells.' Dysfunctional cGMP signaling
has been implicated in the pathogenesis of cardiovascular
disease (CVD) and heart failure (HF). There is considerable
interest in enhancement of the cGMP signaling pathway to

generate novel therapeutic strategies for acute decompen-
sated HF, HF with preserved ejection fraction, and pulmonary
arterial hypertension.*”

Plasma cGMP has been used as a biomarkerin clinical studies
of cGMP pathway augmentation as therapies for CVD and HF;
however, there is a lack of epidemiologic data on circulating
cGMP and its pathway regulators.>® To date, much of our
understanding of cGMP signaling stems from in vitro or animal
studies®” or from small clinical studies of patients with CVD or
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Clinical Perspective

What Is New?

* Plasma cGMP was positively associated with N-terminal pro-
B type natriuretic peptide in a large, multiethnic community-
based cohort.

» Adverse metabolic risk factors and increased androgenicity
were inversely associated with ¢cGMP, while higher blood
pressure and greater renal dysfunction were positively
associated.

What Are the Clinical Implications?

Plasma cGMP is associated with natriuretic peptide signal-
ing and can be a biomarker of this pathway in clinical trials
of cGMP pathway stimulators for therapies in heart failure
and cardiovascular disease.

HF.>'" cGMP synthesis is regulated through 2 pathways: one
mediated by nitric oxide activation of soluble guanylyl cyclase
and the other by natriuretic peptide (NP) activation of particulate
guanylyl cyclase (pGC).” Animal studies suggest that plasma
cGMP levels may reflect only the NP-pGC pathway, as cGMP
stimulated by the NP-pGC is accessible at the plasma membrane
and transported into the extracellular space, whereas cGMP
produced by the nitric oxide/soluble guanylyl cyclase pathway is
found in the cytosol.'z’13 However, whether this extends to a
general human population is unknown.

Additionally, components of the NP-cGMP pathway have
been shown to be involved in vasodilation and blood pressure
regulation, as well as hemodynamic autoregulatory mecha-
nisms in the kidney.'*'® NP-cGMP pathway dysregulation has
been shown to be associated with states of hyperlipidemia,
insulin resistance, and androgenicity.'®"'® Whether plasma
cGMP is associated with these CVD and HF risk factors in a
general population is unknown.

We therefore measured plasma cGMP concentrations in a
subset of participants from MESA (Multi-Ethnic Study of
Atherosclerosis), a community-based cohort of individuals free of
clinical CVD and HF at baseline. We aimed to investigate whether
circulating cGMP levels would be correlated with NT-proBNP (N-
terminal pro-B type NP). We also assessed whether cGMP would be
associated with key CVD/HF risk factors in an effort to provide
context for prior and future clinical studies of cGMP pathway
stimulation as therapeutic strategies for CVD and HF.

Materials and Methods
Study Population

MESA is a prospective cohort study investigating subclinical
CVD and its progression to clinical CVD. It enrolled 6814 men

and women of 4 self-reported races/ethnicities (white, black,
Hispanic, and Chinese-American) from 6 centers across the
United States who were 45 to 84 years old at baseline and
free of clinical CVD/HF (2000-2002)."° The institutional
review boards of all participating institutions approved the
study, and all participants provided written informed consent.
Data from the MESA study are available through the National
Heart, Lung, and Blood Institute’s Biologic Specimen and Data
Repository.?°

As part of an ancillary study, plasma cGMP levels were
newly measured in 647 women who met the following
inclusion/exclusion criteria: (1) available sex hormone data,
(2) available cardiac magnetic resonance imaging data, (3)
women with questionnaire-confirmed postmenopausal status,
(4) exclusion of women on hormone therapy, and (5) exclusion
of participants without sufficient samples in the blood
repository (Figure 1). A random sample of 647 men were
also selected for analysis. Of the total 1294 participants,
individuals were excluded if they had unmeasurable cGMP
levels (n=3), were missing exposure variables or key covari-
ates (n=236), or were determined to be premenopausal
women (n=17) by a previously established algorithm.'®
Ultimately, 1038 participants were included in our analysis.
Baseline characteristics of these participants were similar to
those of all participants in MESA (Table S1).

Measurement of cGMP

Early-morning fasting blood samples from the baseline exam
were stored at —70°C. Plasma cGMP levels were measured
from these samples using a competitive ELISA assay (Cayman
Chemical, Ann Arbor, MI) at the Atherosclerosis Clinical
Research Laboratory at Baylor College of Medicine (Houston,
TX). The range of detection was 0.23 to 30 pmol/mL. The
intra- and interassay coefficients of variation for a control pool
with a mean cGMP level of 6.5 pmol/mL were 4.2% and
13.5%, respectively.

Measurement of NT-proBNP

NT-proBNP levels were primarily measured using the Elecsys
proBNP immunoassay (Roche Diagnostics Corporation, Indi-
anapolis, IN) at the University of California San Diego and the
University of Vermont.'® Additional measurements were
performed using the Cobas e601 (Roche Diagnostics Corpo-
ration, Indianapolis, IN) at the University of Maryland.?' There
was harmonization of the NT-proBNP assays across the
different Roche platforms. The range of measurements was 5
to 35 000 pg/mL. The intra-assay and interassay coefficients
of variation, respectively, were 2.7% and 3.2% at 175 pg/mL,
2.4% and 2.9% at 35 pg/mL, 1.9% and 2.6% at 1068 pg/mL,
and 1.8% and 2.3% at 4962 pg/mL.'®
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MESA Exam 1
N =6,814

Sampling criteria:

* Inclusion if available sex hormone data
* Inclusion of post-menopausal women by
questionnaire at exam 1

* Exclusion of MESA1000 participants
* Exclusion if insufficient samples

* Inclusion if available cardiac MRI data at exams 1, 5

* Exclusion if on hormone therapy at exam 1

A

cGMP measurements performed:
N=1,294

sample of 647 men)

(647 women meeting sampling criteria, plus random

v

Exclude:

Unmeasurable cGMP levels (n=3)
Premenopausal by algorithm (n=17)
Missing NT-proBNP data (n=201)
Missing hs-TnT data (n=1)

Missing sex hormones (n=0)

Missing CVD risk factors (n=13)

Missing other Model 2 covariates (n=21)

Participants included in analysis:
N =1,038

Figure 1. Selection of study sample. CVD indicates cardiovascular disease; hs-TnT, high-sensitivity
cardiac troponin T; MESA, Multi-Ethnic Study of Atherosclerosis; MRI, magnetic resonance imaging; NT-

proBNP, N-terminal pro-B-type natriuretic peptide.

Measurement of Other Exposure Variables

Assessment of CVD risk factors was performed at the baseline
exam using standardized questionnaires, physical exam, and
laboratory measures, as described previously.' Hypertension was
defined as systolic blood pressure (BP) >140 mm Hg, diastolic BP
>90 mm Hg, or treatment with antihypertensive medication.
Diabetes mellitus was defined as fasting glucose >126 mg/dL,
self-reported diagnosis of diabetes mellitus, or treatment with
hypoglycemic medication. Fasting total and high-density lipopro-
tein (HDL) cholesterol and triglycerides were measured at the
Collaborative Studies Clinical Laboratory at Fairview—University
Medical Center (Minneapolis, MN). Low-density lipoprotein (LDL)
cholesterol was calculated using the Friedewald equation. The
homeostatic model assessment of insulin resistance (HOMA-IR)
was calculated using the equation: glucose (mmol/L)xinsulin
(mlU/L)/22.5. Estimated glomerular filtration rate (eGFR) was

calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation.??

