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Summary
Background and objectives Hemoglobin (Hb) is an important nitric oxide (NO) buffer and a modulator of
NO bioavailability. In addition, endothelial dysfunction is common in hypertensive patients, suggesting a
pivotal role of hemoglobin concentration ([Hb]) in vascular function. To investigate the potential role of
[Hb] in endothelium-dependent vasodilation, the relationship between Hb and endothelial function was
tested in a group of patients with essential hypertension.

Design, setting, participants, & measurements In this retrospective study, 174 nonsmoking, uncomplicated,
never-treated hypertensives were enrolled. Endothelium-dependent and -independent vasodilation was as-
sessed by measurement of forearm blood flow response during intra-arterial infusion of increasing doses of
acetylcholine (ACh) and sodium nitroprusside (SNP) using strain-gauge plethysmography. Correlation with
established risk factors of endothelial dysfunction was performed.

Results The vasodilatory response to ACh was inversely (P � 0.001) related to [Hb], and this relationship
was dose dependent (P � 0.001), being minimal at the lowest dose and maximal at the highest dose. No
association was found between Hb and the vasodilatory response to SNP. In a multiple linear regression
model adjusted for Framingham risk factors (age, sex, BP, cholesterol, body mass index, glucose) and
emerging risk factors (homeostasis model assessment index, C-reactive protein, estimated GFR), [Hb] main-
tained a strong and independent link with the vasodilatory response to ACh (P � 0.001).

Conclusions In a large group of nonsmoking untreated hypertensives, [Hb] is inversely related to forearm
endothelium-dependent vasodilation. [Hb] should be taken into account, especially in conditions associated
with low [Hb], when performing vascular function studies.
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Introduction
It is well recognized that hypertensive patients have
impaired endothelium-dependent vasodilation (1–3).
Several hemodynamic and nonhemodynamic factors
are involved in the reduced nitric oxide (NO) bio-
availability in these patients, such as the presence of a
genetic polymorphism (4–6), oxidative stress (7), vas-
cular inflammation (8), and competitive endothelial
NO synthase antagonists (9). Among the hemody-
namic factors, a reduction in shear stress, the major
endogenous physical stimulus of endothelial NO syn-
thase, represents one of the most important mecha-
nisms responsible for reduced endothelium-depen-
dent vasodilation in essential hypertension.

Shear stress is directly related to blood velocity and
viscosity and is inversely related to blood vessel di-
ameter. Blood viscosity is affected by erythrocyte
count, and this strongly influences the rheological
properties of blood. Furthermore, these cells appear
to contribute to the regulation of vascular tone by

additional mechanisms that are dependent and inde-
pendent of shear stress. Indeed, the oxygen carrier
molecule, hemoglobin (Hb), by a series of biochemical
processes including NO oxidation and nitrosylation
of the iron molecule and sulfur-containing amino ac-
ids in the globin molecule, acts as a transient or per-
manent NO buffer modulating its bioavailability. The
potential clinical relevance of the interaction between
hemoglobin concentration ([Hb]) and NO bioavail-
ability may be explained by the observation that high
hematocrit and blood viscosity are negative indepen-
dent predictors for cardiovascular events beyond
blood viscosity in a high-risk condition such as hyper-
cholesterolemia (10). On the other hand, [Hb] normal-
ization is associated with a higher risk of death and
cardiovascular events in patients with moderate to se-
vere chronic kidney disease and ESRD (11), both condi-
tions characterized by reduced NO synthesis (12).

As alluded to before, uncomplicated essential hy-
pertension is characterized by the presence of differ-
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ent degrees of endothelial dysfunction underlying parallel
changes in NO bioavailability. However, population-based
studies have consistently demonstrated that, on average,
[Hb] is raised in patients with essential hypertension (13).
Thus, it appears plausible that Hb-dependent mechanisms
influencing NO bioavailability contribute to endothelial
dysfunction in hypertension. However, the relationship
between circulating Hb levels and endothelial function has
never been studied in this population. This association is
present in the hematologic disease polycythemia vera
(characterized by increased red cell mass and high blood
viscosity), in which the endothelial response to vasodila-
tory stimuli is decreased (14). Therefore, we set out to
study the relationship between [Hb] and endothelial func-
tion in a large series of nonsmoking patients with un-
treated and uncomplicated hypertension from a large da-
tabase. In analyzing this relationship, we considered
several potential confounders for the interpretation of the
Hb-endothelial function relationship, including renal func-
tion, inflammation, insulin sensitivity, and the full series of
Framingham risk factors.

