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Background-—Cyclic guanosine monophosphate (cGMP) is a second messenger regulated through natriuretic peptide and nitric
oxide pathways. Stimulation of cGMP signaling is a potential therapeutic strategy for heart failure with preserved ejection fraction
(HFpEF) and atherosclerotic cardiovascular disease (ASCVD). We hypothesized that plasma cGMP levels would be associated with
lower risk for incident HFpEF, any HF, ASCVD, and coronary heart disease (CHD).

Methods and Results-—We conducted a case–cohort analysis nested in the ARIC (Atherosclerosis Risk in Communities) study. Plasma
cGMP was measured in 875 participants at visit 4 (1996–1998), with oversampling of incident HFpEF cases. We used Cox proportional
hazardmodels to assessassociations of cGMPwith incidentHFpEF,HF, ASCVD (CHD+stroke), andCHD. Themean (SD)agewas62.4 (5.6)
years and median (interquartile interval) cGMP was 3.4 pmol/mL (2.4–4.6). During a median follow-up of 9.9 years, there were 283
incident cases of HFpEF, 329 any HF, 151 ASCVD, and 125 CHD. In models adjusted for CVD risk factors, the hazard ratios (95% CI)
associatedwith the highest cGMP tertile comparedwith lowest for HFpEF, HF, ASCVD, andCHDwere 1.88 (1.17–3.02), 2.18 (1.18–4.06),
2.84 (1.44–5.60), and2.43 (1.19–5.00), respectively. Inmodels further adjusted forN-terminal-proB-type natriuretic peptide, associations
were attenuated for HFpEF and HF but remained statistically significant for ASCVD (2.56 [1.26–5.20]) and CHD (2.25 [1.07–4.71]).

Conclusions-—Contrary to our hypothesis, higher cGMP levels were associated with incident CVD in a community-based cohort.
The associations of cGMP with HF or HFpEF may be explained by N-terminal-proB-type natriuretic peptide, but not for ASCVD and
CHD. ( J Am Heart Assoc. 2020;9:e013966. DOI: 10.1161/JAHA.119.013966.)
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A lthough progress in clinical management of heart failure
(HF) has resulted in decreased mortality, the prognosis

of HF with preserved ejection fraction (HFpEF) remains largely
the same.1 HFpEF accounts for 50% of all HF cases, and it is
projected to outgrow HF with reduced ejection fraction
(HFrEF) over the next decade.2,3 Therefore, factors that
influence the pathogenesis of HFpEF may identify potential
pharmacotherapy targets and have a direct impact in the
prevention or treatment of HFpEF.

Cyclic guanosine monophosphate (cGMP) is an intracellular
second messenger generated by guanylyl cyclases linked to
either nitric oxide (NO)4 or natriuretic peptide (NP)5 signaling.
It primarily signals by binding to and activating protein kinase
G, and by interactions with other phosphodiesterases that can
regulate the companion second messenger cyclic adenosine
monophosphate. These effectors in turn contribute to a broad
range of cardiovascular effects, including reducing vascular
motor tone, antifibrotic and antihypertrophic signaling,6 and
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increases in protein quality control.7,8 Alterations in the cGMP
signaling cascade have been implicated in several cardiovas-
cular disorders, and new pharmacological approaches to
stimulate cGMP synthesis are being evaluated as potential
therapeutic agents for HFrEF,9,10 HFpEF,11 and other cardio-
vascular diseases (CVD).12

Population-based studies on cGMP are largely limited to
cross-sectional evaluations of the association between plasma
cGMP and CVD risk factors in small samples.13–17 To our
knowledge, the association of plasma cGMP levels with the risk
of developing incident CVD events has not been assessed in
prospective studies. Using a case–cohort design, we measured
plasma cGMP in a subset of women and men in the ARIC
(Atherosclerosis Risk in Communities) study to evaluate the
association between cGMP levels and CVD end points. Our
primary hypothesis was that cGMP levels would be inversely
associated with the risk of incident HFpEF. Our secondary
hypothesis was that cGMP levels would also be inversely
associated with the incidence of atherosclerotic cardiovascular
disease (ASCVD), coronary heart disease (CHD), and any HF
outcomes. We also assessed whether these associations
differed by sex and race, and whether they were independent
of NT-proBNP (N-terminal pro B-type natriuretic peptide), an
upstream factor regulating NP-cGMP signaling.

Methods

Data Availability Statement
The ARIC cohort participates in the National Heart, Lung, and
Blood Institute’s Biologic Specimen and Data Repository

(BioLINCC). The ARIC data are available upon request through
BioLINCC (https://biolincc.nhlbi.nih.gov/studies/aric/).

Case–Cohort Design
The ARIC Study is an ongoing, prospective, predominantly
biracial, community-based study investigating risk factors for
CVD.18 Women and men 45 to 64 years of age were sampled
in 1987–1989 from 4 US communities: Forsyth County, NC;
Jackson, MS; Minneapolis suburbs, MN; and Washington
County, MD. Follow-up visits were conducted in 1990–1992
(Visit 2), 1993–1995 (Visit 3), 1996–1998 (Visit 4), 2011–
2013 (Visit 5), and 2016–2017 (Visit 6). The ARIC study has
been approved by institutional review boards at all centers,
and written informed consent was provided by all participants.

Among 9706 participants attending Visit 4 and free of HF
at that visit, we conducted a case–cohort analysis based on
332 cases who developed HFpEF between January 1, 2005
(the date of onset for HFpEF adjudication in ARIC) and
December 31, 2013 (the administrative censoring date by the
time of case selection), as well as a random sample of 700
participants attending Visit 4 and free of HF at that visit
(selected using a simple random sampling approach; 25
participants in the random cohort sample were also included
in the group of incident HFpEF cases). Visit 4 served as the
baseline for this analysis. We then excluded participants with
depleted plasma sample (n=19), unmeasurable plasma cGMP
levels (n=13), participants with self-reported race other than
black or white (n=2), blacks from the Minneapolis and
Washington County centers (n=6), and participants with
prevalent CVD at Visit 4 (n=92).

