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Abstract

Aims Endothelial dysfunction and heart failure are associated, but no prospective studies demonstrated that impaired
endothelium‐dependent vasodilation predicts incident heart failure. We designed this study to test whether endothelial
dysfunction is associated with incident heart failure in a group of hypertensives.
Methods and results We enrolled 735 White never‐treated hypertensive outpatients free from heart failure, diabetes,
chronic kidney disease, and previous cardiovascular events. Endothelium‐dependent vasodilation was investigated by
intra‐arterial infusion of acetylcholine, and laboratory determinations were obtained by standard procedures. During the
follow‐up [median 114 months (range 26–206)], there were 208 new cases of heart failure (3.1 events/100 patient‐years).
Dividing the study population in progressors and non‐progressors, we observed that progressors were older, showed a higher
prevalence of being female, and had a higher baseline heart rate, glucose, insulin, Homeostatic Model Assessment (HOMA),
creatinine, and high‐sensitivity C‐reactive protein (hs‐CRP) mean values, while estimated glomerular filtration rate and
maximal acetylcholine‐stimulated forearm blood flow were lower. In the multiple Cox regression analysis, female gender
[hazard ratio (HR) = 1.454, 95% CI = 1.067–1.981], fasting glucose (HR = 1.186, 95% CI = 1.038–1.357), hs‐CRP (HR = 1.162,
95% CI = 1.072–1.259), HOMA (HR = 1.124, 95% CI = 1.037–1.219), acetylcholine‐stimulated forearm blood flow
(HR = 0.779, 95% CI = 0.695–0.874), and estimated glomerular filtration rate (HR = 0.767, 95% CI = 0.693–0.849) maintained
an independent association with the outcome. Successively, testing the interaction between forearm blood flow and hs‐CRP,
we observed that patients who have hs‐CRP values above the median and forearm blood flow under the median show a higher
risk of developing heart failure (HR = 7.699, 95% CI = 4.407–13.451).
Conclusions The present data demonstrate that an impaired endothelium‐dependent vasodilation and hs‐CRP predict
development of incident heart failure in hypertensives.
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Introduction

Endothelial dysfunction, characterized by a reduced nitric
oxide (NO) bioavailability, is usually considered as a conse-
quence of the exposure to cardio‐metabolic risk factors
that, promoting oxidative stress and pro‐inflammatory path-
ways, induce the appearance and progression of atheroscle-
rotic vascular damage.1–6 On the other hand, we and others
demonstrated that endothelial dysfunction is a potent and

independent prognostic factor for adverse fatal and nonfatal
cardiovascular outcomes.7,8 In addition, some evidences
demonstrated that endothelial dysfunction predicts the
appearance of new diabetes9 and the progression of
subclinical target organ damage, such as atherosclerotic
vascular injury,10 hypertensive cardiac hypertrophy,11 and
renal impairment,12 demonstrating a possible causative
effect in the appearance and progression of cardiovascular
continuum.
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Heart failure (HF), whose incidence is increasing world-
wide, is a complex clinical syndrome characterized by
impairment of both cardiac structure and function and neu-
rohormonal regulation. HF is one of the most common
causes of hospitalization recurrence and death,13 remaining
thus a challenge to be overcome in order to increase
patients’ life expectancy and reduce health care costs. As
a consequence of the worldwide increase of cardiovascular
risk factors, both coronary artery disease and diabetes
represent the major underlying pathogenetic mechanisms
involved in the appearance and progression of HF. It is
likely that endothelial dysfunction contributes to HF ap-
pearance with different mechanisms, such as the reduction
of vasoreactivity of epicardial and small coronary vessels,
the after‐load increase, myocardial oxidative stress, and
fibrotic process.14,15 Conversely, several findings demon-
strated that peripheral endothelial dysfunction is present
in patients with chronic HF, in those with both reduced
and preserved ejection fraction.15–18 All these observations
consent to affirm that HF‐related endothelial dysfunction
is, at the same time, a marker and a risk factor for HF.
Furthermore, recent data demonstrated that inflammation
plays a key role in the appearance and progression of HF,
especially in patients with reduced ejection fraction,19–21

confirming the strong interplaying between endothelial
dysfunction and inflammation itself.

