We are IntechOpen,
the world’s leading publisher of
Open Access books
Built by scientists, for scientists

6,100

167,000

185M

Open access books available

International authors and editors

Downloads

Our authors are among the

154

TOP 1%

12.2%

Countries delivered to

most cited scientists

Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Chapter 7

Erythrocyte Nitric Oxide
Carlota Saldanha and Ana Silva-Herdade
Additional
information is
is available
available at
at the
the end
end of
of the
the chapter
chapter
Additional information
http://dx.doi.org/10.5772/intechopen.75931

Abstract
Nitric oxide (NO) is a vasoactive molecule that, by stimulated and functional vascular
endothelial cells, is released to the lumen of the vessel and into the surrounding smooth
muscle cells. Once in the lumen, NO is captured by red blood cells and scavenged inside
through hemoglobin and derived as NO metabolites. The delivery ability of erythrocytes
allowing the NO efflux also occurs. Manipulation of NO levels inside the erythrocyte
through different external (acetylcholine, acetylcholinesterase inhibitors, fibrinogen and
CD47 4N1K peptide) and internal (redox and protein phosphorylation levels) stimuli
will be described. The values of NO efflux from the erythrocytes and its association with
the data quantified in the hemorheology properties and in clinical parameters obtained
from patients with vascular diseases will also be present. The in vivo animal experimental studies highlighting the ability of NO efflux (delivered) from the erythrocytes where
is scavenged and its influence in inflammatory and hemorheological responses will be
addressed. So, the aim of this chapter is to present the knowledge obtained about the NO
signal transduction mechanism in erythrocytes and the association between erythrocyte
availability in NO with clinical biomarkers obtained in inflammatory vascular diseases. A
final question is raised—namely, could NO be considered a hemorheological parameter?
Keywords: erythrocyte, nitric oxide, deformability, intravital microscopy,
pathophysiology

1. Introduction
Vascular endothelium cells behave like “meeting points” between white blood cells and mediator factor participants in the steps of inflammatory response allowing “cross-talk” with blood,
red blood cells (RBCs), platelets, fibrinogen, lipoproteins and other blood biomolecule components [1]. Endothelial cells (ECs) under influence of mechanical, physical and chemical stimuli
are prone to secrete vasoactive molecules into the lumen vessels and smooth muscle cells [2].
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The endothelium-derived factor secreted by vascular endothelial cells, known by its vasodilator property, was further identified as nitric oxide (NO) by Robert F. Furchgott, Louis
J. Ignarro and Ferid Murad who received the Nobel Prize in 1998 [3, 4].
Ignarro’s spectral analysis of hemoglobin (Hb) evidenced that when this biomolecule was
exposed to endothelial cells’ stimulate by acetylcholine (ACh), NO is liberated and a shift of
the Hb absorption curve occurs, establishing for the first time the NO binding to Hb and an
indirect link between red blood cells (RBCs) and NO [4].
Other authors evidenced the ability of RBCs to rescue NO liberated from endothelium cells
and the need to liberate it according the tissues oxygen partial pressure [5, 6]. Experiments
conducted in vitro using RBCs under normoxia conditions submitting to low oxygen tension
(hypoxia) showed liberation of oxygen and NO binding to deoxygenated hemoglobin demonstrating consequently allosteric structure transitions of the Hb molecule [5]. The role of erythrocyte membrane band 3 protein into NO through erythrocyte was studied [5]. The bioavailability
of RBCs in NO may be the trigger or the consequence of the involvement of the RBC’s hemoglobin as the oxygen sensor [5, 6]. NO binds to oxygenated Hb in its thiol group of cysteine β93 at
high-tissue oxygen pressure (PaO2) originating as S-nitrosohemoglobin (SNO-HbO2), while at
low PaO2, NO binds to the iron ion of the hemoglobin; heme group generates nitrosylhemoglobin molecules [7, 8]. Regarding the efflux of NO from erythrocytes, the transfer of NO between
SNO-HbO2 and the thiol group of band 3 protein was verified [9–11]. The transnitrosation reaction could occur with the thiol group of other biomolecules [9–11]. Using inhibitors of protein tyrosine kinase (PTK) p72 syk, Src Lyn and of SHP-2 protein tyrosine phosphatase (PTP),
in vitro studies have evidenced, respectively, band 3 protein phosphorylation and dephosphorylation at tyrosine residues [12]. The dephosphorylation of band 3 is associated with oxyhemoglobin and glycolytic enzymes binding which, upon band 3 phosphorylation, delivers oxygen
and glyceraldehyde dehydrogenase, aldolase and phosphofructokinase closer to the cytosol
[13]. Glutathione (GSH) is a redox biomolecule resulting from the reaction between the three
peptides glycine, glutamic and cysteine showing its thiol group that can bind directly NO transferred from SNO-HbO2, originating from nitrosothiol such as S-nitrosoglutathione (GSNO) [14].
The GSNO is a transient reservoir of NO because it is essential to be in its reduced state for
the regeneration of NADPH to NADP levels of the erythrocyte. However, the inactivation of
glutathione reductase induced by oxidative stress influences the concentration of GSH which is
needed for regeneration of oxidized proteins [15]. For instance, dithiothreitol (DTT) is a thiolreducing agent capable of regenerating disulfide-containing proteins and establishing an interchangeable thiol-disulfide reaction with glutathione [16]. Beyond that, DTT’s presence induces
changes on enzyme activity states, for example, of the PTP and PTK [17].
If auto-oxidation of hemoglobin occurs the peroxide anion will be produced, which generates peroxynitrite after reaction with NO [18]. The decomposition of peroxynitrite molecules
leads to nitrite (NO2−) and nitrate (NO3−) which are designated NO derivative molecules (NOx)
whose concentrations are changed by external RBC-binding biomolecules as shown [19, 20].
It was evidenced that NO release from SNOHb could bind to thiol groups and be exported
from RBCs as nitrosothiol or may be so as oxidation generates nitrate [19]. The NO in the
presence of oxyhemoglobin molecules induces methemoglobin and nitrate formation [20].
The hemoglobin reductase with the NADH produced in the glycolytic pathway maintains the
methemoglobin concentration [21].
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Endothelial cells and lymphocytes are able, by the participation of choline acetyltransferase,
to synthesize ACh which is released into the plasma through vesicular acetylcholine transporter [22–24].
Depending on the degree of endothelium integrity the circulating ACh induced vasodilation
or vasoconstriction according to the amount of nitric oxide synthesized and released [3]. The
NO released from endothelial cells and platelets is scavenged by erythrocyte and blood cellfree hemoglobin [25]. In order to identify the signal transduction mechanism of the erythrocyte ability to scavenge or deliver NO, in vitro studies mimicking normal and inflammatory
conditions were performed and are presented in the next section. This section also includes
ex vivo studies showing the quantification of the NO efflux values, performed with RBCs
obtained from blood samples of healthy donors and patients with vascular inflammatory diseases and their association with clinical biomarkers. Also, in vivo studies’ conduct in animal
models of hypertension and inflammation are included in the next section to show erythrocyte NO availability, contribution and association with inflammatory vascular diseases. From
all data obtained and herein described we are able to conclude the erythrocyte NO translocation across the erythrocyte membrane as a hemorheological parameter.

