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Abstract

Endothelial function may be deranged in Heart Failure with Preserved Ejection Fraction (HFpEF). 

Serum NO-derived metabolites (NOm) might provide a biochemical surrogate of endothelial 

function in heart failure (HF) patients. We measured serum NOm in 415 participants in the Penn 

HF Study. Participants with HFpEF (n=82) and participants whose EF had recovered (Recovered-

HF [n=125]) were matched 1:1 to Heart Failure with Reduced Ejection Fraction (HFrEF) 

participants based on age, sex, race, tobacco use, and eGFR. Serum NOm levels were quantified 

after chemical reduction coupled with gas-phase chemiluminescence detection. After adjustment 
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for matching covariates and BMI, HFpEF (34.5 [IQR: 25.0, 51.5] μM) participants had lower NOm 

levels than HFrEF (41.0 [IQR: 28.3, 58.0] μM; ratio of HFpEF:HFrEF 0.82 [95% CI: 0.67-0.99]; 

P=0.04), which further decreased when adjusted for covariates that impact endothelial function 

(ratio 0.79 [95% CI: 0.65-0.98]; P=0.03). There were no differences between HFrEF (34.0 [IQR: 

25.3, 49.0]) and matched Recovered-HF (36.0 [IQR: 25.0, 55.0] μM) or HFpEF and Recovered-

HF. Age (+21%/10-year increase, P<0.001) and black race (−28%, P=0.03) associated with NOm 

in HFpEF; whereas, age (+11%/10-year increase, P=0.03), current tobacco use (+67%, P=0.01) 

and eGFR (P=0.01) associated with NOm in Recovered-HF. In conclusion, HFpEF participants 

have reduced NOm as compared to HFrEF in this matched cohort. This might suggest either 

compromised endothelial function or poor dietary intake. Black race was associated with lower 

NOm in HFpEF.

Keywords

Heart failure; endothelial function; nitric oxide; race

Introduction

Heart Failure with preserved ejection fraction (HFpEF) is associated with reduced quality of 

life similar in magnitude to patients with heart failure with reduced ejection fraction 

(HFrEF).1 While abnormalities within the myocardium have been demonstrated, increasing 

evidence suggests that peripheral mechanisms, such as endothelial dysfunction, can be 

important in the pathogenesis of HFpEF.2,3 Yet despite this notion, studies of endothelial 

function in HFpEF have yielded mixed results.4-10 Nitric oxide (NO), a ubiquitous signaling 

molecule with important cardiovascular effects, is generated by the nitric oxide synthases 

(NOS) as well as from the reduction of inorganic nitrate and nitrite.11 Once produced, NO 

activates soluble guanylate cyclase (sGC) to increase the levels of cyclic guanosine 

monophosphate (cGMP). NO also engages in numerous secondary reactions that generate 

bioactive nitrosated and nitrated metabolites as well as nitrate and nitrite.11 These NO-

derived metabolites (NOm) complement and expand vascular responses under physiological 

conditions and provide an additional pool of NO for when NOS-derived NO signaling is 

compromised. Increased NOm have been quantified after acute exercise, indicating increased 

NO production.12,13 Additionally, dietary supplementation with inorganic nitrate has been 

shown to increase NOm.14 Thus, the circulating levels of NO-derived metabolites could be 

used to track both endogenous and exogenous NO bioavailability and monitor vascular 

responses. We hypothesized that circulating NOm, a biochemical reflection of diet and 

endothelial activity, would be reduced in HFpEF participants as compared to HFrEF.

Methods

Details of the Penn Heart Failure Study (PHFS) have been reported previously.15 In brief, 

the PHFS recruited participants from three outpatient heart failure centers (University of 

Pennsylvania, Philadelphia, PA; Case Western Reserve University, Cleveland, OH; and the 

University of Wisconsin, Madison, WI) between 2003-2012. Clinical data were obtained via 

a standardized questionnaire administered to the patient and treating physician, with 
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verification from the medical record. Venous blood samples were obtained at the time of 

enrollment, regardless of dietary state, and stored at −80 °C for later analysis. An 

institutional review board from each of the participating centers approved the protocol; 

participants gave written informed consent.