However, despite the large amount of data regarding the
bidirectional association between endothelial dysfunction
and HF, there are currently no prospective studies demon-
strating that reduced endothelium‐dependent vasodilation
may predict incident HF. Thus, we designed this study to as-
sess whether endothelium‐dependent vasodilation, tested
by pharmacologic stimulation of muscarinic receptor, may
be considered an independent predictor of incident HF in a
group of never‐treated hypertensive patients.

Methods

From a large cohort of 812 newly diagnosed hypertensives
participating in the CATanzaro Metabolic Risk factors
(CATAMERI) study, we recruited a total of 735 Caucasian
patients [372 men and 363 women aged 22–73 years
(mean age 48.1 ± 10.6 years)] with systolic blood pressure
(SBP) ≥ 140 mmHg and/or diastolic 90 mmHg. From the
initial cohort, 17 patients died, 41 were lost to follow‐up,
and nine refused to continue the study. Exclusion criteria
were as follows: previous cardiovascular events, diabetes
mellitus defined as HbA1c ≥ 6.5%, or fasting plasma
glucose ≥ 126 mg/dL, chronic kidney disease [estimated
glomerular filtration rate (e‐GFR)< 60mL/min/1.73m2], liver
and peripheral vascular disease, and HF (diagnosed according
to both clinical and echocardiographic criteria).

The CATAMERI study was submitted and approved on 17
October 2012 (approval number 2012.63) by the Ethics
Committee of the Azienda Ospedaliero—Universitaria Mater
Domini of Catanzaro. The investigation conforms with the
principles outlined in the Declaration of Helsinki. All the
participants gave their informed written consent for study
participation.

Blood pressure measurements

After an initial BP measurement in both arms to detect a
possible difference between them, readings of clinic BP were
obtained in accordance with current guidelines at the
moment of the evaluation, after 5 min of quiet rest, with a
mercury sphygmomanometer. A minimum of three BP read-
ings were taken on three separate occasions at least 2 weeks
apart. SBP and diastolic BP (DBP) were recorded at the first
appearance (Phase I) and the disappearance (Phase V) of
Korotkoff sounds. Baseline BP values were the average of
the last two of the three consecutive measurements obtained
at intervals of 3 min. Patients with a clinic BP ≥140 mmHg
systolic and/or ≥90 mmHg diastolic were defined as hyper-
tensive. Secondary forms of hypertension were excluded by
systematic testing according to a standard clinical protocol,
which included measurement of plasma renin activity,
aldosterone, Doppler studies of the renal arteries, and/or
renal scintigraphy or renal angiography.

Laboratory determinations

At the first eligibility visit, all laboratory measurements were
performed after a fasting period of at least 12 h. Plasma glu-
cose was determined by the glucose oxidase method (glucose
analyser, Beckman Coulter SpA, Milan, Italy). Triglyceride and
cholesterol concentrations were measured by enzymatic
methods (Roche Diagnostics GmbH, Mannheim, Germany).
Serum creatinine was measured by an automated technique
based on the measurement of Jaffe chromogen and by the
URICASE/POD method (Boehringer Mannheim, Mannheim,
Germany) implemented in an auto‐analyser. Values of
e‐GFR were calculated by using the equation proposed by
investigators in the Chronic Kidney Disease Epidemiology.
High‐sensitivity C‐reactive protein (hs‐CRP) was measured,
in 653 patients, by a turbidimetric immunoassay (Behring).

Follow‐up and incident heart failure

New cases of HF were confirmed on the basis of the following
criteria: signs and symptoms as dyspnoea on exertion,
difficulty exercising and oedema; echocardiographic or other
imaging tests to evaluate cardiac structure and function, par-
ticularly ejection fraction to define HF with reduced (HFrEF)
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or preserved (HFpEF) left ventricular function; natriuretic
peptides; and, for hospitalized patients, International
Classification of Diseases, Tenth Revision codes as any
diagnosis: HF (I50), cardiomyopathies (I42.0, I42.6, I42.8,
and I42.9), and hypertension‐induced heart disease (I11.0,
I13.0, and I13.2).

Follow‐up included periodic control visits at least every
6 months in the outpatient clinic. To improve long‐term
follow‐up, a questionnaire was also mailed to family physi-
cians, and patients were contacted by phone every 6 months.
All clinical events had to be validated by a local committee on
the basis of source data (hospital records, death certificates,
or other original documents).