The final study sample comprised 875 participants
(Figure 1), including 283 participants who developed incident
HFpEF, 329 participants who developed any HF, 151 partic-
ipants who developed incident ASCVD, 125 participants who
developed CHD, and 617 participants in the random cohort
sample. Of note, association of cGMP with HFrEF was not
examined because of few incident HFrEF cases (n=32). The
reason for the greater number of HFpEF cases compared with
HFrEF is that our study design specifically selected for HFpEF
as our case status in this case–cohort design, given our a
priori interest in understanding mechanisms for HFpEF
development.

Measurement of cGMP
Plasma cGMP was determined from samples collected at visit
4 (1996–1998) and stored at �80°C until cGMP measure-
ment was performed in 2017. cGMP concentrations were
assessed at the Atherosclerosis Clinical Research Laboratory
at Baylor College of Medicine using a competitive ELISA assay
(Cayman Chemical Company, MI), with the addition of an

Clinical Perspective

What Is New?

• In a community-based cohort of men and women, plasma
cyclic guanosine monophosphate levels are associated with
increased risk of incident heart failure with preserved
ejection fraction and other cardiovascular diseases.

• The associations of cyclic guanosine monophosphate with
heart failure outcomes may be explained by N-terminal-
proB-type natriuretic peptide, but associations with other
cardiovascular diseases may follow different pathways.

What Are the Clinical Implications?

• Plasma cyclic guanosine monophosphate levels reflect
upstream N-terminal-proB-type natriuretic peptide signaling.

• Abnormalities in the natriuretic peptide-cGMP signaling
pathway precede the development of heart failure with
preserved ejection fraction and other cardiovascular end
points; these may potentially be targets for therapeutic
interventions.
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optional acetylation procedure per manufacturer protocol.
Intra- and interassay coefficients of variation were 4.2% and
13.5%, respectively.

Outcome Assessment
The primary outcome of this study is HFpEF. The secondary
outcomes are any HF, ASCVD, and CHD. Participants were
followed for CVD-related events from visit 4 (1996–1998)
through December 31, 2016 (the administrative censoring

date by the time of data analysis). Incident ASCVD and HF
events were identified through annual follow-up telephone
interviews, local hospital discharge lists, and death records
from the National Death Index.19 Information on all hospital-
izations was extracted by trained staff and validated by
physician reviewers.

HF was defined as the first HF hospitalization (International
Classification of Diseases, Ninth Revision [ICD-9] code 428) or
death related to HF (ICD-9 code 428 or ICD-10 code I-50).20

HF types were classified based on left ventricular ejection

Figure 1. Flowchart of study participants. ASCVD indicates atherosclerotic cardiovascular disease;
cGMP, cyclic guanosine monophosphate; CHD, coronary heart disease; CVD, cardiovascular disease;
HFpEF, heart failure with preserved ejection fraction.
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fraction results from inpatient or pre-admission tests. HFpEF
was defined as a normal or mildly decreased systolic function
(left ventricular ejection fraction ≥50%) within 2 years of
reviewer assessment.21 The median (interquartile range)
difference of the EF and HF admission date was 1 (0–2) days.

CHD was defined as definite or probable myocardial
infarction, definite fatal CHD, or cardiac procedure (percuta-
neous coronary interventions, bypass surgery, or coronary
revascularization). ASCVD was defined as CHD or ischemic
stroke (definite or probable embolic or thrombotic brain
infarction).

All ASCVD and HF events were adjudicated by a physician
panel using standardized criteria through review of death
certificates, hospital discharge summaries, physician notes,
and clinical, laboratory, and/or imaging data. While ASCVD,
CHD, and any HF events have been ascertained since the
ARIC baseline visit, the adjudication for the HF subtypes of
HFpEF and HFrEF only became available for HF cases
occurring after January 1, 2005.

Risk Factor Assessment
CVD risk factors were collected at baseline and at each
follow-up visit. Sports physical activities were assessed via a
modified Baecke questionnaire at visit 3.22 Weight and height
were measured in light clothing. Sitting blood pressure
measurements were taken 3 times after 5 minutes of rest
during each visit using a random-zero sphygmomanometer.
Blood pressure measurements at visit 4 were calculated as
average of the first and second measurements (second and
third measurements in previous visits).23 Diabetes mellitus
was defined by self-report of a physician diagnosis, a fasting
blood glucose level ≥126 mg/dL, a nonfasting blood glucose
level ≥200 mg/dL, or use of hypoglycemic medications. Total
cholesterol, high-density lipoprotein cholesterol, and triglyc-
eride levels were measured using standardized enzymatic
methods. Estimated glomerular filtration rate (eGFR) was
calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation based on serum creatinine.24 Plasma
NT-proBNP was measured using an electrochemiluminescent
immunoassay on an automated Cobas e411 analyzer (Roche
Diagnostics).25

Statistical Analysis
The study end points were the development of incident
HFpEF, HF, ASCVD, and CHD. Participants were followed from
visit 4 until the development of a study end point, death,
dropout, or until December 31, 2016 (the administrative
censoring date by the time of data analysis). We used multiple
imputation with chained equations to impute missing covari-
ates (8%). Since adjudication for HFpEF cases was only

available after January 1, 2005, we specified delayed entry on
January 1, 2005 for all analyses (median follow-up
9.9 years).26

We used Cox proportional hazards regression models to
estimate hazard ratios and 95% CI for the CVD outcomes
associated with cGMP tertiles. The tertiles were based on the
distribution of cGMP in the random cohort sample, and
estimated hazard ratios comparing the second and third
tertiles with the first tertile (reference category). To account
for the case–cohort design, we used the method of Lin27 to fit
weighted proportional hazards models. In addition to model-
ing cGMP as categorical variable, we assessed associations of
cGMP as a continuous variable with CVD outcomes, per a 1
SD increase in loge-transformed cGMP levels. We also
modeled loge-transformed cGMP levels as restricted cubic
splines with knots at the 5th, 50th, and 95th percentiles of its
distribution in the cohort random sample.