Participants were classified into 3 heart failure phenotypes: HFrEF (ejection fraction < 50% 

on the entry echocardiogram), HFpEF (all echocardiograms demonstrating an LVEF>50%), 

and recovered heart failure (prior demonstration of an LVEF<50% with an LVEF>50% on 

the entry echocardiogram, Recovered-HF).15

For the present analysis, participants without a prior echocardiogram, without serum 

available, or with known infiltrative or hypertrophic cardiomyopathy were excluded. 

Participants who were on chronic NO-donating medications, such as organic nitrates or 

hydralazine, were excluded to avoid pharmacologic NO contributions. Because inorganic 

nitrate is renally-cleared, participants on dialysis or who had undergone a renal transplant 

were excluded.

Due to limited resources, propensity score matching was used to select participants for NOm 

measurement. All PHFS participants with either HFpEF or Recovered-HF who met 

inclusion criteria were eligible for matching. Separately, participants with HFpEF and 

participants with Recovered-HF were matched 1-to-1 to participants with HFrEF. Nearest-

neighbor matching was performed based on logit differences in propensity scores, which 

were obtained from logistic regression models that included age, sex, race (white, black, 

other or unknown), tobacco use (current, former, never, unknown), and estimated glomerular 

filtration rate (<45, 45-60, 60-90, >90 mL/min/1.73 m2, or unknown). ‘Unknown’ categories 

were included such that the propensity score balanced the distribution of missing data 

between groups. Matching was performed using the MatchIt extension package to the R 

programming environment.16

Serum levels of NO metabolites (NOm, primarily composed of nitrate, nitrite, NO-metal 

complexes, and low molecular weight protein-NO adducts) were measured as performed by 

our group previously.14 In brief, samples were passed through a filter (AmiconUltra-0.5 

Centrifugal Filter Unit, EMD Millipore) to remove proteins with molecular weight >30 

kilodalton. Samples were then injected into a custom-made ice-water cooled reaction 

chamber containing vanadium(III)/hydrochloric acid solution heated to 95°C. The NO 

generated from the reduction of NOm was quantified by its gas-phase chemiluminescence 

reaction with ozone (Nitric Oxide Analyzer, Sievers Instruments, Boulder, CO). Signal 

peaks (mV) were manually integrated, and the corresponding areas were used for the 

quantification of NOm concentration. Authentic nitrate in the range of 0 to 50 μmol/L was 

injected into the system, and a 10-point standard curve was constructed by plotting area 

against nitrate concentration. The detection limit of this assay was 1.6 μmol/L. Samples 

were run in a total of 6 batches. Forty-three participants had replicate measurements 

performed in two different batches with an intraclass coefficient of variation of 0.96 (95% CI 

0.92-0.98; P<0.001). Additionally, four participants had serum NOm measurements 

performed from the same sample in all 6 batches with an intraclass coefficient of variation of 

0.96 (95% CI 0.86-1.00; P<0.001), demonstrating excellent reproducibility.
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NOm levels were log transformed due to their positively skewed distribution. Linear 

regression models compared average NOm levels between groups; exponentiated regression 

coefficients were converted to ratio differences. Adjusted models included variables in the 

propensity score in addition to body mass index (Model 1). Further adjustment was also 

performed for covariates known to impact endothelial function or NOm levels: ischemic 

etiology, history of hypertension, history of hypercholesterolemia or statin use, history of 

diabetes or use of diabetes medications, and systolic blood pressure (Model 2). The variables 

used for adjustment were pre-specified. We considered the minimally adjusted model 

(Model 1) to be the primary analysis, for which P<0.05 indicated statistical significance.

In secondary analyses, we explored the relationship between our a priori identified 

covariates and NOm levels in the preserved and recovered groups. Parsimonious models 

were created in which variables that did not improve model fit (based on the Akaike 

information criterion) were removed. Because the HFrEF group was comprised of 

individuals who were matched to baseline characteristics of either the HFpEF or Recovered-

HF subjects, the distribution of covariates in the HFrEF group was felt to be artificial; 

therefore, correlates of NOm were not explored in this group. Finally, in the pooled group of 

all participants, we compared NOm levels between NYHA classes and determined the 

correlation between NOm and BNP levels.

All analyses were performed in the R programming environment (version 3.2.0; R 

Foundation for Statistical Computing, Vienna, Austria).