Vascular function evaluation

Vascular function assessments were performed at the first
observation. All studies were performed by the same experi-
enced investigators (R. M., M. P., and A. S.), at 9:00 a.m. after
overnight fasting, with the subjects lying supine in a quiet
air‐conditioned room (22–24°C). The investigators were
unaware of the patients’ clinical and laboratory parameters.
The subjects were instructed to continue their regular diet,
while caffeine and alcohol were all prohibited 24 h before
the study. To test vascular reactivity, we used the protocol
previously described by Panza et al.1 and subsequently
employed by our group.6,7,9,11,12 All patients underwent
measurement of forearm blood flow (FBF) and BP during
intra‐arterial infusion of saline, acetylcholine, and sodium
nitroprusside at increasing doses. Measurements of FBF and
vascular resistance were repeated every 5 min until stable.
Endothelium‐dependent and endothelium‐independent
vasodilations were assessed by a dose–response curve to
intra‐arterial acetylcholine infusions (7.5, 15, and 30 μg/
min, each for 5 min) and sodium nitroprusside infusions
(0.8, 1.6, and 3.2 μg/min, each for 5 min), respectively. The
infusion rate was 1 mL/min to avoid forearm volume modifi-
cation. Forearm vascular resistance, expressed in arbitrary
units (U), was calculated by dividing mean BP by FBF. For
the present study, the maximal response to acetylcholine
was considered for statistical analysis.

Statistical analysis

Data are expressed as means ± SD or as percentage
frequency, and comparisons between groups were made by
one‐way ANOVA, Student’s t‐test, or the χ2 test, as appropri-
ate. A value of P ≤ 0.05 was considered statistically signifi-
cant. The events rate is reported as the number of events
per 100 patient‐years based on the ratio of the number of
events observed to the total number of patient‐years of
exposure up to the terminating event or censor. For the

patients without events, the date of censor was that of the
last contact with the patient. Survival curves were estimated
by use of the Kaplan–Meier product‐limit method and com-
pared by using the mantel (log‐rank test).

The association between endothelial function and inci-
dence risk of HF was analysed by univariate and multiple
Cox regression analyses. Tested covariates included maximal
vasodilatory response to acetylcholine as well as traditional
[age, gender, smoking, fasting glucose, serum cholesterol,
SBP, and body mass index (BMI)] and emerging [fasting insu-
lin, Homeostatic Model Assessment (HOMA) index, and
hs‐CRP] cardiovascular risk factors. The multiple Cox regres-
sion model was constructed by including all variables that
turned out to be associated with incident risk of HF
(P < 0.10) at univariate Cox regression analysis. By this
strategy, we constructed a Cox model of adequate statistical
power (at least 10 events for each variable into the final
model). Data are expressed as hazard ratio (HR), 95% CI,
and P value.

Point estimates of the probability of HF occurrence associ-
ated with maximal vasodilatory response to acetylcholine
were calculated by using the equation derived from the mul-
tiple Cox regression analysis. Analysis of biological interaction
between acetylcholine‐stimulated FBF and hs‐CRP in a sub-
group of 653 patients was performed, as previously described
by Greenland and Rothman,22 by dividing patients into four
groups in relation to the median of acetylcholine‐stimulated
FBF and hs‐CRP.

Results

Baseline characteristics of patients who progressed toward
HF (progressors) and those remaining free of HF (non‐
progressors) are reported in Table 1. There were no statisti-
cally significant differences between the two groups in BMI,
smoking habit, SBP and DBP, total cholesterol, triglyceride,
uric acid, and basal FBF. On the contrary, progressors were
older, showed a higher prevalence of being female, and had
a higher baseline heart rate, glucose, insulin, HOMA, and
creatinine mean values, while e‐GFR values were lower.
Similarly, mean hs‐CRP values, measured in 653 patients,
were significantly higher in progressors than in the control
group (4.44 ± 1.47 vs. 3.40 ± 1.70 mg/L; P < 0.0001). In
addition, the highest response in acetylcholine‐stimulated
FBF was significantly lower in progressors compared with
the non‐progressor group (222 ± 130 vs. 332 ± 187%;
P < 0.0001); in contrast, no significant differences were
observed in maximal vasodilation induced by sodium nitro-
prusside (312 ± 113 vs. 320 ± 111%; P = 0.401).