For each outcome, we used 4 models with increasing
degrees of adjustment. Model 1 adjusted for demographic
factors: age, sex, and race/center groups. Model 2 further
adjusted for lifestyle variables: education, physical activity,
smoking, alcohol consumption, and body mass index. Model 3
further adjusted for intermediate CVD risk factors: systolic
blood pressure, use of antihypertensive medications, total
cholesterol, high-density lipoprotein cholesterol, use of lipid-
lowering medication, diabetes mellitus, and estimated
glomerular filtration rate. Finally, model 4 further adjusted
for loge-transformed NT-proBNP.

We conducted subgroup analyses by sex, race, and NT-
proBNP tertile. Spearman’s rank-order correlation efficient
was used to assess the correlation between cGMP and NT-
proBNP. Finally, we performed additional analyses to evaluate
the association of NT-proBNP levels with CVD outcomes
adjusting for loge-transformed cGMP. All reported P values
were 2-sided and the significance level was set at 0.05.
Statistical analyses were performed using Stata version 15
(StataCorp LP, College Station, TX).

Results
The average age of participants in the random cohort sample
(n=617) at baseline was 62.4 years (SD 5.6), and their
median cGMP was 3.3 pmol/mL (interquartile interval 2.3–
4.4). Participants with higher cGMP levels were more likely to
be older, black, and nondiabetic; they were more likely to have
lower levels of body mass index, triglycerides, estimated
glomerular filtration rate, and higher levels of systolic blood
pressure, high-density lipoprotein cholesterol, and NT-proBNP
(Table 1). cGMP and NT-proBNP were correlated with a
Spearman correlation coefficient of 0.37. The baseline
characteristics of participants who developed HFpEF, HF,
ASCVD, and CHD over follow-up are shown in Table S1.
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During a median of 9.9 years of follow-up, there were
283 incident cases of HFpEF, 329 any HF, 151 ASCVD,
and 125 CHD. In models adjusted for demographics,
lifestyle characteristics, and CVD risk factors, higher
plasma cGMP levels were associated with a higher risk
of incident CVD events (Table 2, model 3). The hazard
ratios (95% CI) associated with the highest tertile of cGMP
compared with lowest for HFpEF, HF, ASCVD, and CHD

were 1.88 (1.17–3.02), 2.18 (1.18–4.06), 2.84 (1.44–
5.60), and 2.43 (1.19–5.00), respectively. In models
further adjusted for NT-proBNP, the associations were
attenuated and no longer significant for HFpEF and HF, but
remained statistically significant for ASCVD and CHD
(hazard ratio [95% CI] for HFpEF: 1.30 [0.79–2.14], HF:
1.68 [0.88–3.22], ASCVD: 2.56 [1.26–.20] and CHD: 2.25
[1.07–.71]) (Table 2, model 4).

Table 1. Baseline Characteristics by cGMP Tertiles Among Random Cohort Sample

Overall
Tertile 1
(0.2 to <2.6 pmol/mL)

Tertile 2
(2.6 to <4.0 pmol/mL)

Tertile 3
(4.0 to 19.8 pmol/mL) P Value

N 617 211 210 196

Age, y 62.4 (5.6) 61.3 (5.0) 63.6 (5.7) 62.4 (5.8) <0.001

Sex (% men) 272 (44.1) 91 (43.1) 101 (48.1) 80 (40.8) 0.32

Race (% black) 139 (22.5) 38 (18.0) 47 (22.4) 54 (27.6) 0.07

Education* (%)

<High school 89 (14.5) 27 (12.9) 36 (17.1) 26 (13.4) 0.64

High school or
vocational school

274 (44.6) 94 (44.8) 88 (41.9) 92 (47.4)

College, graduate, or
professional school

251 (40.9) 89 (42.4) 86 (41.0) 76 (39.2)

BMI, kg/m2 28.8 (5.8) 29.5 (5.8) 29.0 (5.5) 28.0 (5.9) 0.02

Physical activity index† 2.6 (0.8) 2.5 (0.9) 2.7 (0.8) 2.5 (0.8) 0.07

Smoking status, %

Never 257 (41.9) 87 (41.6) 86 (41.1) 84 (43.1) 0.72

Former 263 (42.9) 91 (43.5) 95 (45.5) 77 (39.5)

Current 93 (15.2) 31 (14.8) 28 (13.4) 34 (17.4)

Alcohol consumption (%)

Noncurrent 280 (45.7) 83 (39.7) 105 (50.2) 92 (47.2) 0.08

Current 333 (54.3) 126 (60.3) 104 (49.8) 103 (52.8)

Systolic BP, mm Hg 127.0 (18.3) 122.6 (16.3) 127.8 (17.5) 130.7 (20.2) <0.001

Diastolic BP, mm Hg) 71.1 (9.8) 70.2 (9.7) 71.5 (10.1) 71.6 (9.6) 0.26

Use of hypertension
medications, %

200 (32.6) 58 (27.5) 67 (32.2) 75 (38.5) 0.06

Total cholesterol, mg/dL 200.7 (36.0) 205.2 (39.6) 196.8 (33.2) 200.3 (34.6) 0.06

HDL cholesterol, mg/dL 51.0 (17.5) 50.1 (16.8) 49.1 (15.8) 54.1 (19.5) 0.01

Triglycerides, mg/dL 118.0 (86.0, 166.0) 133.0 (84.0, 175.0) 120.0 (90.0, 167.0) 110.0 (83.5, 146.5) 0.04

Use of lipid-lowering
medications (%)

61 (9.9) 19 (9.0) 24 (11.4) 18 (9.2) 0.65

Diabetes mellitus, % 71 (11.6) 29 (13.8) 30 (14.4) 12 (6.1) 0.02

eGFR, mL/min per 1.73 m2 87.4 (15.1) 90.9 (14.1) 85.7 (14.7) 85.5 (16.1) <0.001

Estradiol, pg/mL 27.5 (13.1, 39.2) 26.4 (11.7, 36.5) 27.2 (14.4, 39.1) 28.8 (13.1, 42.4) 0.18

NT-proBNP, pg/mL 59.4 (28.7, 111.6) 41.5 (22.4, 69.4) 57.2 (27.7, 110.6) 90.6 (57.7, 151.3) <0.001

BMI indicates body mass index; BP, blood pressure; cGMP, cyclic guanosine monophosphate; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; NT-proBNP, N-
terminal pro B-type natriuretic peptide.
*Values in the table are mean (SD), median (interquartile interval), or number (percentage).
†Data for physical activity are from Atherosis Risk in Communities (ARIC) visit 3.
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In spline regression analyses, there was generally a
positive dose–response relationship between higher cGMP
levels and incident CVD outcomes (Figure 2). The P values for
the nonlinear spline components of cGMP for the outcomes of
HFpEF, HF, ASCVD, and CHD were 0.80, 0.27, 0.90, and 0.52,
respectively, indicating that the associations between cGMP
with these end points were approximately linear.