Materials and Methods
Study Population

The hypertensive study population consisted of 174 out-
patients (97 women and 77 men; mean age 48 � 11 years;
range 22 to 73 years) attending the Catanzaro University
Hospital directly or as referrals from general practitioners
for detection or investigation of cardiovascular risk factors.
To participate in this retrospective study, subjects were
required to have a clinic BP �140/90 mmHg on two sep-
arate visits. Clinic BP was measured at 3-minute intervals
with a standard sphygmomanometer after a 10-minute rest
period in the supine position and the average of three
measurements was recorded. All patients were untreated
for hypertension before the beginning of the study. We
excluded patients who had experienced stroke, coronary
events, or presented clinical evidence of peripheral artery
disease, heart failure, overt renal dysfunction (serum cre-
atinine �1.5 mg/dl), or diabetes mellitus. Secondary forms
of hypertension were excluded by systematic testing using a
standard clinical protocol including renal ultrasound studies,
computed tomography, renal scan, catecholamines, plasma
renin activity, and aldosterone measurements. To avoid a
possible interaction between cigarette smoking and [Hb], we
excluded current or previous smokers from this study. Serum
creatinine was measured by an automated technique based
on the measurement of Jaffe chromogen. Values of estimated
GFR (eGFR) were calculated using the modified Modification
of Diet in Renal Disease equation, as described by Levey et al.
(15). C-reactive protein (CRP) was measured by a high-sen-
sitivity turbidimetric immunoassay (Behring, Marburg, Ger-
many). Insulin resistance was estimated by the homeostasis
model assessment (HOMAIR) from the fasting glucose and
insulin concentrations according to the equation HOMAIR �
[insulin (�U/ml � glucose (mmol/L)]/22.5. [Hb] levels were
measured in whole blood after hemolysis using photometry.

The study also included 30 normotensive subjects (15
men and 15 women; mean age 45 � 7 years; range 32 to 48
years). Normalcy was determined by clinical history, phys-
ical examination, and laboratory analyses to exclude car-

diovascular, hematologic, renal, or hepatic impairment. All
subjects were nonsmokers with a BP �140/90 mmHg.

Forearm Blood Flow Measurements
All study measurements were performed by the same

experienced investigators (R.M., A.S.) at 9:00 a.m. after
overnight fasting with the subjects lying supine in a quiet
air-conditioned room (22 to 24°C). Subjects were instructed
to continue their regular diet but caffeine and alcohol were
stopped at least 24 hours before study measurements.
Forearm volume was determined by water displacement.
Under local anesthetic and sterile conditions, a 20-gauge
polyethylene catheter (Vasculon 2) was inserted into the
brachial artery of the nondominant arm for evaluation of
BP (Baxter Healthcare Corporation, Deerfield, IL) and drug
administration. This arm was elevated above the level of
the right atrium, and a mercury-filled silastic strain gauge
was placed on the widest part of the forearm. The strain
gauge was connected to a plethysmograph (model EC-4,
Hokanson, Issaquah, WA) calibrated to measure the per-
cent change in volume; this was connected to a chart
recorder to obtain the forearm blood flow (FBF) measure-
ments. A cuff placed on the upper arm was inflated to 40
mmHg with a rapid cuff inflator (model E-10, Hokanson,
Issaquah, WA) to exclude venous outflow from the extrem-
ity. A wrist cuff was inflated to BP values 1 minute before
each measurement to exclude the hand blood flow. The
antecubital vein of the opposite arm was cannulated. The
FBF was measured as the slope of the change in the fore-
arm volume. The mean of at least three measurements was
obtained at each time point. Forearm vascular resistance
(VR), expressed in units (U), was calculated by dividing
mean BP by FBF.