At the first eligibility visit, none of the patients had been
treated with anti‐hypertensive drugs. In the whole study
population, baseline BP values were 148.5/90.3 ± 17.2/
12.0 mmHg, with a little but not significant difference in
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SBP between the two groups (150.3 ± 16.3 vs.
147.8 ± 17.5 mmHg). All patients were treated to reduce clin-
ical BP < 140/90 mmHg using standard lifestyle and pharma-
cological treatment. Diuretics, beta‐blockers, angiotensin
converting enzyme inhibitors, calcium channel blockers, an-
giotensin II receptor antagonists, and α1‐blockers were used
alone or in various associations without significant differ-
ences between the groups. Anti‐hypertensive drugs used in
the study population are reported in Table 1. No significant
differences between groups were observed in the percentage
of patients reaching recommended BP target (64 vs. 66% in
the progressor and non‐progressor patients, respectively).

Follow‐up and incident events

During follow‐up [median 114 months (range 26–206)], there
were 208 new cases of HF (3.1 events/100 patient‐years); of
these, 107 had an ischaemic aetiology, 18 were attributable
to diabetic cardiomyopathy, and 83 had a hypertensive
aetiology. In particular, we documented 137 cases of HFpEF
and 71 cases of HFrEF; patients with HFrEF were older
(53.4 ± 8.9 vs. 47.8 ± 9.3 years; P < 0.0001) with lower

percentage of women (39.4 vs. 60.6%) and, obviously, ejec-
tion fraction value (37.4 ± 4.2 vs. 63.2 + 6.5%; P < 0.0001).

In addition, we recorded 99 new cases of diabetes (1.9
events/100 patient‐years) and 217 (3.0 events/100 patient‐
years) new cases of vascular morbid events at the cardiac
(n = 152), cerebrovascular (n = 57), or peripheral vascular
(n = 8) level. In particular, there were 54 patients with myo-
cardial infarct (three fatal), 58 with unstable angina pectoris,
40 with coronary revascularization procedures, 47 with stroke
(5 fatal), 10 with transient cerebral ischaemia, and eight with
new onset peripheral occlusive disease.

Vascular function

In the whole population, intra‐arterial acetylcholine infusion
caused a significant dose‐dependent increase in FBF and de-
crease in vascular resistance. The FBF increments from basal
(3.36 ± 0.66 mL·100 mL tissue�1·min�1) at the three incre-
mental doses were 1.9 ± 1.2 (55.8%), 5.4 ± 3.5 (158.8%),
and 10.2 ± 6.3 mL·100 mL tissue�1·min�1 (301%). At the
highest dose of acetylcholine (30 μg/min), FBF increased to
13.6 ± 3.9 mL·100 mL tissue�1·min�1, and vascular resistance
decreased to 10.4 ± 4.9 units. Interestingly, dividing the study

Table 1 Baseline characteristics of the study population stratified as progressors and non‐progressors to heart failure