In subgroup analysis, the associations between cGMP and
CVD outcomes were consistent across NT-pro-BNP levels,
with P values for interaction of 0.94, 0.32, 0.56, and 0.52 for
HFpEF, HF, ASCVD, and CHD, respectively (Table 3). There
were no significant interactions by sex and race for the
associations of cGMP and CVD outcomes, although the
associations appeared to be stronger in women than men
(Tables S2, S3). Finally, the associations between NT-proBNP
and HFpEF/HF outcomes were slightly attenuated but

remained strong after additionally adjusting for loge-trans-
formed cGMP (Table S4). However, the association between
NT-proBNP with ASCVD/CHD outcomes was no longer
significant after adjusting for cGMP.

Discussion
In this community-based cohort of middle-aged to older men
and women followed for 10 years, higher plasma cGMP levels
were associated with an increased risk of incident HF and
CVD outcomes. However, the associations for HFpEF and HF
were largely explained by NT-proBNP, an upstream messenger
to cGMP in the NP signaling pathway. On the other hand, the
associations of cGMP with ASCVD and CHD, while attenuated,
remained strong and statistically significant after adjustment

Table 2. Hazard Ratios (95% CI) for Cardiovascular Outcome Associations With cGMP Levels

N Events/Person-Years IR Model 1 Model 2 Model 3 Model 4

HFpEF

cGMP tertiles

First 81/33 303 4.4 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)

Second 88/29 924 5.3 1.00 (0.68, 1.47) 1.07 (0.70, 1.64) 1.12 (0.72, 1.75) 1.02 (0.65, 1.61)

Third 114/27 789 7.5 1.49 (1.02, 2.16)* 1.82 (1.21, 2.73)* 1.88 (1.17, 3.02)* 1.30 (0.79, 2.14)

Per 1 SD increase in loge-cGMP 283/91 016 5.6 1.24 (1.05, 1.48)* 1.35 (1.10, 1.65)* 1.30 (1.04, 1.63)* 1.08 (0.86, 1.36)

Any heart failure

cGMP tertiles

First 90/33 252 7.9 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)

Second 105/29 788 11.9 1.19 (0.71, 2.01) 1.38 (0.76, 2.50) 1.45 (0.80, 2.64) 1.36 (0.75, 2.45)

Third 134/27 583 16.5 1.81 (1.10, 2.97)* 2.34 (1.32, 4.14)* 2.18 (1.18, 4.06)* 1.68 (0.88, 3.22)

Per 1 SD increase in loge-cGMP 329/90 623 11.8 1.31 (1.06, 1.61)* 1.43 (1.11, 1.84)* 1.34 (1.03, 1.74)* 1.17 (0.89, 1.54)

ASCVD

cGMP tertiles

First 37/31 211 6.2 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)

Second 44/27 264 9.3 1.34 (0.66, 2.72) 1.40 (0.69, 2.85) 1.36 (0.68, 2.74) 1.33 (0.67, 2.67)

Third 70/26 183 19.3 3.01 (1.63, 5.57)* 3.32 (1.81, 6.11)* 2.84 (1.44, 5.60)* 2.56 (1.26, 5.20)*

Per 1 SD increase in loge- cGMP 151/84 659 11.2 1.47 (1.10, 1.98)* 1.48 (1.10, 2.00)* 1.29 (0.94, 1.78) 1.18 (0.84, 1.65)

Coronary heart disease

cGMP tertiles

First 33/31 443 5.9 1 (Ref.) 1 (Ref.) 1 (Ref.) 1 (Ref.)

Second 35/27 812 6.7 1.02 (0.47, 2.22) 1.08 (0.50, 2.34) 1.05 (0.49, 2.26) 1.03 (0.48, 2.22)

Third 57/27 416 14.5 2.54 (1.32, 4.89)* 2.80 (1.45, 5.39)* 2.43 (1.19, 5.00)* 2.25 (1.07, 4.71)*

Per 1 SD increase in loge-cGMP 125/86 671 8.9 1.44 (1.01, 2.05)* 1.44 (1.01, 2.06)* 1.29 (0.90, 1.87) 1.20 (0.83, 1.75)

ASCVD indicates atherosclerotic cardiovascular disease; cGMP, cyclic guanosine monophosphate; HFpEF, heart failure with preserved ejection fraction; IR, incident rate.
Model 1: age, sex, race/center. Model 2: model 1 + education, smoking, alcohol consumption, body mass index, physical activity. Model 3: model 2 + systolic blood pressure, hypertension
medication, diabetes mellitus, total and high-density lipoprotein cholesterol, lipid-lowering medication, estimated glomerular filtration rate. Model 4: model 3 + log-transformed N-terminal
pro B-type natriuretic peptide. 1 SD of loge-transformed cGMP levels: 0.64.
*P<0.05.
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for NT-proBNP, suggesting alternate pathways in their
relationships not fully explained by the NP pathway. The
associations between cGMP levels and CVD outcomes were
generally consistent by sex and NT-proBNP levels, although
the associations appeared to be stronger in women than in
men. Our findings contradict our initial hypothesis of an

inverse association between cGMP and CVD outcomes, and
suggest that the association of plasma cGMP with HF
outcomes reflect the underlying association between NT-
proBNP and HF outcomes. In hindsight, this makes plausible
biological sense given that circulating plasma cGMP is largely
reflective of NP, and not NO, pools.