Vascular Function
The protocol previously described by Panza et al. (2) and

subsequently used by our group (3,5,6,9) was used for the
study presented here. All patients underwent measure-
ment of FBF and BP during intra-arterial infusion of saline,
acetylcholine (ACh), and sodium nitroprusside (SNP) at
increasing doses. ACh (Sigma, Milan, Italy) was diluted
with sodium chloride (0.9%) immediately before infusion.
SNP (Malesci, Florence, Italy) was diluted in 5% glucose
solution immediately before each infusion and protected
from light with aluminum foil. All participants rested for
30 minutes after arterial cannulation so that a stable base-
line could be reached before data collection; measurements
of FBF and VR were repeated every 5 minutes until stable.
Endothelium-dependent and -independent vasodilation
were assessed by a dose-response curve to intra-arterial
ACh infusions (7.5, 15, and 30 �g/ml per minute, each for
5 minutes) and SNP infusions (0.8, 1.6, and 3.2 �g/ml per
minute, each for 5 minutes), respectively. The drug infu-
sion rate, adjusted for the forearm volume of each subject,
was 1 ml/min. The sequence of administration of ACh and
SNP was randomized to avoid any bias related to the order
of drug infusion. Inter- and intraobserver variability has
been previously reported (16).

Statistical Analyses
Data are expressed as mean � SD or as percentage

frequency, and comparisons between groups were made
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using the t test or the �2 test, as appropriate. Relationships
between paired parameters were analyzed by Pearson
product moment correlation coefficient. To test the inde-
pendent relationship between FBF and [Hb], we con-
structed multivariate linear models on the basis of a series
of hematologic parameters (hematocrit and mean corpus-
cular hemoglobin concentration [MCHC]) and traditional
(age, gender, body mass index [BMI], systolic BP, and
LDL-cholesterol and triglyceride levels) and emerging car-
diovascular risk factors (eGFR, HOMAIR, and CRP). In the
multivariate linear regression analysis, data are expressed
as standardized regression coefficient (�) and semipartial
r2 (17), this latter giving the proportion of variance of the
dependent variable explained by each independent vari-
able, and P value. The differences between curves were
compared using the area under the curves. A P value �0.05
was considered statistically significant. All comparisons
were performed using the statistical package SPSS for Win-
dows version 10.0 (Chicago, IL). Data are expressed as �
and P value.

Results
Baseline demographic, clinical, and hemodynamic character-

istics of hypertensive subjects grouped on the basis of the me-
dian value of [Hb] and normotensive controls are summarized
in Table 1. There were no significant differences in age, gender,
heart rate, [Hb], or triglyceride levels between control subjects
and hypertensive patients. All patients were normotolerant. Sys-
tolic and diastolic BP values were significantly (P � 0.0001)
lower in normotensives compared with hypertensives. VR was

higher in hypertensives than normotensive controls (35.7 � 7.0
U versus 29.7 � 5.3 U; P � 0.0001), whereas baseline FBF did not
differ between the two groups (3.3 � 0.6 versus 3.4 � 0.5 ml/100
ml of tissue per minute; P � 0.390). We observed similar
results in hypertensive patients matched for sex and gender
(Table 2). In Table 3, we report data of study population
divided for men and women. As evident, hypertensive and
normotensive men had [Hb], hematocrit, and eGFR mean
values higher than female groups.

Hypertensive patients with a [Hb] above the median had
higher fasting insulin, HOMAIR, and CRP values. No sig-
nificant differences were observed in age, BMI, heart rate,
lipid profile, fasting glucose, creatinine, and eGFR. There
were no significant differences in baseline FBF values
(3.2 � 0.6 versus 3.3 � 0.5 ml/100 ml of tissue per minute;
P � 0.233).

Endothelium-Dependent Vasodilation
Intra-arterial infusion of ACh caused a significant dose-

dependent increase in FBF and decrease in forearm VR in
both groups. The FBF values at the three incremental doses
of ACh were 2.3 � 0.6 (�69%), 8.6 � 2.2 (�256%), and
22.5 � 6.3 ml/100 ml of tissue per minute (�664%) and
1.9 � 1.3 (�58%), 5.5 � 3.9 (�169%), and 10.6 � 7.2 ml/100
ml of tissue per minute (�328%) for normotensive and
hypertensive patients, respectively (Figure 1). Thus, ACh-
stimulated FBF was significantly reduced in hypertensive
subjects compared with normotensive control subjects (P �
0.0001). In both groups, BP and heart rate remained un-
modified during intra-arterial infusion of ACh.