Sex hormone measurements were performed at the
Steroid Hormone Laboratory at the University of Mas-
sachusetts Medical Center (Worcester, MA) using serum
samples stored at baseline.'®%® Estradiol was measured using
an ultrasensitive radioimmunoassay kit (Diagnostic System
Laboratories, Webster, TX). Total testosterone and dehy-
droepiandrosterone (DHEA) were measured using radioim-
munoassay kits, and sex hormone binding globulin (SHBG)
was measured using the Immulite chemiluminescence enzyme
immunometric assay (Diagnostic Products Corporation, Los
Angeles, CA). Bioavailable testosterone was calculated using
total testosterone and SHBG [total testosteronex(percent
free testosteronex0.01)].?* The intra-assay coefficients of
variation were 10.5%, 12.3%, 11.2%, and 9.0% for estradiol,
total testosterone, DHEA, and SHBG, respectively.'®
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Statistical Analysis

Baseline characteristics were summarized using means
(standard deviation), medians (interquartile range), or per-
centages across tertiles of cGMP. Differences between groups
were tested using ANOVA, Kruskal-Wallis, and chi-square
tests as appropriate.

cGMP levels were log-transformed due to skewness and
were modeled as the outcome variable for all assessments. Sex
hormones, NT-proBNP, and homeostatic model assessment of
insulin resistance values were also log-transformed due to
skewness, as LOWESS plots demonstrated a more linear
association with log(cGMP) when these exposure variables
were modeled as log-transformed values. Multivariable-
adjusted linear regression models were used to determine
cross-sectional associations between sex hormones, NT-
proBNP, and CVD risk factors with cGMP. Because pB-
coefficients of log-transformed values may be difficult to
interpret, they were exponentiated and presented as ratios
(95% ClI) of the cGMP geometric means. Analyses involving the
association of sex hormones with cGMP were stratified by sex,
as sex hormone levels differ significantly between women and
men, with nonoverlapping distributions. There were no signif-
icant interactions detected between sex and either NT-proBNP
or the CVD risk factors (Table S2) in association analyses with
c¢GMP. Squared partial correlations were calculated to deter-
mine the proportion of variance in cGMP that was explained by
NT-proBNP, after accounting for the contribution from the other
covariates. To assess for potential nonlinearity and to model a
flexible dose-response relationship, we modeled free testos-
terone and NT-proBNP using restricted cubic splines (with knots
at the 5th, 35th, 65th, and 95th percentiles of the free
testosterone and NT-proBNP sample distributions).

We examined the association between NT-proBNP and
cGMP using progressively adjusted models; selected covariates
were determined a priori on the basis of potential confounding
factors and intermediary variables determined by literature
review. Model 1 adjusted for the demographic variables of age,
sex, and race/ethnicity. Model 2 additionally adjusted for
socioeconomic and behavioral/lifestyle factors of body mass
index, education, smoking, and physical activity. Model 3
adjusted for Model 2 plus additional CVD risk factors of systolic
BP, use of antihypertensive medication, total cholesterol, use of
lipid-lowering therapy, diabetes mellitus, and eGFR.

We next examined the associations between traditional
CVD/HF risk factors and cGMP. Models 1 and 2 were the
same as that described for NT-proBNP. However, in Model 3,
CVD risk factors that were evaluated as the exposure
variables were excluded from adjustment. Model 4 adjusted
for Model 3 variables plus NT-proBNP.

Finally, we examined the associations between sex
hormones and cGMP using progressively adjusted models.

Model 1 adjusted for age and race/ethnicity. Model 2
additionally adjusted for body mass index, education, smok-
ing, physical activity, years since menopause (in women), and
use of erectile dysfunction drugs (in men). Model 3 adjusted
for Model 2 covariates, plus the CVD risk factors described
above. Model 4 further adjusted for NT-proBNP.

Two-sided P<0.05 was considered statistically significant.
All analyses were performed on STATA version 15 (StataCorp
LP, College Station, TX).

Results

Baseline Characteristics

Baseline characteristics of the sample, stratified by cGMP
tertiles, are shown in Table 1. There was no sex difference
among the cGMP tertiles. Participants in higher tertiles of
cGMP were significantly older. There was no difference in
body mass index. Both systolic and diastolic BP were higher
among participants with higher cGMP. Total and LDL choles-
terol and triglycerides were lower among higher tertiles of
c¢GMP, while HDL cholesterol was higher. NT-proBNP was
higher among higher cGMP tertiles. For both men and women,
free testosterone and DHEA were lower among those in
higher tertiles of cGMP, while SHBG was higher.

Associations Between NP and cGMP

To evaluate the NP-cGMP pathway, we analyzed cross-
sectional associations between NT-proBNP and cGMP
(Table 2). NT-proBNP levels were positively associated with
cGMP after adjusting for demographics, lifestyle, and CVD risk
factors (ratio of cGMP geometric means of 1.20 [95% ClI,
1.16—1.24] in Model 3). The relationship between NT-proBNP
and cGMP was primarily linear and remained positive over the
range of the NT-proBNP distribution in both women and men
(Figure 2). Removing the effect of all other covariates in the
fully adjusted model, NT-proBNP itself explained 9% of the
variance in cGMP (Table 2).

Associations Between CVD Risk Factors and
cGMP

Table 3 shows the cross-sectional associations between CVD
biomarkers/risk factors and cGMP. Systolic BP, diastolic BP,
and the presence of hypertension were all associated with
higher cGMP levels after adjusting for demographic and
lifestyle factors (Model 2). The positive association between
systolic BP and cGMP remained significant after further
adjustment for use of antihypertensive therapy and NT-
proBNP (Model 4). Certain classes of antihypertensive
medication, including B-blockers and angiotensin-converting
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Table 1. Participant Characteristics at MESA Baseline Exam (2000—-2002) by cGMP Tertiles