Figure 2. HR for incident cardiovascular outcomes by cGMP levels. The curves represent the adjusted hazard ratios for heart failure with
preserved ejection fraction (HFpEF), heart failure (HF), atherosclerotic cardiovascular disease (ASCVD), and coronary heart disease (CHD) by log-
cGMP levels. The dose–response association was estimated using linear cubic splines for log-cGMP levels in multivariable Cox regression
models. The models were adjusted for age, sex, race/center, education, smoking, alcohol consumption, body mass index, physical activity,
systolic blood pressure, hypertension medication, diabetes mellitus, total and high-density lipoprotein cholesterol, lipid-lowering medication,
estimated glomerular filtration rate, and log-transformed NT-proBNP. Curves represent adjusted HRs (solid lines) and their 95% CI (dashed lines)
based on restricted cubic splines for log-cGMP with knots at the 5th, 50th, and 95th percentiles of the distribution of cGMP in the random
cohort sample. The reference values (diamond dots) were set at 10th percentile of the distribution of cGMP in the random cohort sample. The
histogram represents the distribution of cGMP in the random cohort sample. ASCVD indicates atherosclerotic cardiovascular disease; cGMP,
cyclic guanosine monophosphate; CHD, coronary heart disease; HFpEF, heart failure with preserved ejection fraction; HR, hazard ratio; NT-
proBNP, N-terminal pro B-type natriuretic peptide.
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cGMP Signaling Pathways and Mechanisms of
Action

BNP is a hormone released by myocardial cells as a compensatory
mechanism in response to ventricular wall stretch stemming from
increased ventricular blood volume.28 BNP-signaling binds to the
particulate (membrane-bound) guanylate cyclase complex (guany-
lyl cyclases-A), which stimulates the synthesis of cGMP. cGMP in
turn binds to regulatory domains in protein kinase G as well as

modulates selective phosphodiesterases that control cGMP or
cyclic adenosine monophosphate hydrolysis7. Prior Mendelian
randomization studies have suggested a protective effect of the
NP-cGMP pathway, demonstrating that genetic variants associ-
ated with increased circulating BNP were found to be associated
with reduced frequency of hypertension, metabolic dysfunction,
and mortality.29,30 However, the current study found a direct
association between plasma NT-proBNP and cGMP with CVD
outcomes.

Table 3. Hazard Ratios (95% CI) for Cardiovascular Outcomes Associations With cGMP and NT-proBNP Levels

NT-pro-BNP tertiles

First Second Third

HFpEF

cGMP tertiles

First 1 (Ref.) 1 (Ref.) 1 (Ref.)

Second 0.88 (0.38, 2.01) 1.41 (0.69, 2.88) 0.58 (0.25, 1.33)

Third 1.58 (0.54, 4.60) 1.39 (0.66, 2.95) 1.21 (0.57, 2.57)

Per 1-SD increase in loge-cGMP 1.22 (0.71, 2.08) 1.09 (0.80, 1.50) 1.11 (0.75, 1.63)

P interaction 0.94

Any heart failure

cGMP tertiles

First 1 (Ref.) 1 (Ref.) 1 (Ref.)

Second 0.99 (0.33, 2.97) 1.78 (0.69, 4.55) 1.34 (0.49, 3.71)

Third 2.53 (0.83, 7.69) 2.71 (1.06, 6.92)† 1.36 (0.54, 3.46)

Per 1 SD increase in loge-cGMP 1.56 (0.77, 3.17) 1.42 (0.93, 2.16) 1.03 (0.70, 1.51)

P interaction 0.32

ASCVD

cGMP tertiles

First 1 (Ref.) 1 (Ref.) 1 (Ref.)

Second 0.61 (0.15, 2.43) 1.79 (0.55, 5.86) 1.89 (0.51, 6.96)

Third 2.80 (0.77, 10.18) 4.40 (1.43, 13.55)† 2.02 (0.65, 6.28)

Per 1 SD increase in loge-cGMP 1.09 (0.50, 2.35) 1.53 (0.88, 2.65) 1.06 (0.71, 1.58)

P interaction 0.56

Coronary heart disease

cGMP tertiles

First 1 (Ref.) 1 (Ref.) 1 (Ref.)

Second 0.70 (0.18, 2.75) 1.27 (0.33, 4.84) 1.16 (0.31, 4.39)

Third 1.96 (0.43, 8.90) 3.37 (1.09, 10.44)† 1.88 (0.62, 5.70)

Per 1 SD increase in loge-cGMP 0.91 (0.48, 1.73) 1.49 (0.78, 2.85) 1.28 (0.83, 1.97)

P interaction 0.52

ASCVD indicates atherosclerotic cardiovascular disease; cGMP, cyclic guanosine monophosphate; HFpEF, heart failure with preserved ejection fraction; NT-proBNP, N-terminal pro B-type
natriuretic peptide.
1 SD of loge-transformed cGMP levels: 0.64.
*Model adjusted for age, sex, race/center, education, smoking, alcohol consumption, body mass index, physical activity, systolic blood pressure, hypertension medication, diabetes
mellitus, total and high-density lipoprotein cholesterol, lipid-lowering medication, and estimated glomerular filtration rate.
†P<0.05.
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Rather than suggesting cGMP and its associated signaling
are maladaptive, the new findings are likely explained by 2
factors. First, elevated plasma cGMP, like NT-proBNP, serves
as a biomarker for subclinical CVD, its elevation being a
reflection of compensations that ultimately proved inade-
quate. Second, cGMP-targeting phosphodiesterases could
have potentially depressed cGMP levels despite higher NP-
stimulated synthesis. If so, the relation of cGMP to CVD risk
would not have mirrored that of NT-proBNP. That they do
mirror one another indicates that phosphodiesterases regu-
latory differences are less important in predicting CVD
evolution.