Table 1. Demographic, hemodynamic, and biochemical data in hypertensive patients and control subjects

Hypertensive Patients

Normotensives P
All �Hb� � 14

g/dl
�Hb� � 14

g/dl P

Age, years 48 � 11 47 � 11 48 � 10 0.531 45 � 7 0.151
Male gender (%) 77 (44%) 33 (38%) 44 (50%) 0.127 15 (50%) 0.700
BMI, kg/m2 27.4 � 3.7 27.1 � 3.7 27.6 � 3.6 0.368 24.2 � 2.3 0.0001
Systolic BP, mmHg 153 � 15 153 � 15 153 � 16 0.999 132 � 4 0.0001
Diastolic BP, mmHg 94 � 10 95 � 10 93 � 11 0.211 80 � 4 0.0001
Heart rate, bpm 73 � 9 73 � 9 73 � 10 0.999 71 � 9 0.262
�Hb�, g/dl 13.8 � 1.1 12.9 � 0.6 14.8 � 0.5 0.0001 13.4 � 0.6 0.054
Serum iron, �g/dl 90 � 28 85 � 30 94 � 25 0.032 87 � 26 0.585
Hematocrit, % 43 � 4 41 � 3 45 � 2 0.001 41 � 2 0.008
MCHC, g/dl 32.6 � 1.7 32.1 � 1.6 33.0 � 1.6 0.0001 33.7 � 1.1 0.0001
Cholesterol, mg/dl 206 � 32 205 � 31 207 � 33 0.681 186 � 12 0.0001
LDL-cholesterol, mg/dl 129 � 33 128 � 34 131 � 32 0.550 114 � 24 0.018
HDL-cholesterol, mg/dl 52 � 13 53 � 12 52 � 13 0.599 57 � 11 0.048
Triglyceride, mg/dl 118 � 40 115 � 41 121 � 40 0.330 103 � 28 0.050
Glucose, mg/dl 95 � 11 94 � 11 97 � 12 0.087 87 � 7 0.0001
Insulin, U/L 14.1 � 7.2 12.7 � 6.8 15.5 � 7.4 0.010 7.7 � 3.4 0.0001
HOMAIR 3.3 � 1.9 3.0 � 1.7 3.7 � 2.0 0.014 1.7 � 0.7 0.0001
Creatinine, mg/dl 0.92 � 0.17 0.91 � 0.18 0.92 � 0.16 0.699 0.79 � 0.10 0.0001
eGFR, ml/min per 1.73 m2 84 � 21 83 � 21 85 � 21 0.620 98 � 18 0.0001
CRP, mg/L 4.2 � 2.5 3.8 � 2.2 4.6 � 2.8 0.038 1.5 � 0.6 0.0001
FBF, % increase

ACh 328 � 216 398 � 253 267 � 150 0.0001 664 � 108 0.0001
SNP 320 � 114 328 � 113 313 � 114 0.385 348 � 97 0.206

Data are expressed as mean � SD unless otherwise stated.
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Table 2. Demographic, hemodynamic, and biochemical data in hypertensive patients and control subjects matched for age and
gender

Hypertensives Normotensives P

Age, years 45 � 7 45 � 7 0.977
Male gender (%) 15 (50%) 15 (50%)
BMI, kg/m2 27.0 � 3.3 24.2 � 2.3 0.0001
Systolic BP, mmHg 155 � 13 132 � 4 0.0001
Diastolic BP, mmHg 95 � 9 80 � 4 0.0001
Heart rate, bpm 72 � 9 71 � 9 0.669
Hb, g/dl 13.7 � 1.0 13.4 � 0.6 0.164
Hematocrit, % 42 � 4 41 � 2 0.087
MCHC, g/dl 32.7 � 1.6 33.7 � 1.1 0.008
Serum iron, mcg/dl 88 � 27 87 � 25 0.917
Cholesterol, mg/dl 206 � 32 186 � 12 0.002
LDL-cholesterol, mg/dl 130 � 34 114 � 24 0.045
HDL-cholesterol, mg/dl 52 � 13 57 � 11 0.099
Triglyceride, mg/dl 117 � 38 103 � 28 0.135
Glucose, mg/dl 94 � 11 87 � 7 0.003
Insulin, U/L 16.6 � 7.5 7.7 � 3.4 0.0001
HOMAIR 3.9 � 1.9 1.7 � 0.7 0.0001
Creatinine, mg/dl 0.91 � 0.16 0.79 � 0.10 0.002
eGFR, ml/min per 1.73 m2 85 � 18 98 � 18 0.010
CRP, mg/L 4.1 � 2.3 1.5 � 0.6 0.0001
FBF, % increase

ACh 296 � 207 664 � 108 0.0001
SNP 309 � 114 348 � 97 0.163

Data are expressed as mean � SD unless otherwise stated.