Results

A total of 415 participants were included in this analysis of the PHFS. Eighty-two 

participants with HFpEF were matched to 82 participants with HFrEF; 125 participants with 

Recovered-HF were matched to 126 participants with HFrEF. Baseline demographic 

characteristics are presented in Table 1.

Median NOm level in the HFpEF group was 34.5 (IQR 25.0, 51.5) μM versus 41.0 (IQR 

28.3, 58.0) μM in the matched HFrEF group, corresponding to a ratio of 0.87 (95% CI 

0.72-1.06; P=0.16). After adjustment for variables in the propensity score (age, sex, race, 

tobacco use, eGFR) and BMI, HFpEF participants had lower NOm levels than HFrEF 

(P=0.041; Table 2). Further adjustment for covariates known to impact endothelial function 

increased the difference in NOm levels between HFpEF and HFrEF participants (Table 2).

Median NOm levels were 34.0 (IQR 25.3, 49.0) μM for the HFrEF group as compared to 

36.0 (IQR 25.0, 55.0) μM for the matched Recovered-HF participants. There was no 

difference in the ratio of NOm levels between Recovered-HF and HFrEF (P>0.20 for all 

analyses) or in the ratio between HFpEF versus Recovered-HF (P>0.10 for all analyses; 

Table 2).

Within HFpEF, age (P<0.001) and race (black versus non-black; −28.0%; P=0.034) were 

significantly correlated to NOm levels (Table 3). Within the Recovered-HF group, age 

(P=0.031), current tobacco use (P=0.014), and eGFR (P=0.010) were associated with NOm 

levels (Table 4).
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In the pooled group of all participants, NOm levels increased with increasing NYHA Class 

(NYHA Class I: median 31.0 [IQR 21.0, 44.0]; NYHA Class II: median 36.5 [IQR 25.3, 

51.8]; NYHA Class III: median 39.5 [IQR 29.0, 62.0]; NYHA Class IV: median 47.0 [IQR 

30.0, 82.0]; P=0.001). There was a modest correlation between NOm and BNP levels 

(r=0.25, P<0.001).

Discussion

In this report, we demonstrate that participants with HFpEF have reduced NOm levels as 

compared to matched HFrEF participants. We observed no difference in NOm levels 

between HFpEF and Recovered-HF or between Recovered-HF and HFrEF participants. We 

demonstrate that black race was associated with reduced NOm in HFpEF.

The reduction in the circulating levels of NOm in HFpEF participants as compared to HFrEF 

suggests either: (1) impaired endothelial synthesis of NO, (2) increased tissue utilization of 

NOm, (3) increased renal clearance of NOm, (4) decreased inflammatory stimuli required for 

the activation of the inducible NOS (iNOS), or (5) decreased dietary intake of nitrate/nitrite. 

The participants were matched based on renal function, and group differences persisted 

despite adjustment for eGFR, making differences in renal clearance unlikely to account for 

the difference in NOm levels. Moreover, increased oxidative stress, which would reduce NO 

production and bioavailability, has been demonstrated in myocardial tissue from HFpEF 

participants as compared to those with HFrEF.17,18 To the degree that increased tissue 

oxidative stress and decreased NO bioavailability are reflective of systemic changes, our 

finding of decreased NOm levels suggests differences in NO generation and/or 

bioavailability in HFpEF patients.

Numerous studies have demonstrated impaired endothelial function in HFrEF,7,19-21 yet the 

data regarding endothelial function in HFpEF has been mixed.4-10 While flow mediation 

dilation of the brachial artery is a standard metric of endothelial function, this test is based 

on increased flow generation by the microvasculature with a subsequent response by the 

brachial (conduit) artery. It is possible that these two processes are distinct, with some 

individuals demonstrating microvasculature impairments in augmenting flow to an ischemic 

stimulus, yet preserved conduit artery dilatory response to the flow generated.10 Both of 

these processes are dependent, in part, on the endothelium. Our study provides 

complimentary data that might suggest systemic impairment in the generation of NO in 

HFpEF participants, as compared to those with HFrEF.

It is important to note that the relation between NOm and endothelial function could be 

confounded in HFrEF, as additional sources of NO, aside from eNOS, can also be present. 