Ying et al

cGMP Tertiles Overall (N=1038) First Tertile (N=346) Second Tertile (N=346) Third Tertile (N=346) P Value
Mean (SD) 4.7 (2.6) 2.6 (0.6) 4.2 (0.5 7.5 (2.7)
Range 0.2-23.6 0.2-34 3.4-5.0 5.0-23.6
Age, y 63.3 (8.6) 61.0 (8.4) 63.8 (8.0) 65.0 (8.9) <0.001
Men, n (%) 542 (52.2) 174 (50.3) 188 (54.3) 180 (52.0) 0.56
Race/ethnicity, n (%)
Caucasian 350 (33.7) 107 (30.9) 114 (32.9) 129 (37.3) <0.001
African American 266 (25.6) 49 (14.2) 85 (24.6) 132 (38.2)
Chinese American 182 (17.5) 71 (20.5) 76 (22.0) 35 (10.1)
Hispanic 240 (23.1) 119 (34.4) 71 (20.5) 40 (14.5)
Body mass index, kg/m? 27.7 (4.6) 279 (4.2) 27.7 (4.7) 27.4 (4.9 0.44
Education, n (%)
<High school 177 (17.1) 78 (22.5) 58 (16.8) 41 (11.8) 0.01
High school, technical school, 458 (44.1) 148 (42.8) 149 (43.1) 161 (46.5)
or associate degree
College, graduate or 403 (38.8) 120 (34.7) 139 (40.2) 144 (41.6)
professional school
Smoking, n (%)
Never 586 (56.5) 224 (64.7) 179 (51.7) 183 (52.9) 0.01
Former 348 (33.5) 94 (27.2) 130 (37.6) 124 (35.8)
Current 104 (10.0) 28 (8.1) 37 (10.7) 39 (11.3)
Total moderate/vigorous 4140 (5385) 4346.3 (5940) 3892.5 (5497.5) 4305 (4605) 0.22
physical activity, MET-min/wk*
Systolic BP, mm Hg 126.1 (20.4) 120.2 (18.3) 127.3 (18.0) 130.8 (23.2) <0.001
Diastolic BP, mm Hg 72.6 (10.1) 71.3 (9.4) 731 (10.2) 73.3 (10.6) 0.02
Total cholesterol, mg/dL 195.1 (35.2) 198.4 (34.9) 196.6 (36.9) 190.3 (33.3) 0.01
HDL cholesterol, mg/dL 50.0 (14.1) 47.8 (12.4) 49.4 (14.0) 52.7 (15.4) <0.001
LDL cholesterol, mg/dL 119.6 (31.5) 121.9 (31.0) 121.2 (32.8) 115.8 (30.4) 0.02
Triglycerides, mg/dL 127.3 (65.9) 143.3 (70.1) 129.6 (63.7) 109.1 (59.1) <0.001
Diabetes mellitus, n (%) 107 (10.3) 47 (13.6) 29 (8.4) 31 (9.0) 0.048
HOMA-IR, mmol x miU/L?* 33.8 (27.4) 38.3 (33.9) 34,5 (24.7) 28.9 (21.9) <0.001
eGFR, mL/min per 1.73 m? 77.0 (14.8) 81.2 (14.2) 76.2 (14.0) 73.5 (15.1) <0.001
NT-proBNP, pg/mL* 48.7 (77.6) 30.3 (51.0) 45.6 (69.2) 76.0 (98.6) <0.001
Sex hormones*®
Total T, nmol/L
Men 14.3 (5.8) 13.7 (5.3) 14.3 (5.6) 14.9 (6.4) 0.01
Women 0.9 (0.8) 0.9 (0.7) 1.0 (0.8) 0.9 (0.8) 0.73
Bioavailable T, nmol/L
Men 5.2 (2.1) 5.1 (2.0 5.2 (2.0) 5.3 (2.0) 0.53
Women 2 0.3 3) 0.2 (0.2) 0.54
Free T, %
Men 2.0 (0.6 2.1(0.6 2.0 (0.6) 1.9 (0.6) 0.001
Women 15 (0.7) 1.6 (0.7) 1.5 (0.6) 1.4 (0.7) 0.004
Continued
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Table 1. Continued

cGMP Tertiles Overall (N=1038) First Tertile (N=346) Second Tertile (N=346) Third Tertile (N=346) P Value
Estradiol, nmol/L
Men 0.1 (0.05) 0.1 (0.04) 0.1 (0.04) 0.1 (0.05) 0.15
Women 0.1 (0.04) 0.1 (0.04) 0.1 (0.05) 0.1 (0.03) 0.71
DHEA, nmol/L
Men 12.4 (7.4) 13.3 (8.7) 12.6 (6.4) 10.7 (7.8) 0.002
Women 11.4 (8.0) 12.0 (8.1) 12.0 (7.9) 10.1 (7.2) 0.03
SHBG, nmol/L
Men 40.5 (19.3) 38.0 (18.7) 40.0 (17.6) 44.5 (20.7) <0.001
Women 49.4 (33.2) 44.2 (30.4) 49.2 (30.4) 53.1 (35.7) 0.004

BP indicates blood pressure; DHEA, dehydroepiandrosterone; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin
resistance; LDL, low-density lipoprotein; MESA, Multi-Ethnic Study of Atherosclerosis; NT-proBNP, N-terminal pro-B type natriuretic peptide; SHBG, sex hormone binding globulin; T,

testosterone.
*Data presented as mean (SD) or number (percentage), or median (interquartile range).

enzyme inhibitors, are known to increase cGMP levels.?®
These classes of medications were also associated with
greater cGMP levels in our cohort; however, adjusting for
these medications yielded similar results as adjusting for use
of antihypertensive therapy as a whole (Tables S3 and S4).
eGFR was inversely associated with cGMP, both when
expressed as a continuous and categorical variable. HDL
cholesterol was positively associated with cGMP levels, while
total/HDL cholesterol ratio and triglycerides were inversely
associated with cGMP, after adjusting for demographic and
lifestyle risk factors and use of lipid-lowering therapy (Model
3). Total and LDL cholesterol were both inversely associated
with cGMP, but only in the unadjusted model. The presence
of diabetes mellitus and higher HOMA-IR scores were

Table 2. Cross-Sectional Associations of NT-proBNP and
c¢GMP in Men and Women (N=1038)

Ratio of cGMP Geometric R? or Partial R?
Means (95% CI)* of NT-proBNP
Unadjusted 1.19 (1.15-1.22) 0.11°
Model 1+ 1.23 (1.19-1.27) 0.13"
Model 2° 1.23 (1.19-1.27) 0.13"
Model 3! 1.20 (1.16-1.24) 0.09"

NT-proBNP indicates N-terminal pro-B type natriuretic peptide.

*Per 1 SD greater log(NT-proBNP). Results are presented as exponentiated 3
coefficients to reflect ratio of cGMP geometric means (95% Cl). Ratios >1 indicated a
positive relationship; ratios <1 indicate an inverse relationship.

TStatistically significant results (P<0.05).

*Model 1: adjusts for age, sex, and race/ethnicity.

SModel 2: adjusts for Model 1-+body mass index, education, smoking, and physical
activity.

IModel 3: adjusts for Model 2+systolic blood pressure, antihypertensive medication,
total cholesterol, lipid-lowering therapy, diabetes mellitus, and estimated glomerular
filtration rate.

inversely associated with cGMP levels after full adjustment
(Model 4).

Associations between androgenic sex hormones and cGMP
are displayed in Tables 4 and 5. Among women, higher free
testosterone and DHEA were independently associated with
lower cGMP levels after adjusting for demographics, lifestyle,
and CVD risk factors (Table 4, Model 3). The inverse relation-
ship between cGMP and free testosterone was generally linear
over the range of the free testosterone distribution (Figure 3A).
The statistical significance of the free testosterone and DHEA
associations with cGMP was attenuated after adjusting for NT-
proBNP (Table 4, Model 4). In contrast, higher SHBG was
independently associated with higher cGMP after adjusting for
CVD risk factors (Model 3). This relationship was also atten-
uated after further adjusting for NT-proBNP (Model 4).

Among men, in the unadjusted model, higher total
testosterone and SHBG were associated with higher levels
of cGMP, while free testosterone and DHEA were inversely
associated with cGMP (Table 5). These associations were no
longer statistically significant after adjusting for demograph-
ics, lifestyle, and CVD risk factors (Table 5; Figure 3B).

Discussion

In this study, we measured plasma cGMP concentrations in
participants from a diverse, community-based cohort free of
CVD/HF and investigated the associations between compo-
nents of the NP-cGMP pathway. In addition, we assessed
associations between traditional CVD/HF risk factors and
c¢GMP. To our knowledge, this is the first study to comprehen-
sively evaluate plasma cGMP in a general population, as prior
work with cGMP has primarily been in in vitro and animal models
or in smaller clinical studies.
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Figure 2. Associations between NT-proBNP and ¢cGMP in women (A) and men (B) using restricted cubic splines. Analyses are adjusted for
Model 2 covariates: age, race/ethnicity, body mass index, education, smoking, physical activity, and years since menopause (in women). Graphs
represent the difference in log(cGMP) at various NT-proBNP levels relative to the reference (#), with knots at the 5th, 35th, 65th, and 95th
percentiles of the NT-proBNP distribution. 95% CI are represented by dotted lines. NT-proBNP indicates N-terminal pro-B type natriuretic

peptide.