All Progressors Non‐progressors P

n 735 208 527
Gender, female (%) 362 (49.3) 130 (62.5) 232 (44.0) 0.0001
Age, years 48.1 ± 10.6 50.0 ± 11.0 47.4 ± 10.4 0.004
BMI, kg/m2 27.4 ± 3.6 27.9 ± 4.1 27.2 ± 3.4 0.250
Current smokers, n (%) 111 (15.1) 36 (17.3) 74 (14.2) 0.294
Systolic BP, mmHg 148.5 ± 17.2 150.3 ± 16.3 147.8 ± 17.5 0.078
Diastolic BP, mmHg 90.3 ± 12.0 90.9 ± 10.9 90.1 ± 12.4 0.436
Heart rate, b.p.m. 72.5 ± 9.7 70.1 ± 9.1 73.2 ± 9.8 0.002
Fasting glucose, mg/dL 95.2 ± 10.6 97.0 ± 11.1 94.5 ± 10.3 0.004
Fasting insulin, U/L 13.9 ± 7.2 17.0 ± 8.1 12.8 ± 6.5 0.0001
HOMA 3.3 ± 1.8 4.1 ± 2.1 3.0 ± 1.6 0.0001
Total cholesterol, mg/dL 204.8 ± 31.4 203.7 ± 32.3 205.3 ± 31.1 0.534
LDL cholesterol 129.3 ± 31.5 128.9 ± 32.4 129.5 ± 30.7 0.822
HDL cholesterol 51.9 ± 12.3 51.2 ± 13.1 52.2 ± 11.9 0.534
Triglyceride, mg/dL 115.9 ± 39.1 117.3 ± 40.6 115.4 ± 38.5 0.560
Creatinine, mg/dL 0.95 ± 0.19 1.1 ± 0.2 0.9 ± 0.2 0.0001
e‐GFR, mL/min/1.7 m2 84.9 ± 20.0 69.9 ± 17.7 90.8 ± 17.6 0.0001
Uric acid, mg/dL 5.0 ± 1.7 5.2 ± 1.6 5.0 ± 1.7 0.932
hs‐CRP, mg/dL 3.70 ± 1.71 4.44 ± 1.47 3.40 ± 1.70 0.0001
New diabetes, n (%) 99 (13.5) 43 (20.7) 56 (10.6) 0.0001
New coronary events, n (%) 217 (29.5) 128 (61.5) 89 (16.9) 0.0001
Forearm blood flow

Basal, mL·100 ml tissue�1·min�1 3.36 ± 0.66 3.27 ± 0.61 3.40 ± 0.67 0.998
Acetylcholine, % increase 301 ± 180 222 ± 130 332 ± 187 0.0001
Sodium nitroprusside, % increase 318 ± 112 312 ± 113 320 ± 111 0.401

Anti‐hypertensive drugs
ACE‐i/ARBs, n (%) 570 (77.5) 160 (76.9) 410 (77.8) 0.797
Calcium antagonists, n (%) 255 (34.7) 71 (34.1) 184 (34.9) 0.841
Beta‐blockers, n (%) 63 (8.6) 18 (8.6) 45 (8.5) 0.960
Alpha‐blockers, n (%) 18 (2.4) 6 (2.4) 12 (2.3) 0.631
Diuretics, n (%) 122 (16.6) 35 (16.8) 87 (16.5) 0.916
Associations, n (%) 411 (55.9) 116 (55.7) 295 (55.9) 0.959

ACE‐i, angiotensin converting enzyme inhibitors; ARBs, angiotensin II receptor blockers; HDL, high‐density lipoprotein; HOMA,
Homeostatic Model Assessment; LDL, low‐density lipoprotein.
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population in progressors and non‐progressors, we
observed (Table 1) a significant difference in maximal
acetylcholine‐stimulated FBF: 222.4 ± 130.1 vs.
332.0 ± 187.3 mL·100 mL tissue�1·min�1, as well as at first
(42.7 ± 31.5 vs. 60.1 ± 36.9 mL·100 mL tissue�1·min�1) and
second dose of acetylcholine infusion (115.3 ± 77.1 vs.
175.3 ± 108.1 mL·100 mL tissue�1·min�1). The curves under
the area were significantly different (135 ± 87 vs.
201 ± 119; P < 0.0001). Event‐free survival curves, crude
and adjusted, above and under maximal FBF mean value
(260%) are graphically reported in Figure 1.

Similarly, sodium nitroprusside infusion induced (Table 1) a
significant increase in FBF (maximal increment from the
basal, +318%) and a decrease in vascular resistance (�72%),
without significant differences between groups. As expected,
intra‐arterial infusion of vasoactive substances caused no
changes in BP or heart rate values; in fact, doses of infused
vasoactive substances are very low and aimed to only modify
FBF, without a systemic effect.