2. Erythrocyte nitric oxide studies
2.1. In vitro
Erythrocyte membrane acetylcholinesterase (AChE) is a hydrolytic enzyme with a rare kinetic
profile with an optimum substrate concentration (So) from on AChE activity decrease with the
augment of its substrate ACh [26, 27]. At lower or higher So values, the AChE-ACh enzyme
complex forms are active or the less active ones, respectively [26, 27].
Based on the fact that SNO-Hb and GSNO have been considered reservoirs of NO and ACh is
an endogenous compound with vasoactive properties, present in blood circulation, we raised
three questions, whether ACh induces changes on erythrocyte deformability, if there is NO
inside erythrocyte and whether it could be mobilized to the outside. In order to answer these,
human erythrocyte suspensions, in the presence of ACh, were loaded with the permeable nonfluorescent probe diamine fluorescein-2 diacetate (DAF-2 Da). Intra-erythrocyte fluorescence
intensity of triazolofluorescein (DAF-2 T) was visualized, by fluorescence microscopy, as a
result of the reaction between NO and the 4, 5- diamine fluorescein [28]. So, inside the erythrocyte, there is NO when stimulated with ACh and also there is an increase in the levels of
NO2− and NO3− [28]. When erythrocytes are in the presence of ACh, erythrocyte deformability,
during the impairment of oxygen hemoglobin affinity and of erythrocyte aggregation (EA),
has been verified [29]. The presence of an active complex (AChE-ACh) in red blood cells is able
to trigger band 3 protein phosphorylation when PTP is inhibited, with a higher mobilization of
NO-derived metabolites [30]. This complex is unable to induce band 3 phosphorylation upon
p53/56lyn and p72syk inhibition, providing a lower degree of NO efflux and NOx mobilization
[30]. This mobilization is enhanced with phosphorylated but not a dephosphorylated band
3 protein. The maximum translocation of NO efflux from RBC achieved upon acetylcholine
stimulation and band 3 phosphorylation was related to the higher levels of the methemoglobin,
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[L-lactate], concentration ratio between cyclic guanylyl cyclase (cGMP) and cyclic adenosine
monophosphate (cAMP) and lower oxygen affinity to hemoglobin value and of oxyhemoglobin concentration [30]. At variance, the effect of the AChE inhibitor velnacrine maleate (VM)
induced a higher degree of [NO] efflux/[NOx] mobilization through the AChE-VM inhibitor
complex in the presence of p53/56lyn and p72syk inhibitors [30]. When in the case of erythrocyte membrane band 3 protein dephosphorylated state, the inactive complex form of the
AChE promotes higher NO efflux than the AChE active complex form [30]. But the opposite
was observed with erythrocyte membrane band 3 protein phosphorylation [30]. When experiments were done with the AChE strong inhibitor, VM, an almost inactive complex, results and
induces lower NO efflux from erythrocytes and higher GSNO and peroxynitrite concentration
values than those obtained with the active complex form AChE-ACh [30].
Additional studies were performed taking into account the identification of the type of a G-protein
involved in the erythrocyte ACh/NO signaling pathway. It was evidenced that at the N-terminal
band 3 protein domain only Gαi1/2 binds. Gαi1/2 and the Gβ are associated with band 3 protein at the
C-terminal site domain independently of the band 3 phosphorylation degree [31]. This chapter
confirmed our previous hypothesis of the potential involvement of a heterotrimeric G protein in
signal events mediated by the erythrocyte membrane AChE-ACh complex or AChE-inhibitor
complex band 3 protein interactions with the participation of adenylyl cyclase inhibition [20, 31].
The quantification of NO efflux from the erythrocyte was assessed, by the first time for us,
using the amino-IV sensor by the amperometric method which is described [32, 33]. The nitric
oxide release from RBC in presence of ACh is sense by an electrode which oxidize NO at the
working platinum electrode, resulting on electric current. The redox current is proportional
to the NO concentration outside the membrane and it was continuously monitored with a
computer. The AChE-ACh active complex activates PKC which phosphorylates PTP and PTK
switching them to inactive and activate enzymes states, resulting in band-3 protein phosphorylation by PTK active form without with consequently NO release [32–34].
Beyond the AChE’s strong inhibitor velnacrine, the moderate AChE inhibitor timolol was
used, forming a less active AChE-timolol complex, and a lower erythrocyte efflux from NO
was quantified in relation to those values obtained with AChE-ACh [35–37].
For the first time we evidenced that when erythrocytes were in the presence of ACh or timolol,
the efflux of GSNO was lower with AChE-timolol than with AChE-ACh, both values being
higher than in their absence [38].
It was evidenced by those in vitro studies that AChE’s active and less active molecular conformations induce increased or decreased NO efflux from erythrocytes, respectively [38].
In the presence of SpermineNONOate, one among other NO donors, there is an increase in
erythrocyte deformability and oxygen hemoglobin affinity (29).
The plasma levels of ACh increase in inflammatory pathologies like fibrinogen (Fib), a plasma
molecule predominantly produced by the liver [39, 40]. From many years, it was recognized
that Fib behavior in vascular domains, where blood circulation is under low shear stress, acts
as the most influent molecule in erythrocyte aggregation (EA) [41]. The association between
Fib and EA has been verified in several pathological conditions [42]. Only in this twenty-first