Associations Between NP and cGMP

Our study demonstrated a positive linear association between
NT-proBNP and cGMP, even among individuals free of clinical
HF. Previous animal studies have shown that cGMP synthesis
is compartmentalized, such that the cGMP pool generated
through NP-pGC signaling is accessible at the plasma
membrane, whereas the pool generated through nitric
oxide/soluble guanylyl cyclase stimulation is not.'>?® One
study of isolated rabbit aorta showed that both atrial NP and
nitroprusside induced elevations in intracellular cGMP; how-
ever, extracellular levels of cGMP rose only with atrial NP
stimulation, suggesting that release of cGMP into the
extracellular space is specific for activation of the NP-pGC
pathway.?” It stands to reason that plasma cGMP levels may
be primarily reflective of the cGMP synthesized from the NP/
pGC pool; however, to our knowledge, this is the first study to
examine and confirm this relationship in a human cohort.
NT-proBNP is synthesized in response to myocardial wall
stress and serves to regulate ventricular volume by promoting
vasodilation and natriuresis and by antagonizing effects of the
renin-angiotensin-aldosterone system through cGMP signal-
ing.?® Augmentation of the NP system using drugs such as
neprilysin inhibitors and nesiritide have demonstrated effec-
tiveness in the treatment of HF.? Despite the cardioprotec-
tive effects of NT-proBNP, its levels are elevated in pathologic
states such as HF because of its involvement in a negative

feedback loop that drives compensatory increases in BNP in
response to volume or pressure overload.*® Like NT-proBNP,
cGMP mediates a number of cardioprotective processes, but
may also serve as a biomarker for disease states such as HF,
particularly when measured from the plasma. Moreover, it has
been shown that in HF patients, myocardial cGMP is reduced,
while plasma cGMP is increased, mirroring the compensatory
and pathologic NT-proBNP elevation in HF.3"*2

CVD/HF Risk Factors and cGMP

The NP-cGMP pathway has been shown to regulate BP by
stimulating vasodilation and natriuresis and by inhibiting the
renin-angiotensin system.'* However, little is known about
the relationship between plasma levels of cGMP and hyper-
tension. One study of endothelial dysfunction in 95 individuals
with sleep apnea showed that cGMP levels were reduced in
hypertensive compared with nonhypertensive patients.?® In
contrast, our study found that higher systolic and diastolic BP
and the presence of hypertension were independently asso-
ciated with higher cGMP levels. Adjustment for NT-proBNP
attenuated these relationships, suggesting that the positive
association between cGMP and BP may be related to the
known positive association between NT-proBNP and hyper-
tension. Prior literature has shown that NP secretion
increases as a compensatory mechanism in the setting of
pressure and volume overload and increased myocardial wall
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Table 3. Cross-Sectional Associations Between CVD Biomarkers/Risk Factors and cGMP in Men and Women

Ying et al

c¢GMP (pmol/mL)*
N=1038

Unadijusted Model 17 Model 2* Model 3% Model 4/

Hypertension (Y/N) 1.21 (1.13, 1.28)" 1.13 (1.07, 1.20)" 1.14 (1.07, 1.21)7 1.10 (1.01, 1.20)" 1.06 (0.97, 1.14)
Systolic BP, mm Hg 1.12 (1.09-1.16)" 1.09 (1.06-1.12)7 1.10 (1.07-1.14)" 1.09 (1.05-1.13)" 1.05 (1.02-1.09)"
Diastolic BP, mm Hg 1.04 (1.01-1.07)" 1.03 (1.00-1.07)" 1.04 (1.01-1.07)7 1.03 (0.996-1.06) 1.02 (0.99-1.05)
eGFR, mL/min per 1.73 m? 0.89 (0.86-0.92)" 0.90 (0.87-0.93)" 0.90 (0.87-0.93)" 0.90 (0.87-0.93)" 0.91 (0.88-0.94)"
eGFR categories”

>90 Ref Ref Ref Ref Ref

60-89.9 1.17 (1.08-1.26)" 1.11 (1.03-1.20)" 1.11 (1.03-1.19)" 1.11 (1.03-1.20)" 1.11 (1.03-1.19)7

<60 1.38 (1.23-1.53)" 1.24 (1.10-1.39)" 1.24 (1.10-1.39)" 1.24 (1.10-1.39)" 1.21 (1.08-1.35)"

Total cholesterol, mg/dL

0.97 (0.94-1.00)"

0.98 (0.96-1.01

0.99 (0.96-1.01

0.99 (0.96-1.02

1.01 (0.98-1.04

HDL cholesterol, mg/dL

1.08 (1.05-1.12)"

1.07 (1.03-1.10)"

1.06 (1.03-1.10)"

1.07 (1.03-1.11)"

1.05 (1.02-1.09)"

( )
( )
( )
( )
0.92 (0.89-0.95)7
( )
( )
( )
( )

)
)
)
)
0.95 (0.91-0.98)"
)
)
)
)

Total/HDL ratio (

LDL cholesterol, mg/dL 0.97 (0.94-1.00)" 0.98 (0.95-1.01 0.98 (0.95-1.01 0.98 (0.96-1.01 1.01 (0.98-1.04
Triglycerides, mg/dL 0.88 (0.85-0.92)" 0.94 (0.90-0.98)" 0.94 (0.90-0.98)" 0.95 (0.91-0.98)" 0.97 (0.93-1.01
Diabetes mellitus (Y/N) 0.93 (0.84-1.03 0.89 (0.81-0.98)" 0.90 (0.82-0.99)" 0.87 (0.79-0.96)" 0.91 (0.83-0.99)"
HOMA-IR, mmolxmlU/L2 0.92 (0.89-0.95)" 0.93 (0.90-0.95)" 0.92 (0.89-0.95)" 0.92 (0.88-0.95)" 0.95 (0.91-0.98)"

) ( ) ( )
) ( ) ( )
) ( ) ( )
) ( ) ( )
0.95 (0.92-0.99)" 0.95 (0.92-0.99)" 0.98 (0.95-1.01)
) ( ) ( )
) ( ) ( )
) ( ) ( )
) ( ) ( )

BP indicates blood pressure; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin

resistance; LDL, low-density lipoprotein.

*Per 1 SD greater continuous variables. Results are presented as exponentiated f coefficients to reflect ratio of cGMP geometric means (95% Cl). Ratios >1 indicated a positive

relationship; ratios <1 indicate an inverse relationship.
TModel 1: adjusts for age, sex, and race/ethnicity.

*Model 2: adjusts for Model 1+education, smoking, body mass index, and physical activity.

SModel 3: adjusts for Model 2+antihypertensive medication and lipid-lowering therapy.
IModel 4: adjusts for Model 3+log(NT-proBNP).

Tstatistically significant results (P<0.05).

#eGFR categories: >90, 60-89.9, <60 mL/min per 1.73 m?.

stress, and elevated levels of NT-proBNP have been found to
be associated with increased risk of hypertension in popula-
tion studies.* Because cGMP is downstream of NP signaling,
we speculate that compensatory increases in NP levels in the
setting of hypertension and increased myocardial wall stress
might translate into increases in plasma cGMP levels
(Figure 4). However, additional research is needed to further
evaluate this potential mechanism.