Another reason for the observed correlations between
cGMP and NT-proBNP is that we assessed plasma, which
reflects cGMP production via the NP pathway more than the
NO pathway.31 This is because NP-generated cGMP resides at
the plasma membrane and is secreted into the extracellular
space, whereas NO signaling via intracellular guanylyl
cyclases-1 generates very small compartmentalized cGMP
that is not as easily detected in plasma.32 A prior study found
that infusion of the endogenous NO inhibitor, asymmetrical
dimethylarginine, decreased plasma cGMP, lowered cardiac
output, and increased vascular resistance.33 However, in
other studies, nitrate therapy decreased17 or did not change
plasma cGMP.34 Similarly, in the INDIE-HFpEF (Inorganic
Nitrite Delivery to Improve Exercise Capacity in HFpEF) trial,
inorganic nitrite also did not change plasma cGMP levels.35 By
contrast, studies of sacubitril/valsartan therapy in HFrEF
subjects, the former being a neprilysin inhibitor that can
augment NP-dependent signaling, have consistently found
associations with elevated plasma and urinary cGMP.10 Both
plasma and urinary cGMP are derived from the NP pathway,
but they are not correlated.36 Plasma cGMP is only partially
eliminated through renal clearance, whereas urinary cGMP is
primarily generated by renal cells.31

Population-Based Studies
Based on preclinical and small clinical studies, stimulation of
the cGMP pathway appeared to be a promising potential
therapeutic strategy for the treatment of HFpEF.37 Never-
theless, more understanding is needed regarding the utility
of measuring plasma cGMP levels as a prognostic marker of
incident disease. However, few prior population studies have
evaluated the association between cGMP with incident CVD
risk. A case–control study showed that plasma cGMP levels
were higher in 18 HF patients compared with 15 controls.17

Similarly, plasma and urinary cGMP levels were significantly
higher in 50 congestive HF patients than in 70 randomly
selected healthy participants.36 In another study of 84
asymptomatic men, plasma cGMP was positively associated
with carotid intima-media thickness and diameter, but was

not associated with atherosclerotic plaques.16 These studies
were limited by cross-sectional or retrospective designs,
small sample sizes, poor adjustment for covariates, and the
use of highly selected samples. Importantly, our study newly
adds to the literature by now presenting associations of
plasma cGMP with various incident CVD outcomes in a
community-based cohort free of HF and CVD at baseline,
and our prospective findings of cGMP being associated with
incident CVD events are consistent with prior cross-sectional
studies.

Biomarker Paradox
In the PARADIGM-HF (Prospective Comparison of ARNI
[Angiotensin Receptor–Neprilysin Inhibitor] with ACEI [Angio-
tensin-Converting–Enzyme Inhibitor] to Determine Impact on
Global Mortality and Morbidity in Heart Failure) trial, both
urinary cGMP and plasma BNP levels were higher with
sacubitril/valsartan treatment than with enalapril, but NT-
proBNP levels were lower. Since BNP is a substrate for
neprilysin, the higher BNP levels likely reflect the effect of the
neprilysin inhibitor sacubitril while the lower concentrations of
NT-proBNP on drug treatment likely reflect the favorable
effects on reducing myocardial stress.10 This paradox high-
lights the complexity of interpreting these biomarkers in
serum/plasma, where despite the cardioprotective effects of
natriuretic peptides, plasma levels of NT-proBNP are elevated
in pathological states.

We had hypothesized that cGMP would be inversely
associated with CVD outcomes, but found the opposite
instead. The NP pathway is a major upstream regulator of
plasma cGMP,31 and our findings here in the ARIC study, as
well as in a cross-sectional analysis from the MESA study
(Multi-Ethnic Study of Atherosclerosis),38 indicate that plasma
cGMP levels directly track with plasma NT-proBNP levels. Our
results suggest that abnormalities in the NP-cGMP signaling
pathway may precede HFpEF and other CVDs. These changes
may be amenable to therapeutic interventions. However, in
our study, the associations between cGMP and CVD out-
comes did not differ across NT-proBNP levels, suggesting that
the cardiovascular effects of cGMP did not depend on the
bioavailability of NT-proBNP. A limitation of our study was the
lack of information on other natriuretic peptides including
BNP and atrial natriuretic peptide, as well as the lack of
information on NO-dependent cGMP, and we were not able to
tease out the associations of plasma cGMP derived from other
signaling pathways.

Race and Sex Differences
We could not detect differences in the association of cGMP
levels with CVD end points by sex and race. However,

DOI: 10.1161/JAHA.119.013966 Journal of the American Heart Association 9

O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

cGMP and Cardiovascular Events Zhao et al



because of limited power, the effect modifications by sex and
race require evaluation in other studies. Plasma cGMP levels
in our random cohort sample were slightly lower in whites
than in blacks (median 3.1 versus 3.7 pmol/mL, p=0.03),
whereas previous studies demonstrate that plasma NT-
proBNP levels were higher in whites than in blacks in ARIC
and in other cohorts,39,40 and genetic European ancestry was
associated with higher NT-proBNP levels compared with
African ancestry.40,41 The associations of NT-proBNP with all-
cause and cardiovascular mortality were similar by race in the
REGARDS (Reasons for Geographic and Racial Differences in
Stroke) study,39 but there may be racial differences in NP-
mediated cGMP production and its association with CVD
outcomes. Additionally, women have both higher cGMP levels
and NT-proBNP levels when compared with men,42 and the
prevalence of HFpEF is higher in women versus men.43 The
racial and sex differences in cGMP signaling physiology and
their implications for prognosis and treatment of CVD need to
be further examined in population studies, including a more
detailed evaluation of the differences in genetic variants that
determine cGMP levels.

Strengths and Limitations
Our study has some additional limitations. First, we measured
plasma cGMP and NT-proBNP at only a single point in time and
did not have data on longitudinal changes that may be more
informative of the underlying cardiovascular changes that
determine disease risk. Single measurements may have also
resulted in measurement error because of within-person
variability in cGMP and NT-proBNP levels. Second, our study
was designed primarily to evaluate the association of cGMP
with incident HFpEF (the case status selected for our case–
cohort design), and had limited power to evaluate some CVD
end points such as stroke and HFrEF, as well as to perform
subgroup analyses. Third, we could only identify HF and CVD
cases through hospitalization or death certificate, which might
miss patients who were not hospitalized presenting with less
severe cases of HF managed entirely in the outpatient setting.
Nevertheless, among HF diagnosed in a community-based
outpatient setting, 74% are hospitalized within 1.7 years.44

Finally, our study was observational in nature, and we were not
able to evaluate whether inhibition or enhancement of cGMP
by therapeutic interventions were associated with changes of
risk for CVD outcomes.

The strengths of this study included the use of a well-
established cohort with a rigorous study protocol, high-quality
measurements of cGMP and other study variables, and
detailed information on multiple potential factors, including
NT-proBNP. The 10 years of follow-up also enabled us to
estimate the long-term associations of cGMP with incident
ASCVD and HF risk.