Erythrocyte Nitric Oxide
http://dx.doi.org/10.5772/intechopen.75931

century was CD47 established as a binding target in the erythrocyte membrane for the soluble
form of fibrinogen [43].
It was shown that for soluble Fib, in physiological concentrations, the NO efflux from erythrocytes decreased with increased GSNO, nitrite and nitrate levels [44]. The scavenging NO RBC
ability to reduce efflux was surpassed showing normal values when both 4N1K (the CD47
peptide analog of thrombospondin binding site) and high fibrinogen levels are present or
when 4N1K is absent [45]. These data show the dependence of lower cyclic adenosine monophosphate (cAMP) associated with adenylate cyclase (AC) inhibition by CD47Gαi [45]. When
phosphorylation of the erythrocyte membrane protein band 3 is induced in the presence of
high fibrinogen concentration and in the absence or presence of 4N1K, the NO efflux increases
[46, 47]. The NO efflux from erythrocytes at high fibrinogen concentration is dependent on
band 3 protein phosphorylation which was confirmed in the experiments where the erythrocyte casein kinase 2 (a cytosol protein that phosphorylates the band 3 protein) inhibitor was
used, showing unchanged levels of NO efflux in relation to its absence [27, 48].
During inflammation high levels of both acetylcholine and fibrinogen are presented and normal
values of NO efflux from erythrocytes have been observed in vitro [39, 49]. Besides, a higher NO
efflux from RBC will be expected resulting of the presence of ACh and high fibrinogen concentration, normal values were obtained; the AChE-ACh molecular conformational state activates
PKC which inhibits PDE 3 with increase of cAMP concentration that normalize the lower levels
of cAMP derived from the inhibition of AC [35, 38, 45, 49]. Interestingly, the presence of forskolin
(activator of the enzyme AC) in an in vitro model of hyperfibrinogenemia did not change the
levels of NO efflux from erythrocytes, because the PDE3 is functional to hydrolase cAMP [27, 48].
When stimulating the erythrocyte redox thiol status by loading dithiothreitol (DTT), there is
a decreased NO efflux concomitant with increased levels of nitrite, nitrate and GSNO [50]. It
is well known that dithiothreitol induces band 3 dephosphorylation and a dephosphorylated
state accounts for the AChE inhibitors and fibrinogen effects on red cells [17, 30, 49].
High concentrations of oxidized LDL when in the presence of blood samples of healthy
human erythrocytes increase its ability to scavenge NO [51]. The same behavior was obtained
in another study conducted with blood samples taken from healthy humans and exposed or
not (control aliquot) to two different concentrations of LDL/HDL; no changes in NO efflux
values from the erythrocyte, no alterations on intra-erythrocyte peroxynitrite concentrations
and an unaltered deformability profile, at all shear stresses, were observed. At variance the
levels of intra-erythrocyte NO derivative molecules nitrite, nitrate and GSNO showed significantly increased values when compared with control aliquots. The unchanged deformability
values obtained at lower and high shear stresses for all treated blood sample aliquots with
LDL/HDL are indicative of membrane stability, internal viscosity maintenance and normal
interactions of membrane peripheral and cytoskeleton [52]. The absence of erythrocyte membrane instability obtained in blood sample aliquots under LDL/HDL addition is confirmed
by the unchanged nitrogen reactive species concentration of peroxynitrite, as evidence by
the normal levels obtained for peroxynitrite is an index of auto-oxidation of oxyhemoglobin
[52, 53]. The addition of different concentrations of the lipoprotein sub-fractions’ LDL/HDL
seems not to favor hemoglobin auto-oxidation. Superoxide anion will be formed from the
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auto-oxidation of hemoglobin, but without its generation plus unchanged values of peroxynitrite concentrations it was evidenced that when the thiol status of erythrocyte was maintained
in normal range, no alterations were verified in erythrocyte deformability [50].
The NO efflux from erythrocytes is gender independent [54] at variance with higher women’s
RBC AChE enzyme activity than men as previously evidenced [54]. Timolol maleate is a topically therapeutic drug used in glaucoma patients that, when incubated with blood samples
of patients with this nerve optical disease, they did not induce significant differences in NO
efflux from erythrocytes and nor in GSNO concentration values inside RBCs when compared
to the absence of timolol in the blood aliquots of those erythrocytes [55]. Both NO efflux and
GSNO values obtained were significantly higher than those quantified in blood samples of
healthy persons [55]. Erythrocytes’ NO metabolism in glaucoma patients are not affected by
timolol treatment [55].
The same amperometric NO sensor, mentioned above, was used in confluent human umbilical endothelial cells (HUVECs) in which we have demonstrated the existence of membranebound acetylcholinesterase and higher NO production in the presence of ACh in relation
to velnacrine [56–58]. The activation of the signal transduction mechanism induced by the
AChE-ACh active complex revealed high values of [cAMP] and [cGMP] which are lowered
by the AChE-VM inactive complex [58].
2.2. Ex vivo
Hemorheology is the science which studies blood deformation and its components’ interaction
with vessel walls, occurring inside blood vessels of macro and microcirculation. In the past, the
longitudinal and follow-up clinical studies done, ex vivo, have as an objective the characterization of the intravascular profile of different diseases according to hemorheological parameters
and inflammatory factors [41, 48, 59]. To accomplish this aim, blood samples were taken from
patients with acute myocardial infarction, glaucoma, Bechet, renal diseases whether submitted
or not to chronic hemodialysis or kidney transplant and diabetic retinopathy degree, and an association between the laboratorial data and the clinical parameter values was observed [41, 48, 59].
Erythrocytes scavenge and liberate oxygen and NO at high and low local tissue oxygen partial
pressure, respectively [60, 61]. Erythrocyte deformability is a biorheological influent factor on
blood viscosity, cellular oxygenation and a biomarker of acute and chronic inflammation [62].
Patients with hypercholesterolemia, hypertension and renal transplant present lower ability
to reversible change its shape (decrease erythrocyte deformability values) and higher values of NO efflux from erythrocytes when stimulated with ACh [63]. In the same study, an
inverse relationship between erythrocyte deformability values and NO efflux concentrations
from erythrocytes obtained from blood samples of those patients, was evidenced [63]. In all
samples lower values of NO efflux were verified in relation to those of healthy persons—what
could be considered as a compensatory mechanism to avoid more wall vessel damage [63].
We will present in vivo studies later in this section.