Table 3. Demographic, hemodynamic, and biochemical data in hypertensive patients and normotensive subjects according to gender

Data
Hypertensives Normotensives

All Men Women P All Men Women P

Age, years 48 � 11 47 � 9 48 � 12 0.600 45 � 7 45 � 7 45 � 7 0.901
Male gender (%) 77 (44%) 77 97 15 (50%) 15 15
BMI, kg/m2 27.4 � 3.7 27.3 � 3.1 27.3 � 4.0 0.999 24.2 � 2.3 24.2 � 2.6 24.3 � 2.0 0.965
Systolic BP, mmHg 153 � 15 150 � 16 154 � 15 0.081 132 � 4 131 � 4 133 � 3 0.417
Diastolic BP, mmHg 94 � 10 94 � 10 94 � 10 0.697 80 � 4 80 � 4 80 � 4 0.932
Heart rate, bpm 73 � 9 72 � 10 74 � 9 0.281 71 � 9 72 � 10 74 � 7 0.530
�Hb�, g/dl 13.8 � 1.1 14.2 � 1.0 13.6 � 1.0 0.0001 13.4 � 0.6 14.0 � 0.7 13.3 � 0.8 0.019
Hematocrit, % 43 � 4 43 � 3 42 � 4 0.007 41 � 2 42 � 2 40 � 2 0.007
MCHC, g/dl 32.6 � 1.7 32.8 � 1.5 32.5 � 1.8 0.252 33.7 � 1.1 33.7 � 0.89 33.6 � 1.3 0.915
Serum iron, �g/dl 90 � 28 91 � 26 88 � 29 0.499 87 � 26 88 � 27 86 � 25 0.835
Cholesterol, mg/dl 206 � 32 203 � 32 208 � 32 0.307 186 � 12 184 � 14 189 � 10 0.356
LDL-cholesterol, mg/dl 129 � 33 127 � 33 132 � 32 0.314 114 � 24 109 � 25 119 � 22 0.285
HDL-cholesterol, mg/dl 52 � 13 51 � 11 53 � 14 0.443 57 � 11 58 � 10 56 � 13 0.601
Triglyceride, mg/dl 118 � 40 121 � 41 115 � 40 0.340 103 � 28 107 � 32 99 � 24 0.449
Glucose, mg/dl 95 � 11 98 � 11 93 � 11 0.006 87 � 7 87 � 4 87 � 9 0.993
Insulin, U/L 14.1 � 7.2 15.1 � 6.8 13.2 � 7.4 0.081 7.7 � 3.4 8.4 � 3.7 7.1 � 3.0 0.303
HOMAIR 3.3 � 1.9 3.6 � 1.7 3.0 � 1.9 0.032 1.7 � 0.7 1.8 � 0.8 1.5 � 0.7 0.332
Creatinine, mg/dl 0.92 � 0.17 0.93 � 0.16 0.90 � 0.17 0.136 0.79 � 0.10 0.82 � 0.10 0.76 � 0.09 0.080
eGFR, ml/min per 1.73 m2 84 � 21 95 � 19 75 � 17 0.0001 98 � 18 108 � 17 88 � 14 0.002
CRP, mg/L 4.2 � 2.5 4.0 � 2.4 4.0 � 2.4 0.524 1.5 � 0.6 1.6 � 0.5 1.3 � 0.7 0.366
FBF, % increase

ACh 328 � 216 287 � 167 359 � 167 0.028 664 � 108 634 � 100 655 � 101 0.561
SNP 320 � 114 321 � 122 320 � 107 0.916 348 � 97 323 � 96 373 � 94 0.156

Data are expressed as mean � SD unless otherwise stated.
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Interestingly, ACh-stimulated vasodilation was signif-
icantly higher in hypertensive patients with [Hb] below
the median value (Figure 2). On the contrary, we did not
observe any significant difference in ACh-stimulated
vasodilation (peak increase 660 � 100% versus 669 �
119%; P � 0.824) by dividing normotensive controls on
the basis of median [Hb].