Conclusions
In summary, our findings suggest that abnormalities in the NP-
cGMP signaling pathway precede the development of HFpEF
and other CVD end points. We found that higher cGMP levels
were associated with incident HFpEF and any HF, but these
associations were attenuated and were no longer significant
after adjusting for NT-proBNP. Since cGMP synthesis is
activated by NPs, our findings suggest that the association of
plasma cGMP with HF outcomes reflects the underlying
association between NT-proBNP and HF outcomes. However,
the associations of the highest tertile of cGMP levels
(compared with lowest) with ASCVD and CHD outcomes
remained statistically significant even after adjusting for NT-
proBNP, suggesting other pathways explain the relationship
that are not entirely mediated through NT-proBNP. Repeated
measurements of biomarkers in this pathway are needed to
better understand the complex changes that occur before the
development of clinically overt CVD. Additional studies should
further explore the potential role of cGMP as a diagnostic and
prognostic biomarker for HF and other CVD outcomes.
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Table S1. Baseline characteristics of participants who developed HFpEF, HF, ASCVD, or 

CHD over follow-up. 

 No events‡ HFpEF HF ASCVD CHD 

N 487 283 329 151 125 

cGMP (pmol/mL) 3.1 (2.3, 4.3) 3.7 (2.5, 5.3) 3.7 (2.6, 5.2) 3.8 (2.7, 5.0) 3.9 (2.6, 4.9) 

Age (years)   62.0 (5.6) 64.7 (5.3) 64.9 (5.2) 64.0 (5.5) 64.0 (5.4) 

Sex (% men) 206 (42.3) 83 (29.3) 112 (34.0) 56 (37.1) 51 (40.8) 

Race (% Black) 106 (21.8) 75 (26.5) 87 (26.4) 41 (27.2) 31 (24.8) 

Education** (%)      

  <High school  63 (13.0) 72 (25.4) 83 (25.2) 32 (21.3) 27 (21.8) 

  High school or 

vocational school 
215 (44.3) 108 (38.2) 133 (40.4) 66 (44.0) 54 (43.5) 

  College, 

graduate, or 

professional 

school 

207 (42.7) 103 (36.4) 113 (34.3) 52 (34.7) 43 (34.7) 

BMI (kg/m2) 28.6 (5.6) 30.7 (6.6) 30.4 (6.6) 29.9 (5.4) 29.7 (5.1) 

Physical activity 

index† 
2.6 (0.8) 2.5 (0.8) 2.4 (0.8) 2.5 (0.9) 2.6 (0.8) 

Smoking Status 

(%) 
     

  Never  214 (44.3) 109 (38.8) 120 (36.6) 59 (39.3) 47 (37.6) 

  Former  203 (42.0) 112 (39.9) 141 (43.0) 64 (42.7) 54 (43.2) 

  Current  66 (13.7) 60 (21.4) 67 (20.4) 27 (18.0) 24 (19.2) 

Alcohol 

consumption (%) 
     

  Non-current  222 (46.0) 155 (55.2) 173 (52.7) 85 (56.7) 67 (53.6) 

  Current  261 (54.0) 126 (44.8) 155 (47.3) 65 (43.3) 58 (46.4) 

Systolic BP (mm 

Hg) 
125.3 (17.5) 134.1 (20.8) 133.8 (20.3) 134.9 (20.8) 132.5 (18.0) 

Diastolic BP (mm 

Hg) 
71.3 (9.7) 70.8 (10.5) 70.5 (10.4) 70.5 (11.5) 69.8 (10.7) 

Use of 

hypertension 

meds (%) 

137 (28.2) 147 (51.9) 170 (51.8) 71 (47.3) 55 (44.4) 

Total cholesterol 

(mg/dl) 
200.8 (35.1) 204.8 (38.5) 204.5 (38.4) 203.1 (39.2) 203.8 (40.7) 

HDL cholesterol 

(mg/dl) 
51.4 (18.0) 50.5 (17.5) 50.6 (16.9) 49.1 (16.1) 48.4 (15.6) 

Triglycerides 

(mg/dl) 

117.0 (85.0, 

170.0) 

124.0 (97.0, 

178.0) 

122.0 (96.0, 

169.0) 

126.0 (95.0, 

163.0) 

131.0 (97.0, 

174.0) 

Use of lipid 

lowering 

medications (%) 

48 (9.9) 48 (17.1) 50 (15.3) 25 (16.8) 20 (16.1) 

Diabetes (%) 49 (10.1) 84 (29.8) 89 (27.1) 37 (24.7) 33 (26.4) 

eGFR 

(ml/min/1.73 m2) 
88.2 (14.7) 84.4 (17.9) 84.4 (17.7) 84.2 (15.9) 84.1 (16.0) 

Estradiol (pg/mL) 
26.5 (12.0, 

38.7) 

22.1 (9.6, 

39.2) 

24.7 (12.1, 

39.8) 

27.2 (10.6, 

40.9) 

27.7 (12.4, 

41.9) 



NT-proBNP 

(pg/mL) 

57.3 (27.6, 

102.1) 

98.2 (53.3, 

185.0) 

96.6 (49.9, 

178.1) 

91.1 (49.9, 

151.3) 

85.8 (46.7, 

152.1) 

* Values in the table are mean (SD), median (interquartile interval), or number (percentage). 

† Data are from ARIC visit 3. 

‡ The “no event” group refers to participants who did not develop any heart failure (HF), 

atherosclerosis cardiovascular disease (ASCVD), or coronary heart disease (CHD) during 

follow-up (between January 1, 2005 and December 31, 2016).  

  



Table S2. Hazard ratio (and 95% CI) for CVD outcomes associated with cGMP levels, by 

sex. 

 Women Men p-interaction 

Heart failure with  

preserved ejection fraction 

  0.70 

cGMP tertiles    

   First 1 (Ref.) 1 (Ref.)  