Disturbed blood rheology in patients with systemic lupus erythematosus (SLE) and patients
with rheumatoid arthritis (RA) that could contribute to atherosclerosis is described [64–66].
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So, a study was performed to evaluate the associations between hemorheology parameters
including the erythrocyte NO rescue ability of RBCs and the cardiovascular risk factors,
inflammatory parameters and subclinical atherosclerosis. Erythrocyte NO efflux was significantly associated with both carotid intima-media thickness (cIMT) and the presence of
plaques (negative association) and was an independent predictor of cIMT [67]. Erythrocyte
NO production can be looked at as a compensatory mechanism [67]. As mentioned above,
under low tissue oxygen partial tension, erythrocytes release NO bound to hemoglobin, promoting vasodilation [61, 62]. Besides, NO could represent a protective factor against atherosclerosis; it could be produced in large amounts by the inducible nitric oxide synthase (iNOS)
which is characteristic of the dysfunctional endothelium which combining with superoxide
anion generates peroxynitrite molecules that have oxidant properties; this NO derivative
worse the dysfunctional endothelial wall hindering it to return to be functional [68].
The data of the hemorheological and inflammatory evaluations performed ex vivo in blood
samples of women with SLE suggested greater risk of arterial thrombosis and prediction of
higher mortality than humans with normal blood viscosity and fibrinogen values [67, 69].
Both SLE and RA patients showed high erythrocyte aggregation independent of the medication undertaken by SLE patients. This ex vivo study shows that hemorheological parameters
are independently associated with the early stages of atherosclerosis in SLE and RA patients.
Additionally, it documents disturbed and unfavorable hemorheological features in association with disease activity and with traditional CV risk factors contributing to atherogenesis
in inflammatory rheumatic diseases. So, the evaluation of NO and also of hemorheological
parameters must be done in order to predict the development course of the autoimmune
disease in RA and SLA patients [67].
In patients with amyotrophic lateral sclerosis (ALS) that is a neurodegenerative disease of the
motor system, our aim was to assess RBCs’ biochemical and hemorheological parameters and
identify novel biomarkers of one of the most painful and fast mortal disease after diagnosis
[70]. The erythrocyte deformability and AChE activity of blood samples were increased in
patients with ALS in comparison to healthy donors [70]. This ex vivo study conducted with
blood samples of ALS patients showed lower values of NO efflux from RBCs and nitrites than
those obtained in healthy humans [70]. Due to variability between the duration of this disease
until death, the higher NO quartile values are associated with the worse respiratory function
[70]. A positive relation of quartiles values were obtained between AChE enzyme activity and
nitrites levels [70]. Both erythrocyte NO and AChE were suggested as biomarkers of ALS and
further potential therapeutic targets [70].
Another very sad complex situation with high mortality covering healthy humans from all
ages and under a variety of situations from a simple infection or travel accident to a postsurgery complication is sepsis [71]. Several pathophysiological mechanisms from unbalanced
pro−/anti -inflammatory, hypo and hyper-insulinemia, to hypo- and hyper-glycemia are
simultaneously deregulated in intensive care units (ICUs). Follow-up studies carried out in
ICU are urgently needed [71]. We have verified that in septic shock patients before dead, at 24
in IUC showed higher efflux of NO from erythrocytes and worse blood circulation observed
by hemodynamic parameters namely high unequal blood flow and high microvascular flow
index quantified in sub lingual microcirculation [72].
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2.3. In vivo studies
The ACh molecule has a ubiquity property with an anti-inflammatory effect, decreasing leukocytes’ adherence and plasma TNF-α concentration evidenced in an in vivo animal model of
lipopolysaccharide-induced inflammation [73, 74].
The influence of NO on the hemoglobin affinity to oxygen and on biorheology properties of
the erythrocytes was shown in healthy and in ill humans as described earlier. NO influx into
erythrocytes induced by spermineNONOate or the efflux stimulates by ACh increased the
reversible discocyte shape, or erythrocyte deformability, under shear stress values characteristic of the microcirculation network as shown [29].
The angiotensin II AT1-receptor antagonist, valsartan, is able to restore, in hypertensive
Sprague–Dawley rats which are LNAME dependent, their systolic blood pressure (SBP) to the
physiological values, as well as normalize the whole blood viscosity (WBV) values increased
during the hypertensive time [75]. The NO efflux from erythrocytes decreases in parallel to
WBV and SBP returning to normal values after valsartan application [75]. Regarding erythrocyte deformability values that decreased during the hypertensive state of the animals, lower
or normal values at lower and higher shear stress, respectively, were maintained after systolic
blood pressure recovery by valsartan [75]. This in vivo animal experimental model of hypertension demonstrated the relation between the endothelial cells and the erythrocytes’ availability of NO, beavering as a compensatory mechanism vascular disturbance [75]. This could
be considered as an antagonist effect to the occurrence of reactive nitrogen species (RNS) and
to the amplification of oxidative reactive species (ORS).
The in vivo mice model of acute inflammation induced by intra-scrotal injection of the platelet-activator factor (PAF, a phospholipid mediator of inflammation) showed that the NO efflux
from erythrocytes decreases with acute-phase response development [76] The end of the acute
inflammatory response visualized by intravital microscopy showed normalization of the number of labeled neutrophils rolling and adherent, rolling velocity and vessel diameter values [76].
NO normal values rewound with inflammation recover, besides the maintenance of decreased
RBCs’ deformability [76]. There are PA receptors (PAF-R) constitutively present on platelets, leukocytes and endothelial cells but are absent in red blood cells; besides, PAF stimulates the breakdown of sphingomyelin on RBCs in isotonic conditions [77]. Therefore, PAF may cause changes
in the physicochemical structure of the erythrocyte membrane, which in turn may cause changes
in RBC deformability maintained after the recovery of the initial phase of inflammatory response
[77]. The NO efflux from erythrocyte behavior in this model of acute inflammatory response
during 6 h in mice reinforces the idea of the NO rescue inside erythrocyte as a compensatory
mechanism in low-grade or chronic inflammation of those diseases reported earlier [63, 77].