In Figure 3 we illustrate the detailed analysis of the
relationship between the vasodilatory responses to three
ACh doses and [Hb] values. Remarkably, the vascular
response to each dose was directly related to [Hb], and
the steepness of these relationships was highest at the
maximal ACh dose (	64%/g Hb), intermediate
(	35%/g Hb) at the second dose, and minimal at the
lowest dose (	9%/g Hb) (P � 0.001). The hematocrit-
vasodilatory response to ACh was similar to that ob-
served with [Hb] (data not shown).

Endothelium-Independent Vasodilation
The FBF values at three incremental doses of SNP were

2.5 � 0.7 (�74%), 6.2 � 2.4 (�185%), and 11.6 � 3.6 ml/100
ml of tissue per minute (�348%) and 2.3 � 0.7 (�70%),
5.5 � 2.1 (�171%), and 10.4 � 3.9 ml/100 ml of tissue per
minute (�320%) in normotensive controls and in hyper-

tensive patients, respectively. Similarly, no significant dif-
ference was observed in the vasodilatory responses to SNP
infusion in the two groups of hypertensive patients (Figure
2). Intra-arterial infusion of SNP caused no changes in BP
or heart rate.

Figure 1. | FBF dose-response curves to ACh and SNP in normoten-
sive subjects and hypertensive patients. Values are reported as
mean � SEM.

Figure 2. | FBF dose-response curves to ACh and SNP in hyperten-
sive patients divided by median [Hb] of 14 mg/dl. Values are
reported as mean � SEM.

Figure 3. | Relationship between Hb and FBF response to three
incremental doses of ACh: (top) 7.5, (middle) 15.0, and (bottom)
30.0 �g/ml per minute.
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Correlation Analysis
In Table 4 we reported the results of univariate linear

analysis between ACh-stimulated vasodilation and differ-
ent covariates in hypertensive patients and in normoten-
sive controls. In particular, peak percent increase in ACh-
stimulated vasodilation in the hypertensive group was
inversely related to CRP (r � 	0.440; P � 0.0001), account-
ing for 19.4% of its variation; HOMAIR (r � 	0.391; P �
0.0001), accounting for 15.3% of its variation; [Hb] (r �
	0.323; P � 0.0001), accounting for 10.4% of its variation;
age (r � 	0.288; P � 0.0001), accounting for 8.2% of its
variation; eGFR (r � 	0.270; P � 0.0001), accounting for
7.3% of its variation; BMI (r � 	0.227; P � 0.001), account-
ing for 5.1% of its variation; and MCHC (r � 0.132; P �
0.041), accounting for 1.4% of its variation. On the contrary,
in normotensive controls, ACh-stimulated vasodilation
was inversely related to HOMAIR (r � 	0.433; P � 0.008),
accounting for 18.7% of its variation, and directly related to
gender (r � 0.380; P � 0.019), accounting for 14.4% of the
variation.

To further analyze the independent contribution of each
independent factor to the peak FBF response to ACh, we
constructed different multiple regression models. At first,
we tested a baseline model including Framingham risk
factors, eGFR, [Hb], and MCHC. Subsequent improve-
ments in the model fitting were tested by entering, one at
time, the HOMAIR and CRP values.

In the first model, [Hb], eGFR, gender, age, and BMI
were retained as independent predictors of ACh-stimu-
lated FBF, explaining the 30.3% of its variation. After the
addition of HOMAIR, the model retained as independent
predictors HOMAIR, eGFR, gender, [Hb], and age, ex-
plaining the 34.5% of the variation. When we also entered
CRP in the analysis, the model retained it as the strongest
predictor of the vascular dysfunction (Table 5).

Of interest and clinically relevant, [Hb], eGFR, gender,
and age remained in all models, suggesting that the patho-
genetic mechanisms involved in the endothelial damage
are different. Analyses based on hematocrit produced sim-
ilar results (data not shown).