Activation of inducible nitric oxide synthase (iNOS), leading to higher NO and NOm levels, 

has been reported in HFrEF.22,23 We cannot exclude the possibility that our findings are due 

to elevated levels of NOm in HFrEF, as opposed to reduced levels in HFpEF.

Decreased endothelial function has been demonstrated in African-Americans with chronic 

heart failure.24 Increasing NO bioavailability in African-Americans with HFrEF has been 

shown to improve outcomes.25 To the best of our knowledge, this is the first report 
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demonstrating decreased NOm specifically in African-Americans with HFpEF. Our data 

suggest that African-Americans with HFpEF represent a unique group who might derive 

additional benefit from treatments that improve endothelial function.

Attempts at increasing nitric oxide signaling specifically in HFpEF have produced neutral 

findings in multi-center trials. Sildenafil, a phosphodiesterase-5 inhibitor that decreases the 

breakdown of cGMP, did not improve exercise capacity in HFpEF.26 It is possible that 

mechanisms upstream of cGMP are deranged in HFpEF, leading to reduced cGMP 

generation,17,18 as opposed to upregulated destruction. Alternatively it is plausible that non-

cGMP signaling by NO, mediated by secondary nitrosated or nitrated molecules, is required 

for beneficial effects. More recently, isosorbide mononitrate did not improve activity, as 

assessed using an accelerometer, in a cross-over study of HFpEF participants,27 with worse 

activity in participants who received the highest dose. Given that organic nitrate can worsen 

endothelial function in the setting of established disease,28 it is possible that further 

decrements in NO bioavailability induced by organic nitrate contributed to the failure of 

isosorbide mononitrate to improve activity.

Conversely, supplementation with inorganic nitrate might provide an alternative pathway for 

increasing NO bioavailabilty in HFpEF. Inorganic nitrate is not subject to tolerance, 

improves exercise capacity,14,29 and might improve skeletal muscle function,30 presumably 

through increased NO signaling. Further study of inorganic nitrate in HFpEF is underway 

(ClinicalTrials.Gov: NCT02840799).

Strengths of our study include detailed matching of HFpEF and Recovered-HF participants 

to HFrEF participants in order to discern differences associated with the disease processes, 

independent of comorbid conditions. Limitations include the lack of a healthy control group 

as a reference for normative values of NOm. An important limitation to this study is that 

dietary intake was not standardized at the time of our serum acquisition. Moreover, we did 

not measure nitrite and nitrate individually. However, that NOm levels correlated with 

NYHA Class and BNP suggests that our NOm measurements reflect the subjects’ heart 

failure, as opposed to dietary changes alone. Finally, the PHFS was conducted in tertiary 

referral centers; hence, our results might not be generalizable to heart failure patients in the 

general population.
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Table 3

Determinants of NOm levels among Heart Failure with Preserved Ejection Fraction Participants

Estimate* (95% CI); P

Age (10-year increase) +21% (+12%, +31%); <0.001

Race (Black versus non-Black) −28% (−47%, −3.0%); 0.034

Current tobacco use (yes vs. no) −5.3% (−45%, 63%); 0.85

CI, confidence interval.

*
Estimate corresponds to the ratio of average NOm levels between groups, obtained by exponentiating the regression coefficient from a linear 

regression model for log-transformed NOm levels and converting it to a percentage.

Am J Cardiol. Author manuscript; available in PMC 2017 December 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zamani et al. Page 13

Table 4

Determinants of NOm among Recovered-Heart Failure Participants

Estimate* (95% CI); P

Age (10-year increase) +11% (+1.1%, +22%); 0.031

Current tobacco use (yes vs. no) +67% (+11%, +149%); 0.014

eGFR category 0.010

 45-60 vs. <45 mL/min/1.73 m2 −33% (−57%, +2.6%)

 60-90 vs. <45 mL/min/1.73 m2 −42% (−61%, −14%)

 ≥90 vs. <45 mL/min/1.73 m2 −19% (−48%, +27%)

CI, confidence interval.

*
Estimate corresponds to the ratio of average NOm levels between groups, obtained by exponentiating the regression coefficient from a linear 

regression model for log-transformed NOm levels and converting it to a percentage.
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