Cox regression analyses

On univariate analysis (Table 2), incident risk of HF was in-
versely related with maximal vasodilatory response to acetyl-
choline [100% increase, HR = 0.720 (95% CI = 0.648–0.799),
P < 0.0001], e‐GFR [10 mL/min/1.73 m2 increase,
HR = 0.694 (95% CI = 0.639–0.755), P < 0.0001] and directly
with serum creatinine [HR = 7.899 (95% CI = 4.016–15.534),
P < 0.0001], gender [HR = 1.504 (95% CI = 1.134–1.995),
P < 0.005], HOMA [HR = 1.249 (95% CI = 1.166–1.338),
P < 0.0001], hs‐CRP [HR = 1.236 (95% CI = 1.149–1.328),
P < 0.002], fasting glucose [10 mg/dL increase, HR = 1.219
(95% CI = 1.074–1.284), P < 0.002], age [10 years’ increase,
HR = 1.152 (95% CI = 1.008–1.316), P = 0.038], and fasting in-
sulin [HR = 1.050 (95% CI = 1.031–1.068), P < 0.0001]. No

association was found between occurrence of HF and SBP,
BMI, cholesterol, and smoking.

In the multiple Cox regression analysis, including the vari-
ables reaching the statistical significance at univariate analy-
sis, female gender [HR = 1.454 (95% CI = 1.067–1.981),

Figure 1 Kaplan–Meier analysis for heart failure. We graphically reported the crude (left) and adjusted event‐free survival curves in hypertensive pa-
tients subdivided into above and under median of maximal acetylcholine‐stimulated forearm blood flow.

Table 2 Cox regression analysis for incident heart failure

Hazard ratio 95% CI P

Univariate
Creatinine, 1 mg/dL 7.899 4.016–15.534 0.0001
Gender, female 1.504 1.134–1.995 0.005
HOMA 1.249 1.166–1.338 0.0001
hs‐CRP, mg/dL 1.236 1.149–1.328 0.0001
Fasting glucose, 10 mg/dL 1.219 1.074–1.284 0.002
Age, 10 years 1.152 1.008–1.316 0.038
Fasting insulin, U/L 1.050 1.031–1.068 0.0001
FBF, 100% increase 0.720 0.648–0.799 0.0001
e‐GFR, 10 mL/min/1.7 m2 0.694 0.639–0.755 0.0001
Systolic BP, 10 mmHg 1.042 0.961–1.131 0.321
BMI, kg/m2 1.038 0.999–1.078 0.053
Smoking 0.997 0.695–1.429 0.985
Total cholesterol, 10 mg/dL 0.975 0.933–1.019 0.267

Multivariate, model 1
Gender, female 1.536 1.145–2.059 0.004
Fasting glucose, 10 mg/dL 1.147 1.011–1.301 0.033
HOMA 1.124 1.037–1.219 0.005
FBF, 100% increase 0.753 0.676–0.838 0.0001
e‐GFR, 10 mL/min/1.7 m2 0.748 0.679–0.824 0.0001

Multivariate, Model 2
Gender, female 1.454 1.067–1.981 0.018
Fasting glucose, 10 mg/dL 1.186 1.038–1.357 0.012
hs‐CRP, mg/dL 1.162 1.072–1.259 0.0001
HOMA 1.120 1.032–1.218 0.005
FBF, 100% increase 0.779 0.695–0.874 0.0001
e‐GFR, 10 mL/min/1.7 m2 0.767 0.693–0.849 0.0001

Multivariate, Model 3
Coronary events 3.312 2.274–4.825 0.0001
Gender, female 1.695 1.168–2.462 0.006
hs‐CRP, mg/dL 1.208 1.092–1.336 0.0001
Fasting glucose, 10 mg/dL 1.167 1.006–1.354 0.041
HOMA 1.118 1.028–1.216 0.009
FBF, 100% increase 0.868 0.756–0.996 0.044

HOMA, Homeostatic Model Assessment; Model 2, Model 1 + hs‐
CRP; Model 3, Model 2 + diabetes and coronary events.
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P = 0.018], fasting glucose [HR = 1.186 (95% CI = 1.038–
1.357), P = 0.012], serum hs‐CRP [HR = 1.162 (95%
CI = 1.072–1.259), P < 0.0001], HOMA [HR = 1.120 (95%
CI = 1.032–1.218), P < 0.005], FBF [HR = 0.779 (95%
CI = 0.695–0.874), P < 0.0001], and e‐GFR [HR = 0.767
(95% CI = 0.693–0.849), P < 0.0001] maintained an indepen-
dent association with the outcome (Table 2). In this model,
we included only HOMA index to avoid a possible colinearity
with fasting insulin and because the insulin resistance condi-
tion is very frequent in essential hypertension. Successively,
according to recent evidences demonstrating the association
between HF and subclinical inflammation, we tested the pos-
sible interaction between FBF and hs‐CRP. In particular, we
observed that patients who have hs‐CRP values above the
median and FBF under the median show a higher risk of de-
veloping HF [HR = 7.699 (95% CI = 4.407–13.451),
P < 0.0001] (Table 3). Interestingly, diabetes and coronary
events were added into the analysis, only coronary events
were retained as independent predictors of incident HF mod-
ifying the impact of other covariates without excluding acetyl-
choline FBF and hs‐CRP.