Discussion
In this study we show that hypertensive patients had

a reduced response to the endothelium-dependent agent
ACh compared with normotensive controls, whereas the
response to SNP was preserved, confirming that only the
endothelium-mediated vasodilation is impaired in es-
sential hypertension. We also found that among hyper-
tensive patients, those with a [Hb] above the median had
a blunted ACh-stimulated vasodilatory response com-
pared with those with a [Hb] below the median. In
normotensive control subjects, [Hb] influences neither
the response to ACh nor that to SNP. Thus, the main and
new finding of this study is the demonstration of an
inverse and consistent relationship between [Hb] and
ACh-stimulated vasodilation in a group of never-treated
hypertensive patients, supporting the multifactorial
pathogenesis of hypertension-related endothelial dys-
function. In fact, in hypertensive patients, endothelial
damage may be induced by hemodynamic and nonhe-
modynamic factors. Several emerging factors are being
considered as causative of endothelial dysfunction. For
example, we recently demonstrated a significant rela-
tionship between ACh-stimulated vasodilation and
asymmetric dimethylarginine levels (9), creatinine (18),
and uric acid (19). Data obtained in this study are par-
ticularly relevant because they further explain the role,
even if weak, of hemorheological modifications in endo-
thelial function and suggest that [Hb] affects NO bio-
availability. Although previous in vitro data demon-
strated an inverse correlation between [Hb] and NO
bioactivity, the interaction between NO and [Hb] is not
well characterized in normal physiologic conditions in
humans. Gradual NO scavenging by [Hb] is probably a
mechanism so finely tuned as to be able to outbalance
changes in [Hb], even within the normal range (20 –23)

Table 4. Independent predictors of peak increase in ACh-
stimulated FBF in hypertensive patients and control subjects

Variables
Hypertensives Normotensives

r P R P

CRP 	0.440 0.0001 	0.266 0.078
HOMAIR 	0.391 0.0001 	0.433 0.008
Hb 	0.323 0.0001 	0.128 0.251
Age (years) 	0.288 0.0001 0.182 0.168
eGFR 	0.270 0.0001 0.184 0.166
BMI 	0.227 0.001 	0.230 0.111
MCHC 0.132 0.041 0.019 0.845
HDL-cholesterol 0.102 0.090 0.179 0.172
Total cholesterol 0.025 0.371 0.195 0.150
Serum iron 0.083 0.273 0.031 0.320
Systolic BP 	0.094 0.109 0.023 0.453
Diastolic BP 	0.026 0.365 	0.231 0.110
Triglyceride 	0.057 0.229 	0.187 0.161
LDL-cholesterol 0.001 0.493 0.158 0.203

Table 5. Multiple regression models of peak increase in ACh-
stimulated FBF

Partial
r2 (%)

Total
r2 (%) � P

Model 1
Hb 10.5 10.5 	0.230 0.0001
eGFR 8.2 18.7 0.360 0.0001
gender 6.5 25.2 0.285 0.0001
age 2.8 28.0 	0.169 0.015
BMI 2.3 30.3 	0.154 0.020

Model 2
HOMAIR 15.3 15.3 	0.269 0.0001
eGFR 6.6 21.9 0.349 0.0001
gender 7.4 29.3 0.242 0.002
hemoglobin 3.6 32.9 	0.203 0.003
age 1.6 34.5 	0.138 0.041

Model 3
CRP 19.3 19.3 	0.308 0.0001
HOMAIR 11.3 30.6 	0.260 0.0001
Hb 4.7 35.3 	0.187 0.004
eGFR 2.4 37.7 0.280 0.002
age 3.4 41.1 0.224 0.011

Model 1 � Framingham variables plus eGFR and Hb; model
2 � model 1 plus HOMAIR; model 3 � model 2 plus CRP.
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just as documented in our patients. With regards to the
interaction between [Hb] and SNP in vascular function,
it is useful to remark that nitrite induced vasodilation by
activating soluble guanylate cyclase. This vasodilatory
activity was associated with the conversion of nitrite to
NO by deoxyhemoglobin, suggesting that Hb possesses
a physiologic nitrite reductase activity that may partic-
ipate especially in hypoxic vasodilation.