In terms of hemodynamic regulation of the kidney, as
mentioned above, cGMP is known to inhibit renin release and
counteract the renin-angiotensin-aldosterone system.*° In a
dog model of acute HF, NP pathway blockade resulted in a
reduction in GFR.*® In contrast, multiple studies in patients
with and without clinical HF have demonstrated lower eGFR to
be associated with higher NT-proBNP levels attributable to
increased cardiac dysfunction and volume overload, as well as
decreased clearance of NT-proBNP, in the setting of chronic
kidney disease.'®®” Our study similarly demonstrated that
lower eGFR was associated with higher cGMP levels. This
association mirrors the relationship between eGFR and NT-
proBNP; thus, we speculate that cGMP levels may be elevated

in states of renal dysfunction through NT-proBNP elevation
(Figure 4). However, adjusting for NT-proBNP levels did not
attenuate the association between eGFR and cGMP, suggest-
ing that there may be other factors involved.
Hypercholesterolemia has been shown to impair endothe-
lial function and promote atherogenesis, which is thought to
occur through disruption of the nitric oxide—cGMP path-
way.>®3? The NP-cGMP pathway may also be dysregulated in
the setting of hyperlipidemia.'® Risks of elevated total
cholesterol, LDL cholesterol, and triglycerides have been
found to be reduced among elderly individuals with higher
BNP.*® A prior study showed that among a healthy cohort,
urinary ¢cGMP was inversely associated with total and non-
HDL cholesterol.®® In our study, a more favorable lipid profile
(higher HDL cholesterol and lower total/HDL cholesterol
ratio and triglycerides) was independently and positively
associated with cGMP. Whether this reflects the cardiopro-
tective effect of cGMP or whether adverse metabolic risk
factors mediate a state of cGMP deficiency cannot be
determined without additional studies on the directionality of
these associations. Adjustment for NT-proBNP attenuated
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Table 4. Cross-Sectional Associations Between Sex Hormones and cGMP in Women

GMP (pmol/mL)*

N=496

Unadjusted Model 17 Model 2* Model 3% Model 4!
Total testosterone, nmol/L 1.02 (0.97-1.07) 1.01 (0.96-1.05 1.00 (0.96-1.05) 0.99 (0.95-1.03) 1.01 (0.97-1.05)
Bioavailable testosterone, nmol/L 0.99 (0.94-1.04) 0.99 (0.94-1.04 0.98 (0.93-1.03) 0.96 (0.92-1.01) 0.99 (0.95-1.04)
Free testosterone (%) 0.90 (0.85-0.96)" 0.94 (0.88-1.00 0.92 (0.86-0.99)" 0.92 (0.86-0.99)" 0.96 (0.90-1.02)
Estradiol, nmol/L 0.97 (0.91-1.03) 0.96 (0.91-1.02 0.96 (0.90-1.02) 0.95 (0.89-1.01) 0.97 (0.92-1.03)
DHEA, nmol/L 0.93 (0.89-0.98)" 0.95 (0.91-1.00 0.96 (0.91-1.00) 0.95 (0.90-1.00)" 0.97 (0.92-1.02)
SHBG, nmol/L 110 (1.04-1.17)! 1.06 (1.00-1.12 1.08 (1.01-1.15)" 1.08 (1.01-1.14)! 1.04 (0.98-1.11)

DHEA indicates dehydroepiandrosterone; SHBG, sex hormone binding globulin.

*Per 1 SD greater log(sex hormone levels). Results are presented as exponentiated [ coefficients to reflect ratio of cGMP geometric means (95% Cl). Ratios >1 indicate a positive

relationship; ratios <1 indicate an inverse relationship.
"Model 1: adjusts for age and race/ethnicity.

*Model 2: adjusts for Model 1+education, body mass index, smoking, physical activity, and years since menopause.
SModel 3: adjusts for Model 2+systolic BP, antihypertensive medication, total cholesterol, lipid-lowering therapy, diabetes mellitus, and estimated glomerular filtration rate.

IModel 4: adjusts for Model 3+og(NT-proBNP).

TStatistically significant results (P<0.05). Each hormone was modeled separately. No women were using hormone therapy in this sample.

the significance in the associations between total/HDL
cholesterol ratio and triglycerides with cGMP, suggesting that
the NP-cGMP pathway may play a role in these relationships
(Figure 4).

Risk of diabetes mellitus and fasting plasma glucose have
been shown to be inversely correlated with NT-proBNP
levels."” Platelet-derived ¢cGMP is reduced in patients with
type 2 diabetes mellitus, but little is known about the
relationship between plasma ¢cGMP and insulin resistance.*'
Our study provides evidence on a population level that
diabetes mellitus and insulin resistance are inversely associ-
ated with cGMP levels. Whether insulin resistance inhibits

¢GMP production, or cGMP improves glucose tolerance, or
both, remains to be clarified with future research.

Androgens and cGMP

Our study demonstrated that among postmenopausal women,
a more androgenic pattern of sex hormones (higher free
testosterone and DHEA, lower SHBG) was associated with
lower cGMP levels. The significance of these associations was
attenuated after adjusting for NT-proBNP, suggesting that NT-
proBNP may play a role in the relationship between andro-
genicity and plasma cGMP. Our group has previously shown

Table 5. Cross-Sectional Associations Between Sex Hormones and cGMP in Men

c¢GMP (pmol/mL)*
N=542

Unadjusted

Model 17

Model 2+

Model 3%

Total testosterone, nmol/L

1.07 (1.01-1.13)!

1.07 (1.01-1.12)!

1.05 (1.00-1.11)!

1.05 (1.00-1.11

Bioavailable testosterone, nmol/L

0.98 (0.93-1.04)

1.05 (1.00-1.10

1.04 (0.99-1.09)

1.03 (0.98-1.09

Free testosterone (%)

0.92 (0.88-0.96)!

Estradiol, nmol/L

1.00 (0.95-1.04

1.01 (0.96-1.05)

1.01 (0.97-1.05

DHEA, nmol/L

0.92 (0.88-0.96)!

0.96 (0.92-1.01

0.96 (0.92-1.01)

0.98 (0.03-1.02

SHBG, nmol/L

(
(
0.99 (0.95-1.04)
(
(

1.09 (1.04-1.14)!

)
)
0.98 (0.94-1.03)
)
)
)

1.03 (0.98-1.07

(
(
0.99 (0.95-1.04)
(
(
(

1.01 (0.97-1.06)

)
)
0.99 (0.94-1.04)
)
)
)

1.02 (0.97-1.06

DHEA indicates dehydroepiandrosterone; SHBG, sex hormone binding globulin.
*Per 1 SD greater log(sex hormone). Results are presented as exponentiated 3 coefficients to reflect ratio of cGMP geometric means (95% Cl). Ratios >1 indicated a positive relationship;

ratios <1 indicate an inverse relationship.
"Model 1: adjusts for age and race/ethnicity.

*Model 2: adjusts for Model 1+education, body mass index, smoking, physical activity, and erectile dysfunction drugs.

SModel 3: adjusts for Model 2+systolic BP, antihypertensive medication, total cholesterol, lipid-lowering therapy, diabetes mellitus, and estimated glomerular filtration rate.