In Figure 2, we graphically reported the relationship,
expressed as exponential fitting curve, crude and adjusted,
between maximal vasodilatory response to acetylcholine
and probability of HF occurrence. In addition, we calculated
the best cut‐off of FBF for predicting the appearance of HF,
that is, 261% (area under the receiver operating characteristic
curve 0.694, sensitivity 75.5%, and specificity 60.3%).

Discussion

The results of this study demonstrated, for the first time, that
endothelial dysfunction is an independent and strong predic-
tor of incident HF in hypertensive patients, allowing to hy-
pothesize its causative role in the cardiovascular continuum,
from hypertension to clinical events. Interestingly and clini-
cally relevant, after adjustment for some well‐established
HF risk factors—such as age, gender, and e‐GFR—
vasodilatory response to acetylcholine remained a significant
predictor of incident HF. Present data provide evidence for a
strong association between baseline endothelial function and
subsequent development of HF in essential hypertension.
Thus, according to this, the true novelty of this study relies
in the fact that, for the first time, endothelial dysfunction
has been demonstrated to predict HF development, preced-
ing—rather than following—its onset, contrary to what has
been reported so far. In fact, in contrast to our results,
previous literature data have merely shown that
endothelium‐dependent vasodilation is blunted in patients
with HF, which, in turn, contributes to the worsening of its
progression.14–18

The underlying pathogenetic mechanisms involved in this
association may be recognized in an excess of oxidative stress
that reduces the bioavailability of NO, induces a neurohor-
monal activation with associated release of inflammatory

Table 3 Interaction between acetylcholine‐stimulated forearm
blood flow and high‐sensitivity C‐reactive protein in predicting inci-
dent heart failure

HR CI 95% P

0 1
1 3.459 1.893–6.655 0.0001
2 3.423 1.845–6.352 0.0001
3 7.699 4.407–13.451 0.0001

hs‐CRP median, 3.9 mg/L; acetylcholine‐stimulated median 260%.
0, hs‐CRP under median; acetylcholine above median (reference
group); 1, hs‐CRP above median; acetylcholine above median; 2,
hs‐CRP under median; acetylcholine under median; 3, hs‐CRP above
median; acetylcholine under median.

Figure 2 Relationship between endothelial function and risk of incident heart failure. Crude (left) and adjusted relationship between peak percentage
increase in endothelium‐dependent vasodilation and the possibility of developing incident heart failure. ACh, acetylcholine.
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mediators, and produces alterations of local shear stress due
to low cardiac output.14 In addition, pre‐existing traditional
cardiovascular risk factors also contribute, through the
increase in oxidative stress again, to the vascular motricity
impairment, whose association with endothelial dysfunction
has well established from long time.1–4,6 In fact, it is well rec-
ognized that reduced endothelium‐dependent vasodilation is
present in other clinical conditions, such as hypertension,
diabetes, and chronic kidney disease, thus providing a plausi-
ble explanation of the key role of endothelial dysfunction
contributing to HF development.15,16

Another important finding obtained in this study is that
also hs‐CRP was retained, in the multivariate Cox regression
analysis, as independent predictor of incident HF, confirming
recent evidences supporting the association between them.
In fact, several studies demonstrated that failing patients, in-
dependent from prevalent systolic or diastolic dysfunction,
have increased levels of pro‐inflammatory cytokines probably
induced by the co‐existence of traditional cardiovascular risk
factors and maintained by other mechanisms such as immune
system activation.19–21 Of interest, and prognostically
relevant, endothelial dysfunction and hs‐CRP, interacting
between them, strongly increased the risk of incident HF,
with HR reaching 7.699 (95% CI = 4.407–13.451) (Table 3).
Notably, because both inflammation and endothelial dysfunc-
tion are present in hypertensive patients,4,5,9 it is likely that
these two conditions represent, among others, the possible
pathogenetic mechanisms contributing to the progression
from hypertension to HF.