3. Conclusions
The nitric oxide mobilization inside or outside the erythrocyte is possible under either the
action of the non-neuronal cholinergic components, acetylcholinesterase and acetylcholine, or
the manipulation of band 3 protein phosphorylation degree. Higher NO efflux occurs under
the influence of the AChE-ACh complex as well as, simultaneously, with the band 3 protein
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phosphorylation. At variance, higher NO mobilization inside the erythrocytes happens under
simultaneous influence of AChE-velnacrine and band 3 protein dephosphorylation.
At normal acetylcholine plasma levels, the erythrocyte NO efflux increases by a signal pathway dependent of membrane band 3 protein phosphorylation, Giαβ protein, AC, acetylcholinesterase enzyme activity and its molecular conformations, PKC and PD3.
The erythrocyte aggregation tendency is impaired by the presence of the AChE-ACh complex
and is reinforced by higher thiol redox status inside the erythrocyte. The erythrocyte aggregation is impaired by changes on band 3 phosphorylation/dephosphorylation equilibrium;
besides, higher values are associated with a higher phosphorylation degree. On the contrary,
ED increases in the presence of the AChE-ACh complex.
The ability of RBC to scavenge NO may be considered as a compensatory mechanism acting
against the overproduced NO by the endothelial-inducible NO synthase when the vascular
endothelium is dysfunctional [50].
Under unstimulated erythrocytes, GSNO efflux did not occur, and it is regarded as a potentially therapeutical agent, acting as a store or donor of NO.
It is possible to modulate erythrocyte availability in NO by plasma fibrinogen in a nonlinear,
dose-dependent manner in human erythrocytes. Lower intra-erythrocyte cAMP is an influent
condition to the NO efflux in an in vitro model of hyperfibrinogenemia. These results may be
considered a useful therapeutic approach for the storage of blood that is used in transfusions.
Fibrinogen-C47-triggered erythrocyte GSNO and decreased NO efflux may, if verified in vivo, be
associated with coagulopathy and hypotension under acute phase states. These effects show on
NO-derived molecules, allowing intra-erythrocyte NO scavenging as a protector under inflammatory conditions as we evidenced in an animal model of acute inflammation and verified
ex vivo in a vascular inflammatory disease with low-grade or chronic inflammation. An anti-reactive nitrogen role can be attributed to ox-LDL for its contribution in the erythrocyte-scavenged
ability for nitric oxide. From all studies reviewed here, we can suggest NO efflux or influx from
or into RBCs and the internal mobilization between the NOx as a hemorheological parameter
participating in the erythrocyte deformability in dependence of the structural protein conformations or phosphorylation degree components of the membrane or the internal RBC compartment.