   Second 1.01 (0.59, 1.73) 1.05 (0.49, 2.24)  

   Third 1.34 (0.75, 2.39) 1.20 (0.52, 2.79)  

Per 1-SD increase in  

log-cGMP  1.11 (0.86, 1.44) 1.02 (0.68, 1.51)  

    

Any heart failure   0.24 

cGMP tertiles    

   First 1 (Ref.) 1 (Ref.)  

   Second 1.30 (0.64, 2.67) 1.39 (0.54, 3.61)  

   Third 2.08 (1.01, 4.28) 1.20 (0.44, 3.24)  

Per 1-SD increase in  

log-cGMP  1.30 (0.92, 1.83) 1.00 (0.69, 1.44)  

    

Atherosclerotic  

cardiovascular disease 

  0.16 

cGMP tertiles    

   First 1 (Ref.) 1 (Ref.)  

   Second 2.31 (0.91, 5.84) 0.80 (0.29, 2.19)  

   Third 3.93 (1.59, 9.71) 1.81 (0.67, 4.85)  

Per 1-SD increase in  

log-cGMP  1.43 (0.93, 2.20) 0.96 (0.60, 1.51)  

    

Coronary heart disease   0.37 

cGMP tertiles    

   First 1 (Ref.) 1 (Ref.)  

   Second 2.05 (0.73, 5.72) 0.55 (0.18, 1.67)  

   Third 3.06 (1.11, 8.39) 1.95 (0.72, 5.28)  

Per 1-SD increase in  

log-cGMP  1.41 (0.85, 2.33) 1.03 (0.61, 1.75)  

 *Model adjusted for age, race/center, education, smoking, alcohol consumption, BMI, physical 

activity, systolic blood pressure, hypertension medication, diabetes, total and HDL cholesterol, 

lipid-lowering medication, eGFR, log-transformed NT-pro-BNP. 

1 SD of loge-transformed cGMP levels: 0.64.  



Table S3. Hazard ratio (and 95% CI) for CVD outcomes associated with cGMP levels, by 

race. 

 Whites Blacks p-interaction 

Heart failure with  

preserved ejection fraction 

  0.84 

cGMP tertiles    

   First 1 (Ref.) 1 (Ref.)  

   Second 1.02 (0.61, 1.71) 0.94 (0.38, 2.36)  

   Third 1.27 (0.74, 2.21) 1.14 (0.47, 2.76)  

Per 1-SD increase in  

loge-cGMP  1.08 (0.85, 1.38) 1.03 (0.70, 1.53)  

    

Any heart failure   0.82 

cGMP tertiles    

   First 1 (Ref.) 1 (Ref.)  

   Second 1.27 (0.66, 2.45) 1.60 (0.45, 5.72)  

   Third 1.51 (0.77, 2.95) 1.54 (0.45, 5.30)  

Per 1-SD increase in  

loge-cGMP  1.14 (0.86, 1.51) 1.08 (0.72, 1.62)  

    

Atherosclerotic  

cardiovascular disease 

  0.97 

cGMP tertiles    

   First 1 (Ref.) 1 (Ref.)  

   Second 1.40 (0.65, 2.99) 0.74 (0.15, 3.53)  

   Third 2.27 (1.03, 5.03) 1.78 (0.49, 6.44)  

Per 1-SD increase in  

loge-cGMP  1.13 (0.79, 1.61) 1.11 (0.62, 2.01)  

    

Coronary heart disease   0.90 

cGMP tertiles    

   First 1 (Ref.) 1 (Ref.)  

   Second 1.17 (0.53, 2.58) 0.22 (0.05, 0.96)  

   Third 2.05 (0.92, 4.57) 1.17 (0.27, 5.15)  

Per 1-SD increase in  

loge-cGMP  1.16 (0.80, 1.68) 1.09 (0.46, 2.58)  

 *Model adjusted for age, sex, education, smoking, alcohol consumption, BMI, physical activity, 

systolic blood pressure, hypertension medication, diabetes, total and HDL cholesterol, lipid-

lowering medication, eGFR, log-transformed NT-pro-BNP. 

1 SD of loge-transformed cGMP levels: 0.64.



Table S4. Hazard ratio (and 95% CI) for CVD outcomes associated with NT-pro-BNP 

levels. 

 Model 1 Model 2 

Heart failure with  

preserved ejection fraction 

  

NT-pro-BNP tertiles   

   First 1 (Ref.) 1 (Ref.) 

   Second 2.38 (1.47, 3.88) 2.28 (1.38, 3.77) 

   Third 3.87 (2.24, 6.69) 3.57 (2.00, 6.37) 

Per 1 SD increase in loge-NT-proBNP 2.00 (1.55, 2.57) 1.94 (1.49, 2.53) 

   

Any heart failure   

NT-pro-BNP tertiles   

   First 1 (Ref.) 1 (Ref.) 

   Second 1.41 (0.78, 2.55) 1.28 (0.70, 2.34) 

   Third 3.13 (1.64, 5.94) 2.65 (1.34, 5.22) 

Per 1 SD increase in loge-NT-proBNP 1.71 (1.28, 2.28) 1.57 (1.16, 2.13) 

   

Atherosclerotic  

cardiovascular disease 

  

NT-pro-BNP tertiles   

   First 1 (Ref.) 1 (Ref.) 

   Second 2.10 (1.08, 4.08) 1.96 (1.02, 3.80) 

   Third 2.53 (1.15, 5.55) 2.13 (0.94, 4.85) 

Per 1 SD increase in loge-NT-proBNP 1.46 (1.05, 2.02) 1.33 (0.93, 1.90) 

   

Coronary heart disease   

NT-pro-BNP tertiles   

   First 1 (Ref.) 1 (Ref.) 

   Second 2.00 (0.97, 4.12) 1.84 (0.90, 3.74) 

   Third 2.60 (1.12, 6.04) 2.17 (0.94, 5.02) 

Per 1 SD increase in loge-NT-proBNP 1.40 (1.00, 1.96) 1.26 (0.88, 1.79) 

 *Model 1 adjusted for age, race/center, education, smoking, alcohol consumption, BMI, 

physical activity, systolic blood pressure, hypertension medication, diabetes, total and HDL 

cholesterol, lipid-lowering medication, eGFR. 

Model 2: Model 1 + loge-cGMP. 

1 SD of loge-transformed NT-proBNP levels: 1.14. 
 