Moreover, increased arterial stiffness may be considered
another important pathogenetic mechanism linking endothe-
lial dysfunction to the HF development. In fact, it is well
established that the aortic stiffening results in the augmenta-
tion of left ventricular systolic workload as consequence of
central SBP increase. These haemodynamic modifications
are negatively reflected both in the left ventricle, by promot-
ing cardiac hypertrophy23 with associated diastolic dysfunc-
tion, and in the coronary circulation with reduction of
coronary perfusion pressure.24 According to this, we previ-
ously demonstrated that impaired endothelium‐dependent
vasodilation in hypertensive patients is inversely related to
pulse pressure, which represents an important marker of
vascular aging and arterial stiffness.25 In addition, other path-
ogenetic mechanisms related to reduced NO bioavailability
are involved in the cardiac hypertrophy process such as the
alteration of both matrix metalloproteinases affecting cell
migration and the redox‐sensitive pathway in response to
either chronic pressure overload or neurohumoral stimuli as
demonstrated by several experimental data.26–28 Particularly,
mediators of oxidative stress participate in cardiac growth by
activation of various mitogen protein kinases and the tran-
scription factor nuclear factor‐κB. The proliferative role of
these pro‐oxidant mediators is confirmed by in vivo evidences
demonstrating the antioxidant effect in reducing the

development of experimental pressure overload cardiac
hypertrophy in mice or guinea pigs.26,29 On the other hand,
oxidative stress is well known to promote cardiac interstitial
fibrosis excess, which is considered an important detrimental
aspect of both left ventricular hypertrophy and subsequent
HF.26,30 Clinically relevant, we previously demonstrated that
the increase of endothelial dysfunction parallels the increase
of left ventricular mass in hypertensive patients31 as well as
that the preserved endothelium‐dependent vasodilation pre-
dicts regression of cardiac mass, independently of traditional
cardiovascular risk factors and anti‐hypertensive therapy.11

Interestingly and clinically relevant, the co‐existence of left
ventricular hypertrophy and endothelial dysfunction
significantly increases the risk of subsequent fatal and nonfa-
tal cardiovascular events,32 confirming the importance of
better stratifying the cardiovascular risk of the hypertensive
patients.

Taken together, the present data clearly demonstrate that
endothelial dysfunction is associated with incident HF, thus
allowing to hypothesize its causative role in the cardiovascu-
lar continuum. Furthermore, given the observed new onset
of both diabetes and coronary artery disease during the
follow‐up, it is plausible that these two clinical conditions,
which are well‐recognized determinants of both structural
and functional cardiac alterations, also contribute to the
progression from endothelial dysfunction to HF. These data
support what is already known about the progression from
hypertension to HF, retaining diabetic cardiomyopathy and
ischaemic cardiac dysfunction as intermediate steps in this
continuum. Obviously, because endothelial dysfunction is
also associated, in a bidirectional manner, with diabetes and
ischaemic heart disease, it is possible to affirm that a dysfunc-
tional endothelium concurs to HF development with multiple
pathogenetic mechanisms.

The strength of this study relies in the fact that, even if the
evaluation of endothelial function is not a routine procedure,
the relevance of our data is that we directly tested endothe-
lial function by stimulating muscarinic cholinergic receptors
by intra‐arterial infusion of vasoactive agonist. The other
strengths of this study are the wideness of the study popula-
tion and the follow‐up duration.

On the contrary, study limitations are as follows: it is an
observational, nonrandomized, prospective study; our
findings were obtained in untreated White hypertensives,
so results may not be extended to different racial groups or
to subjects receiving anti‐hypertensive treatment at the time
of the qualifying evaluation.

In conclusion, on the basis of our findings, it is important
to reinforce the need to optimize the risk stratification strat-
egies of hypertensive patients through careful phenotyping.
Moreover, it may be prognostically useful to develop drugs
that, in addition to their anti‐hypertensive effect, could
attenuate the subclinical inflammation present in these
patients.
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