Acknowledgements
This work was funded by Fundação para a Ciência e Tecnologia: LISBOA-01-0145-FEDER007391, and the project was co-funded by FEDER, through POR Lisboa 2020—Programa Operacional Regional de Lisboa, PORTUGAL 2020. The authors thank Teresa Freitas and Emilia
Alves for their technical and type-writing support, respectively.

Conflict of interest
The authors declare no conflict of interest.

139

140

Novel Prospects in Oxidative and Nitrosative Stress

Author details
Carlota Saldanha* and Ana Silva-Herdade
*Address all correspondence to: carlotasaldanha@medicina.ulisboa.pt
Faculty of Medicine, Institute of Biochemistry, Institute of Molecular Medicine, University of
Lisbon, Lisbon, Portugal

References
[1] Forconi S, Gori T. Endothelium and hemorheology. Clinical Hemorheology and Microcirculation. 2013;53(1-2):3-10. DOI: 10.3233/CH-2012-1571
[2] Pober JS, Sessa WC. Evolving functions of endothelial cells in inflammation. Nature
Reviews Immunology. 2007;7:803-815. DOI: 10.1038/nri2171
[3] Furchgott RF, Vanhoutte PM. Endothelium-derived relaxing and contracting factors.
The FASEB Journal. 1989;3:2007-2018 PMID: 2545495
[4] SoRelle R. Nobel prize awarded to scientists for nitric oxide discoveries. Circulation.
1998;98:2365-2366 http://www.nobel.se/medicine/laureates/1998/
[5] Han TH, Qamirani E, Nelson AG, Hyduke DR, Chaudhuri G, Kuo L, Liao JC. Regulation
of nitric oxide consumption by hypoxic red blood cells. Proceedings of the National
Academy of Sciences of the USA. 2003;100:12504-12509. DOI: 10.1016/j.niox.2006.11.002
[6] Sonveaux P, Lobysheva II, Feron O, McMahon TJ. Transport and peripheral bioactivities of nitrogen oxides carried by red blood cell hemoglobin: Role in oxygen delivery.
Physiology. 2007;22:97-112. DOI: 10.1152/physiol.00042.2006
[7] Nagababu E, Ramasamy S, Abernethy DR, Rifkind JM. Active nitric oxide produced in
the red cell under hypoxic conditions by deoxyhemoglobin-mediated nitrite reduction.
The Journal of Biological Chemistry. 2003;278:46349-46356. DOI: 10.1074/jbc.M307572200
[8] Stamler JS, Jia L, Eu JP, McMahon TJ, Demchenko IT, Bonaventura J, Gernert K,
Piantadosi CA. Blood flow regulation by S-nitrosohemoglobin in the physiological oxygen gradient. Science. 1997;276:2034-2037. DOI: 10.1126/science.276.5321.2034
[9] Jia L, Bonaventura C, Bonaventura J, Stamler JS. S-nitrosohaemoglobin: A dynamic activity of blood involved in vascular control. Nature. 1996;380:221-226. DOI: 10.1038/380221a0
[10] Gladwin MT, Lancaster JR Jr, Freeman BA, Schechter AN. Nitric oxide’s reactions with
hemoglobin: A view through the SNO-storm. Nature Medicine. 2003;9:496-500. DOI:
10.1038/nm0503-496
[11] Pawloski JR, Hess DT, Stamler JS. Export by red blood cells of nitric oxide bioactivity.
Nature. 2001;409:622-626. DOI: 10.1038/35054560

Erythrocyte Nitric Oxide
http://dx.doi.org/10.5772/intechopen.75931

[12] Bordin L, Brunati AM, Donella-Deana A, Baggio B, Toninello A, Clari G. Band 3 is an
anchor protein and a target for SHP-2 tyrosine phosphatase in human erythrocytes.
Blood. 2002;100:276-278
[13] Campanella ME, Chu H, Low PS. Assembly and regulation of a glycolytic enzyme complex on the human erythrocyte membrane. Proceedings of the National Academy of
Sciences of the USA. 2005;102:2402-2407. DOI: 10.1182/blood-2008-03-146159
[14] Galli F, Rossi R, Di Simplicio P, Floridi A, Canestrari F. Protein thiols and glutathione
influence the nitric oxide-dependent regulation of the red blood cell metabolism. Nitric
Oxide. 2002;6:186-199. DOI: 10.1006/niox.2001.0397
[15] Fujii T, Hamaoka R, Fujii J, Taniguchi N. Redox capacity of cells affects inactivation of
glutathione reductase by nitrosative stress. Archives of Biochemistry and Biophysics.
2000;378:123-130. DOI: 10.1006/abbi.2000.1825
[16] Rothwarf DM, Scheraga HA. Equilibrium and kinetic constants for the thiol-disulfide
interchange reaction between glutathione and dithiothreitol. Proceedings of the National
Academy of Sciences of the USA. 1992;89:7944-7948 PMID: 1518818
[17] Zipser Y, Piade A, Kosower NS. Erythrocyte thiol statusregulates band 3 phosphotyrosine level via oxidation/reduction of band 3-associated phosphotyrosine phosphatase.
FEBS Letters. 1997;406:126-130. DOI: 10.1016/S0014-5793(97)00263-9
[18] Balagopalakrishna C, Manoharan PT, Abugo OO, Rifkind JM. Production of superoxide
from hemoglobin-bound oxygen under hypoxic conditions. Biochemistry. 1996;35:63936398. DOI: 10.1021/bi952875
[19] Gladwin MT, Wang X, Reiter CD. Snitrosohemoglobin is unstable in the reductive
erythrocyte environment and lacks O2/NO-linked allosteric function. The Journal of
Biological Chemistry. 2002;277:27818-27828. DOI: 10.1074/jbc.M203236200
[20] Carvalho FA, Mesquita R, Martins-Silva J, Saldanha C. Acetylcholine and choline effects
on erythrocyte nitrite and nitrate levels. Journal of Applied Toxicology. 2004;24:419-427.
DOI: 10.1002/jat.993
[21] Inal ME, Egüz AM. The effects of isosorbide dinitrate on methemoglobin reductase
enzyme activity and antioxidant states. Cell Biochemistry and Function. 2004;22:129133. DOI: 10.1002/cbf.1007
[22] Kirkpatrick CJ, Bittinger F, Unger RE, Kriegsmann J, Kilbinger H, Wessler I. The nonneuronal cholinergic system in the endothelium: Evidence and possible pathobiological
significance. Japanese Journal of Pharmacology. 2001;85:24-28. DOI: 10.1254/jjp.85.24
[23] Wessler I, Kilbinger H, Bittinger F, Unger R, Kirkpatrick CJ. The non-neuronal cholinergic system in humans: Expression, function and pathophysiology. Life Sciences. 2003;
72:2055-2061. DOI: 10.1016/S0024-3205(03)00069-9
[24] Kirkpatrick CJ, Bittinger F, Nozadze K, Wessler I. Expression and function of the nonneuronal cholinergic system in endothelial cells. Life Sciences. 2003;72:2111-2116. DOI:
10.1016/S0024-3205(03)00069-9