HStatistically significant results (P<0.05). Each hormone was modeled separately.
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Figure 3. Associations between free T and cGMP in women (A) and men (B) using adjusted restricted cubic splines. Analyses are adjusted for
Model 2 covariates: age, race/ethnicity, education, smoking, body mass index, physical activity, and years since menopause (in women). Graphs
represent difference in log(cGMP) at various free T levels relative to the reference (#), with knots at the 5th, 35th, 65th, and 95th percentiles of
the free T distribution. 95% Cl are represented by dotted lines. T indicates testosterone.

that androgenic sex hormones and NT-proBNP are also Strengths and Limitations
inversely related, and that increased androgenicity may
mediate a state of NP deficiency.'® It is thus possible that Our findings should be considered in the context of several
androgenicity may also confer a similar cGMP deficiency limitations. First, cGMP was measured only once; thus, we
through the NP-cGMP pathway (Figure 4). were unable to evaluate associations between changes in
——— > (| Natriuretic
etabolic phenotype :
T Diabetes peptldes
T HOMA-IR
T TC/HDL ratio
1 Triglycerides Y, 1T BP _— T Myocardial
~ < ~ 1l eGFR wall stress?
T Androgenicity
T Free T
T DHEA
LsHBG ) Plasma
_ | <GMP |

Figure 4. Summary of associations between sex hormones, CVD risk factors, and the cGMP pathway. Plasma cGMP is primarily reflective of
stimulation from natriuretic peptide (NP). Increased androgenicity and metabolic risk factors are inversely associated with both NP and cGMP.
On the other hand, higher blood pressure and greater renal dysfunction positively associated with NP and cGMP. Prior studies have suggested
that these conditions are associated with higher BNP levels attributable to increased myocardial wall stress, which may also be a mechanism for
the association of these conditions with higher cGMP levels. BP indicates blood pressure; DHEA, dehydroepiandrosterone; eGFR, estimated
glomerular filtration rate; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; SHBG, sex hormone
binding globulin; T, testosterone; TC, total cholesterol.
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¢GMP and CVD risk factors over time. Second, because cGMP
levels were only measured among postmenopausal women in
this study, additional studies would need to be performed to
determine whether our findings can be generalized to
premenopausal women. It is important to note that estradiol
levels among postmenopausal women who were not taking
hormone therapy were quite low, which limits full evaluation
of the association between estradiol and cGMP; however, the
primary aim of our ancillary study was to better understand
cGMP levels in the postmenopausal state as a potential
modulator of CVD risk in older women. Third, we also
performed multiple comparisons because of the exploratory
nature of this study. Fourth, the interassay coefficient of
variation for cGMP was high, at 13.5%. However, increased
assay variability would be expected to lead to null findings,
and we found significant associations with cGMP despite
increased variability in ¢cGMP measurements. Finally, the
cross-sectional and observational nature of our study pre-
cludes the ability to determine both temporality and causality.
We can only speculate about biological mechanisms under-
lying these observed associations.

On the other hand, our study has a number of major
strengths, including a large sample size and a multiethnic
cohort that is well characterized, allowing for adjustment for
numerous potential confounders.

Conclusions

cGMP is a cardioprotective second messenger whose signal-
ing pathway is a target for novel CVD therapies. We found that
NT-proBNP was positively associated with cGMP, suggesting
that plasma cGMP levels are primarily regulated through the
NP-pGC pathway. Higher blood pressure and greater renal
dysfunction were positively associated with cGMP levels,
while adverse metabolic risk factors and increased andro-
genicity were inversely associated with cGMP. These novel
associations, not previously studied in a community cohort,
further our understanding of cGMP on a population level and
can serve as a basis for future studies on the cGMP pathway.

Acknowledgments

The authors thank the other investigators, staff, and participants of
the MESA study for their valuable contributions. A full list of
participating MESA investigators and institutions can be found at
http://www.mesa-nhlbi.org.

Sources of Funding

This work was funded by the American Heart Association Go
Red for Women Strategically Focused Research Network grant

16SFRN27870000. The MESA study was supported by
contracts HHSN268201500003I, NO1-HC-95159, NO1-HC-
95160, NO1-HC-95161, NO1-HC-95162, NO1-HC-95163,
NO1-HC-95164, NO1-HC-95165, NO1-HC-95166, NO1-HC-
95167, NO1-HC-95168, and NO1-HC-95169 from the National
Heart, Lung, and Blood Institute; and by grants UL1-TR-
000040, UL1-TR-001079, and UL1-TR-001420 from the
National Center for Advancing Translational Sciences. Drs
Michos and Zhao are additionally funded by the Blumenthal
Scholars Award in Preventive Cardiology at Johns Hopkins
University.

Disclosures

Dr defFilippi received research support from Roche Diagnos-
tics; received consulting fees from Alere, FujiRebio, Meta-
nomics, Ortho Diagnostics, Roche Diagnostics, Radiometer,
and Siemens Healthcare; was on end point committees for
Radiometer and Quintiles; and received royalties from
UpToDate. The remaining authors have no disclosures to
report.

References

1. Kovécs A, Alogna A, Post H, Hamdani N. Is enhancing cGMP-PKG signalling a
promising therapeutic target for heart failure with preserved ejection fraction?
Neth Heart J. 2016;24:268-274.

2. Takimoto E, Champion HC, Li M, Belardi D, Ren S, Rodriguez ER, Bedja D,
Gabrielson KL, Wang Y, Kass DA. Chronic inhibition of cyclic GMP phospho-
diesterase 5A prevents and reverses cardiac hypertrophy. Nat Med.
2005;11:214-222.

3. Zhang M, Takimoto E, Hsu S, Lee DI, Nagayama T, Danner T, Koitabashi N,
Barth AS, Bedja D, Gabrielson KL, Wang Y, Kass DA. Myocardial remodeling is
controlled by myocyte-targeted gene regulation of phosphodiesterase type 5. /
Am Coll Cardiol. 2010;56:2021-2030.

4. Greene SJ, Gheorghiade M, Borlaug BA, Pieske B, Vaduganathan M, Burnett JC
Jr, Roessig L, Stasch JP, Solomon SD, Paulus WJ, Butler J. The cGMP signaling
pathway as a therapeutic target in heart failure with preserved ejection
fraction. / Am Heart Assoc. 2013;2:e000536. DOI: 10.1161/JAHA.113.
000536.

5. Lewis GD, Lachmann ], Camuso J, Lepore JJ, Shin J, Martinovic ME, Systrom
DM, Bloch KD, Semigran MJ. Sildenafil improves exercise hemodynamics and
oxygen uptake in patients with systolic heart failure. Circulation.
2007;115:59-66.

6. Forfia PR, Lee M, Tunin RS, Mahmud M, Champion HC, Kass DA. Acute
phosphodiesterase 5 inhibition mimics hemodynamic effects of B-type
natriuretic peptide and potentiates B-type natriuretic peptide effects
in failing but not normal canine heart. / Am Coll Cardiol. 2007;49:1079—
1088.

7. Ghofrani H-A, Galieé N, Grimminger F, Griinig E, Humbert M, Jing Z-C, Keogh
AM, Langleben D, Kilama MO, Fritsch A, Neuser D, Rubin LJ; Group P-S.
Riociguat for the treatment of pulmonary arterial hypertension. N Engl J Med.
2013;369:330-340.

8. Lapp H, Mitrovic V, Franz N, Heuer H, Buerke M, Wolfertz J, Mueck W, Unger S,
Wensing G, Frey R. Cinaciguat (BAY 58-2667) improves cardiopulmonary
hemodynamics in patients with acute decompensated heart failure. Circula-
tion. 2009;119:2781-2788.

9. Tsai EJ, Kass DA. Cyclic GMP signaling in cardiovascular pathophysiology and
therapeutics. Pharmacol Ther. 2009;122:216-238.

10. Shah A, Passacquale G, Gkaliagkousi E, Ritter J, Ferro A. Platelet nitric oxide
signalling in heart failure: role of oxidative stress. Cardiovasc Res.
2011;91:625-631.

11. Lourenco P, Araujo JP, Azevedo A, Ferreira A, Bettencourt P. The cyclic
guanosine monophosphate/B-type natriuretic peptide ratio and mortality in
advanced heart failure. Eur J Heart Fail. 2009;11:185—-190.

DOI: 10.1161/JAHA.119.013149

Journal of the American Heart Association 1

HDOYVHASHY TVYNIDIYO


http://www.mesa-nhlbi.org
https://doi.org/10.1161/JAHA.113.000536
https://doi.org/10.1161/JAHA.113.000536

cGMP Pathway and CVD Risk Factors

12.

20.

21.

22.

23.

24,

25.

26.