A pivotal mechanism involved in the interaction of
[Hb] with NO is represented by the reaction of NO with
oxyhemoglobin to produce methemoglobin and nitrate.
This reaction inactivates NO and impairs endothelium-
dependent vasodilation as a consequence of a reduced
NO bioavailability. The fast and irreversible reaction
between NO and intravascular oxyhemoglobin causes
immediate NO inactivation and, consequently, a re-
duced paracrine diffusion from endothelium to vascular
smooth muscle cells (24 –26). This mechanism is partic-
ularly important in the impairment of NO-mediated
vasodilation that occurs during intravascular hemolysis
(27). The speed and irreversibility of this reaction is such
that even a relatively small degree of hemolysis can
completely inhibit NO and reduce endothelium-depen-
dent vasodilation. Because Hb is released into the
plasma as a consequence of the lysis of erythrocytes, the
ability of [Hb] to react with endothelial NO is limited by
its compartmentalization inside of erythrocytes. The
confinement of Hb within erythrocytes reduces the rate
of the reaction between [Hb] and NO by a factor �1000
because the cellular membrane creates a barrier to the
diffusion of NO (24,26). Another postulated mechanism
by which NO bioactivity is reduced is via its binding to
cysteinebeta-93, forming S-nitrohemoglobin, which pos-
sesses some biologic activities (23). However, this reac-
tion mainly occurs in ischemic tissues because a high
oxygen tension favors S-nitrosylation of Hb and a low
oxygen tension favors NO release with associated vaso-
dilation (22,23). These mechanisms contribute to explain
the observed association between [Hb] and endothelial
dysfunction in some clinical conditions. Reiter and co-
workers reported an increased destruction of bioactive
NO by [Hb] in sickle cell anemia (28). In addition, other
clinical manifestations can be attributed to [Hb] release
in various acquired and iatrogenic hemolytic disorders,
suggesting that hemolysis and [Hb] should be consid-
ered as a novel mechanism of human disease (29). Natali
et al. recently demonstrated an inverse relationship be-
tween hematocrit and [Hb] and endothelium-dependent
and -independent vasodilation in diabetic patients (30).
These findings are in contrast with those successively
reported by Madsen and coworkers (31) who did not
document any significant correlation between endothe-
lium-dependent vasodilation and [Hb] and hematocrit
in patients with type 2 diabetes.

In our population, we found that [Hb] in hypertensive
patients interferes only with ACh-stimulated FBF,
whereas no association was demonstrated in SNP-stim-
ulated vascular reactivity. The discordance between our
data and those from Natali is probably attributable to a
difference in study populations. Our hypertensives were
newly diagnosed, never-treated nonsmokers without

clinical evidence of vascular complications. Natali’s pa-
tients were diabetics with a long history of different
degrees of heart failure or past myocardial infarction, all
conditions affecting endothelial function. Nevertheless,
possible different pathogenetic mechanisms involved in
the endothelial dysfunction seen in diabetics or hyper-
tensives cannot be excluded. A lower NO bioavailability
may be due to reduced NO production, its increased
degradation due to oxidative stress, or both. In addition,
reduced smooth muscle cell sensitivity to the action of
NO may be present; therefore, an altered sensitivity of
soluble guanylate cyclase in hypertensives cannot be
excluded. Of interest, a dysfunctioning endothelium also
becomes a source of other substances and mediators
(endothelins, angiotensin II, prostanoids, superoxide an-
ions) that are detrimental to the arterial wall, promoting
various proatherosclerotic features including a vasocon-
stricting action (32). In normotensive subjects, we did
not observe any significant relationship between [Hb]
and endothelium-dependent or -independent vascular
reactivity. These results are in agreement with data re-
ported by Madsen, who found no significant correlation
between [Hb] and flow-mediated dilation evaluated in
the brachial artery (31).

Although the range of [Hb] values explored by us
(11.5 to 16.0 g/dl) was narrow, the Hb-vasodilatory
response to ACh was progressively steeper from the
lowest to the highest ACh dose. This link was unaffected
by traditional confounders (age, gender, fasting glucose,
lipid profile, and BP values) and emerging risk factors
such as insulin resistance, eGFR, and CRP.

We observed that [Hb], even if in the normal range, is
associated with impaired endothelium-dependent vasodi-
lation in hypertensives. These effects, probably due to the
buffering action of Hb on NO, extend the knowledge of
potential pathophysiological mechanisms involved in en-
dothelial dysfunction, which is an independent predictor
of adverse cardiovascular outcomes. The findings pre-
sented here indicate that [Hb] should be taken into account
in studies of vascular function in human diseases, partic-
ularly in clinical conditions characterized by alterations in
erythrocyte mass.

Study Limitations
An important limitation is the fact that Hb species (ni-

trosyl-hemoglobin and S-nitrosohemoglobin) were not
measured. Similarly, ferritin and transferrin values were
not available for many patients because only a small sam-
ple of patients had [Hb] values �12g/dl. Therefore, we
have not determined these parameters.
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