141

142

Novel Prospects in Oxidative and Nitrosative Stress

[25] Vaughn MW, Huang KT, Kuo L, Liao JC. Erythrocytes possess an intrinsic barrier to
nitric oxide consumption. The Journal of Biological Chemistry. 2000;275:2342-2348. DOI:
10.1074/jbc.275.4.2342
[26] Saldanha C. Acetilcolinesterase – contribuição para o estudo cinético da enzima eritrocitária de homem [Thesis]. Universidade Nova de Lisboa; 1985
[27] Saldanha C. Human erythrocyte acetylcholinesterase in health and disease. Molecules.
2017;22: pii: E1499. DOI: 10.3390/molecules22091499
[28] Mesquita R, Saldanha C, Martins Silva J. Acetylcholine induces nitric oxide production
by erythrocytes “in vitro”. In: First International Conference Biology, Chemistry and
Therapeutic Applications of Nitric Oxide, San Francisco, June 3-7, 2000. Nitric Oxide
Biology and Chemistry; 2000. vol. 4. pp. 313-314. 10.1006/niox.2000
[29] Mesquita R, Pires I, Saldanha C, Martins-Silva J. Effects of acetylcholine and spermine NONOate on erythrocyte hemorheologic and oxygen carrying properties. Clinical
Hemorheology and Microcirculation. 2001;25:153-163 PMID: 11847418
[30] Carvalho FA, Almeida JP, Fernandes I, Freitas-Santos T, Saldanha C. Non-neuronal
cholinergic system and signal transduction pathways mediated by band 3 in red blood
cells. Clinical Hemorheology and Microcirculation. 2008;40:207-227. DOI: 10.3233/
CH-2008-1130
[31] Carvalho FA, Almeida JP, Fernandes I, Freitas-Santos T, Saldanha C. Modulation of erythrocyte acetylcholinesterase activity and its association with G protein-band 3 interactions. The Journal of Membrane Biology. 2009;228:89-97. DOI: 10.1007/s00232-009-9162-8
[32] Carvalho A, Martins-Silva J, Saldanha C. Amperometric measurements of nitric oxide
in erythrocytes. Biosensors & Bioelectronics. 2004;20:505-508. DOI: 10.1016/j.bios.
2004.02.015
[33] Saldanha C, Lopes de Almeida JP, Silva-Herdade AS. Application of a nitric oxide sensor
in biomedicine. Biosensors. 2014;4:1-17. DOI: 10.3390/bios4010001
[34] Zipser Y, Piade A, Barbul A, Korenstein R, Kosower NS. Ca2+ promotes erythrocyte
band 3 tyrosine phosphorylation via dissociation of phosphotyrosine phosphatase from
band 3. The Biochemical Journal. 2002;368:137-144. DOI: 10.1042/BJ20020359
[35] Almeida JP, Carvalho FA, Martins-Silva J, Saldanha C. The modulation of cyclic nucleotide levels and PKC activity by acetylcholinesterase effectors in human erythrocytes.
Actas Bioquímica. 2008;9:111-114 Institute of Biochemistry, Faculty of Medicine, University of Lisbon, Portugal
[36] Zabala L, Saldanha C, Martins e Silva J, Ramalho PS. Red blood cell membrane integrity
in primary open angle glaucoma: Ex vivo and in vitro studies. Eye. 1999;13:101-103. DOI:
10.1038/eye.1999.18
[37] Saldanha C, Teixeira P, Santos-Freitas T, Napoleão P. Timolol modulates erythrocyte
nitric oxide bioavailability. Journal of Clinical and Experimental Optalmology. 2013;4:3.
DOI: 10.4172/2155-9570.1000285