Ying et al

Castro LR, Verde I, Cooper DM, Fischmeister R. Cyclic guanosine monophos-
phate  compartmentation in rat cardiac myocytes.  Circulation.
2006;113:2221-2228.

. Hamet P, Pang SC, Tremblay J. Atrial natriuretic factor-induced egression of

cyclic guanosine 3':5-monophosphate in cultured vascular smooth muscle
and endothelial cells. / Biol Chem. 1989;264:12364—12369.

. Kuhn M. Structure, regulation, and function of mammalian membrane guanylyl

cyclase receptors, with a focus on guanylyl cyclase-A. Circ Res. 2003;93:700—
709.

. Tagore R, Ling LH, Yang H, Daw HY, Chan YH, Sethi SK. Natriuretic peptides in

chronic kidney disease. Clin / Am Soc Nephrol. 2008;3:1644—1651.

. Giricz Z, Gorbe A, Pipis J, Burley DS, Ferdinandy P, Baxter GF. Hyperlipidaemia

induced by a high-cholesterol diet leads to the deterioration of guanosine-
3',5'-cyclic monophosphate/protein kinase G-dependent cardioprotection in
rats. BrJ Pharmacol. 2009;158:1495-1502.

. Lazo M, Young JH, Brancati FL, Coresh J, Whelton S, Ndumele CE, Hoogeveen

R, Ballantyne CM, Selvin E. NH2-terminal pro-brain natriuretic peptide and risk
of diabetes. Diabetes. 2013;62:3189-3193.

. Ying W, Zhao D, Ouyang P, Subramanya V, Vaidya D, Ndumele CE, Sharma K,

Shah SJ, Heckbert SR, Lima JA, deFilippi CR, Budoff MJ, Post WS, Michos ED.
Sex hormones and change in N-terminal pro-B-type natriuretic peptide levels:
the Multi-Ethnic  Study of Atherosclerosis. J Clin Endocrinol Metab.
2018;103:4304-4314.

. Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR,

Greenland P, Jacob DR Jr, Kronmal R, Liu K, Nelson JC, O’Leary D, Saad MF,
Shea S, Szklo M, Tracy RP. Multi-Ethnic Study of Atherosclerosis: objectives
and design. Am J Epidemiol. 2002;156:871-881.

National Heart, Lung, and Blood Institute. Multi-Ethnic Study of Atheroscle-
rosis (MESA). 2017. Available at: https://biolincc.nhlbi.nih.gov/studies/me
sa/. Accessed November 8, 2019.

Seliger SL, Hong SN, Christenson RH, Kronmal R, Daniels LB, Lima JAC, De
Lemos JA, Bertoni A, Defilippi CR. High-sensitive cardiac troponin T as an early
biochemical signature for clinical and subclinical heart failure: MESA (Multi-
Ethnic Study of Atherosclerosis). Circulation. 2017;135:1494—1505.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF lll, Feldman HI, Kusek
JW, Eggers P, Van Lente F, Greene T, Coresh J. A new equation to estimate
glomerular filtration rate. Ann Intern Med. 2009;150:604-612.

Zhao D, Guallar E, Ouyang P, Subramanya V, Vaidya D, Ndumele CE, Lima JA,
Allison MA, Shah SJ, Bertoni AG, Budoff MJ, Post WS, Michos ED. Endogenous
sex hormones and incident cardiovascular disease in post-menopausal
women. / Am Coll Cardiol. 2018;71:2555-2566.

Sodergard R, Backstrom T, Shanbhag V, Carstensen H. Calculation of free and
bound fractions of testosterone and estradiol-17b to human plasma proteins
at body temperature. J Steroid Biochem. 1982;16:801-810.

Siragy HM, de Gasparo M, El-Kersh M, Carey RM. Angiotensin-converting
enzyme inhibition potentiates angiotensin Il type 1 receptor effects on renal
bradykinin and cGMP. Hypertension. 2001;38:183-186.

Takimoto E, Belardi D, Tocchetti CG, Vahebi S, Cormaci G, Ketner EA, Moens
AL, Champion HC, Kass DA. Compartmentalization of cardiac beta-adrenergic

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

inotropy ~ modulation by Circulation.

2007;115:2159-2167.

Stasch JP, Kazda S, Neuser D. Different effects of ANP and nitroprusside on
cyclic GMP extrusion of isolated aorta. Eur J Pharmacol. 1989;174:279-282.

Daniels LB, Maisel AS. Natriuretic peptides. / Am Coll Cardiol. 2007;50:2357—
2368.

Volpe M, Carnovali M, Mastromarino V. The natriuretic peptides system in the
pathophysiology of heart failure: from molecular basis to treatment. Clin Sci
(Lond). 2016;130:57-77.

Wang TJ. Natriuretic peptide deficiency-when there is too little of a good thing.
JAMA Cardiol. 2018;3:7-9.

van Heerebeek L, Hamdani N, Falcao-Pires |, Leite-Moreira AF, Begieneman
MP, Bronzwaer JG, van der Velden J, Stienen GJ, Laarman GJ, Somsen A,
Verheugt FW, Niessen HW, Paulus WJ. Low myocardial protein kinase G activity
in heart failure with preserved ejection fraction. Circulation. 2012;126:830—
839.

Shotan A, Mehra A, Ostrzega E, Hsueh W, Do YS, Fisher DA, Hurst A, Johnson
JV, Elkayam U. Plasma cyclic guanosine monophosphate in chronic heart
failure: hemodynamic and neurohormonal correlations and response to nitrate
therapy. Clin Pharmacol Ther. 1993;54:638—644.

Jafari B, Mohsenin V. Activation of heme oxygenase and suppression of cGMP
are associated with impaired endothelial function in obstructive sleep apnea
with hypertension. Am J Hypertens. 2012;25:854-861.

Bower JK, Lazo M, Matsushita K, Rubin J, Hoogeveen RC, Ballantyne CM, Selvin
E. N-terminal pro-brain natriuretic peptide (NT-proBNP) and risk of hyperten-
sion in the Atherosclerosis Risk in Communities (ARIC) Study. Am J Hypertens.
2015;28:1262—-1266.

Mergia E, Stegbauer ). Role of phosphodiesterase 5 and cyclic GMP in
hypertension. Curr Hypertens Rep. 2016;18:39.

Martin FL, Supaporn T, Chen HH, Sandberg SM, Matsuda Y, Jougasaki M,
Burnett JC Jr. Distinct roles for renal particulate and soluble guanylyl cyclases
in preserving renal function in experimental acute heart failure. Am J Physiol
Regul Integr Comp Physiol. 2007;293:R1580—-R1585.

Wiley CL, Switzer SP, Berg RL, Glurich |, Dart RA. Association of B-type
natriuretic peptide levels with estimated glomerular filtration rate and
congestive heart failure. Clin Med Res. 2010;8:7—12.

Cui R, Iso H, Pi J, Kumagai Y, Yamagishi K, Tanigawa T, Shimamoto T.
Relationship between urinary cGMP excretion and serum total cholesterol
levels in a general population. Atherosclerosis. 2005;179:379-386.

Zhu Y, Xia M, Yang Y, Liu F, Li Z, Hao Y, Mi M, Jin T, Ling W. Purified
anthocyanin supplementation improves endothelial function via NO-cGMP
activation in hypercholesterolemic individuals. Clin Chem. 2011;57:1524—
1533.

He WT, Mori M, Yu XF, Kanda T. Higher BNP levels within physiological range
correlate with beneficial nonfasting lipid profiles in the elderly: a cross-
sectional study. Lipids Health Dis. 2016;15:3.

Queen LR, Ji Y, Goubareva |, Ferro A. Nitric oxide generation mediated by beta-
adrenoceptors is impaired in platelets from patients with Type 2 diabetes
mellitus. Diabetologia. 2003;46:1474—1482.

phosphodiesterase  type 5.

DOI: 10.1161/JAHA.119.013149

Journal of the American Heart Association 12

HDOYVHASHY TVYNIDIYO


https://biolincc.nhlbi.nih.gov/studies/mesa/
https://biolincc.nhlbi.nih.gov/studies/mesa/

SUPPLEMENTAL MATERIAL



Table S1. Baseline characteristics of participants included in this study vs all participants at the

MESA baseline exam (2000-2002).

Included participants

All participants

(n=1,038) (n=6,814)
Age, years 63.3 (8.6) 62.2 (10.2)
Men, n (%) 542 (52.2) 3213 (47.2)
Race/ethnicity, n (%)
Caucasian 350 (33.7) 2622 (38.5)
African American 266 (25.6) 1892 (27.8)
Chinese American 182 (17.5) 804 (11.8)
Hispanic 240 (23.1) 1496 (22.0)
BMI, kg/m? 27.7 (4.6) 28.3 (5.5)
Education, n (%)
<High school 177 (17.1) 1225 (18.0)
High school, technical school, or associate degree 458 (44.1) 3173 (46.7)
College, graduate or professional school 403 (38.8) 2393 (35.2)
Smoking, n (%)
Never 586 (56.5) 3418 (50.3)
Former 348 (33.5) 2487 (36.6)
Current 104 (10.0) 887 (13.1)
Total moderate/vigorous physical activity, MET- 4140 (5385) 4020 (5520)
min/wk”
Systolic BP, mm Hg 126.1 (20.4) 126.6 (21.5)
Diastolic BP, mm Hg 72.6 (10.1) 71.9 (10.3)
Total cholesterol, mg/dl 195.1 (35.2) 194.2 (35.7)
HDL cholesterol, mg/dI 50.0 (14.1) 51.0 (14.8)
LDL cholesterol, mg/dl 119.6 (31.5) 117.2 (31.5)
Triglycerides, mg/dl 127.3 (65.9) 131.6 (88.8)
Diabetes, n (%0) 107 (10.3) 859 (12.7)
eGFR, mL/min/1.73 m? 77.0 (14.8) 77.7 (16.3)
HOMA-IR, mmol*mIU/L2 * 33.8 (27.4) 34.3 (30.5)
NT-proBNP, pg/mL” 48.7 (77.6) 54.5 (88.5)
Sex hormones”
Total T, nmol/L Men 14.3 (5.8) 14.2 (6.4)
Women 0.9 (0.8) 0.9 (0.7)
Bioavailable T, nmol/L Men 5.2(2.1) 5.2 (2.3)
Women 0.2 (0.2) 0.2 (0.2)
Free T, % Men 2.0 (0.6) 2.0 (0.7)
Women 1.5(0.7) 1.3(0.8)
Estradiol, nmol/L Men 0.1 (0.05) 0.1 (0.05)
Women 0.1 (0.04) 0.1(0.2)
DHEA, nmol/L Men 12.4 (7.4) 12.6 (7.9)
Women 11.4 (8.0) 10.3 (7.6)
SHBG, nmol/L Men 40.5 (19.3) 40.8 (21.3)
Women 49.4 (33.2) 59.0 (53.8)

Data presented as mean (SD) or number (percentage), or *median (IQR)

MESA, Multi-Ethnic Study of Atherosclerosis; BMI, body mass index; BP, blood pressure; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; HOMA-IR, homeostatic model assessment of
insulin resistance; eGFR, estimated glomerular filtration rate; NT-proBNP, N-terminal pro-B type
natriuretic peptide; T, testosterone; DHEA, dehydroepiandrosterone; SHBG, sex hormone binding

globulin



Table S2. Interaction analyses of NT-proBNP and CVD risk factors with sex in regression
models with cGMP (pmol/mL).

Variable P of interaction with sex
NT-proBNP, pg/mL 0.83
Systolic BP, mmHg 0.55
Diastolic BP, mmHg 0.16
BMI, kg/m? 0.16
Total cholesterol, mg/dl 0.21
HDL cholesterol, mg/dl 0.87
Total/HDL ratio 0.96
LDL cholesterol, mg/dl 0.24
Triglycerides, mg/dl 0.36
HOMA-IR, mmol*mIU/L? 0.67
eGFR, mL/min/1.73 m? 0.89

NT-proBNP, N-terminal pro-B type natriuretic peptide; CVD, cardiovascular disease; cGMP, cyclic
guanosine monophosphate; BP, blood pressure; BMI, body mass index; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; eGFR,
estimated glomerular filtration rate



Table S3. Summary of (unadjusted) cGMP and NT-proBNP levels by classes of antihypertensive,
diabetes, and cholesterol medications.

N cGMP P-value NT-proBNP P-value
(pmol/mL) (pg/mL)

Beta blockers
Yes 94 6.0 (3.3) 0.0001 152.8 (179.6) 0.0001
No 944 4.6 (2.5) 69.2 (80.7)

ACE inhibitor
Yes 117 54 (3.1) 0.02 98.3 (125.3) 0.01
No 921 4.7 (2.6) 74.0 (92.5)

Calcium channel blocker
Yes 136 5.3 (3.0) 0.02 88.3 (104.7) 0.03
No 902 4.7 (2.5) 75.0 (95.7)

Nitrates
Yes 2 3.9(1.8) 0.70 68.6 (15.1) 0.54
No 1036 4.7 (2.6) 76.7 (97.0)

Diabetes medication
Insulin 8 4.4 (1.5) 0.57 62.7 (60.0) 0.70
Pills 65 4.8 (2.8) 79.4 (86.2)

Statins
Yes 172 4.7 (2.7) 0.43 73.5 (81.3) 0.72
No 866 4.8 (2.6) 77.4 (99.8)

Results reported as mean (SD)
cGMP, cyclic guanosine monophosphate; NT-proBNP, N-terminal pro-B type natriuretic peptide; ACE,
angiotensin converting enzyme



Table S4. Associations between hypertension and blood pressure with cGMP, with modified

multivariable models to adjust for specific classes of antihypertensive medication.

c¢GMP (pmol/mL)”
N = 1038

Unadjusted Model 17 Model 2* Model 3° Model 4/
Hypertension 1.21 (1.13, 1.13(1.07, 1.14 (1.07, 1.12 (1.04, 1.06 (0.99,
(Y/N) 1.28) 1.20) 1.21) 1.21) 1.14)
Systolic BP, 1.12 (1.09, 1.09 (1.06, 1.10 (1.07, 1.09 (1.05, 1.05 (1.02,
mmHg 1.16) 1.12) 1.14) 1.12) 1.09)
Diastolic BP, 1.04 (1.01, 1.03 (1.00, 1.04 (1.01, 1.03 (0.997, 1.02 (0.99,
mmHg 1.07) 1.07) 1.07) 1.06) 1.05)

*Per 1 SD greater continuous variables. Results are presented as exponentiated beta coefficients to reflect ratio
of cGMP geometric means (95% CI). Ratios >1 indicated a positive relationship; ratios <1 indicate an inverse

relationship. Statistically significant results (p < 0.05) are in bold.
+Model 1: Adjusts for age, sex, race/ethnicity
1tModel 2: Adjusts for Model 1 + education, smoking, body mass index, physical activity
8Model 3: Adjusts for Model 2 + beta blocker use, ACE inhibitor use, calcium channel blocker use, lipid

lowering therapy

|[Model 4: Adjusts for Model 3 + log(NT-proBNP)
cGMP, cyclic guanosine monophosphate; BP, blood pressure