Erythrocyte Nitric Oxide
http://dx.doi.org/10.5772/intechopen.75931

[38] Teixeira P, Duro N, Napoleão P, Saldanha C. Acetylcholinesterase conformational states
influence nitric oxide mobilization in the erythrocyte. The Journal of Membrane Biology.
2015;248:349-335. DOI: 10.1007/s00232-015-9776-y
[39] Wessler I, Bittinger F, Kamin W, Zepp F, Meyer E, Schad A, Kirkpatrick CJ. Dysfunction
of the non-neuronal cholinergic system in the airways and blood cells of patients with
cystic fibrosis. Life Sciences. 2007;80:2253-2258. DOI: 10.1016/j.lfs.2007.01.042
[40] Alexander KS, Madden TE, Farrell DH. Association between γ’ fibrinogen levels and
inflammation. Thrombosis and Haemostasis. 2011;105:605-609. DOI: 10.1160/TH10-09-0626
[41] Saldanha C. Fibrinogen interaction with the red blood cell membrane. Clinical Hemorheology and Microcirculation. 2013;53:39-44. DOI: 10.3233/CH-2012-1574
[42] Lopes de Almeida JP, Oliveira S, Saldanha C. Erythrocyte as a biological sensor. Clinical
Hemorheology and Microcirculation. 2012;51:1-20. DOI: 10.3233/CH-2011-1512
[43] De Oliveira S, Vitorino de Almeida V, Calado A, Saldanha C. Integrin-associated protein
(CD47) is a putative mediator for soluble fibrinogen interaction with human red blood
cells membrane. Biochemistry and Biophysics Acta. 2012;1818:481-490. DOI: 10.1016/j.
bbamem.2011.10.028
[44] Lopes de Almeida JP, Freitas-Santos T, Saldanha C. Fibrinogen-dependent signaling in
microvascular erythrocyte function: Implications on nitric oxide efflux. The Journal of
Membrane Biology. 2009;231:47-53. DOI: 10.1007/s00232-009-9162-8
[45] Saldanha C, Freitas T, Lopes de Almeida JP, Silva-Herdade AS. Signal transduction
pathways in erythrocyte nitric oxide metabolism under high fibrinogen levels. KoreaAustralia Rheology Journal. 2014;26:217-223. DOI: 10.1007/s13367-014-0024-2
[46] Lopes de Almeida JP, Freitas-Santos T, Saldanha C. Evidence that the degree of band
3 phosphorylation modulates human erythrocytes nitric oxide efflux-in vitro model of
fibrinogenemia. Clinical Hemorheology and Microcirculation. 2011;49:407-416. DOI:
10.3233/CH-2011-1490
[47] Silva-Herdade AS, Freitas T, Almeida JP, Saldanha C. Fibrinogen signaling in erythrocyte
nitric oxide mobilization in presence of PI3-K and adenylyl cyclase inhibitors. European
Journal of Biomedical and Pharmaceutical Sciences. 2016;3:28-34 ISSN 2349-8870
[48] Saldanha C, Silva-Herdade AS. Physiological properties of erythrocytes in inflammation. Journal of Cellular Biotechnology. 2017;3:15-20. DOI: 10.3233/JCB-179003
[49] Saldanha C, Freitas T, Almeida JP. Fibrinogen effects on erythrocyte nitric oxide mobilization in presence of acetylcholine. Life Sciences. 2012;91:1017-1022. DOI: 10.1016/j.
lfs.2012.06.035
[50] Almeida JP, Carvalho F, Freitas T, Saldanha C. Modulation of hemorheological parameters by the erythrocyte redox thiol status. Clinical and Hemorhreology and Microcirculation. 2008;40:99-111. DOI: 10.3233/CH-2008-1120

143

144

Novel Prospects in Oxidative and Nitrosative Stress

[51] Napoleão P, Freitas T, Saldanha C. Effect of oxidized LDL on erythrocyte nitricoxide metabolism. Clinical and Hemorheology Microcirculation. 2016;64:971-975. DOI:
10.3233/CH-168025
[52] Ahamd S, Teresa F, Carlota S, Ana SH. Lipoproteins effects on erythrocyte nitric oxide
metabolismo and biorheology. Clinical and Medical Investigations. 2017;2:1-5. DOI:
10.15761/CMI.1000141
[53] Balagopalakrishna C, Manoharan PT, Abugo OO, Rifkind JM. Production of superoxide
from hemoglobin-bound oxygen under hypoxic conditions. Biochemistry. 1996;35:63936398. DOI: 10.1021/bi952875+
[54] Hilário S, Saldanha C, Martins e Silva J. An in vitro study of adrenaline effect on human
erythrocyte properties in both gender. Clinical Hemorheology and Microcirculation.
2003;28:89-98 1386-0291/03/$8.00 2003 – IOS Press
[55] Esteves R, Freitas T, Teixeira P, Napoleão P, Neves C, Saldanha C. Erythrocyte nitric
oxide in glaucoma patients–ex vivo study. Clinical Hemorheology and Microcirculation.
2016;64:989-994. DOI: 10.3233/CH-168049
[56] Carvalho FA, Graça LM, Martins-Silva J, Saldanha C. Biochemical characterization of
human umbilical vein endothelial cell membrane bound acetylcholinesterase. The FEBS
Journal. 2005;272:5584-5594. DOI: 10.1111/j.1742-4658.2005.04953
[57] Santos SC, Vala I, Miguel C, Barata JT, Garção P, Agostinho P, Mendes M, Coelho AV,
Calado A, Oliveira CR, Martins-Silva J, Saldanha C. Expression and subcellular localization of a novel nuclear acetylcholinesterase protein. The Journal of Biological Chemistry.
2007;282:25597-25603. DOI: 10.1074/jbc.M700569200
[58] Carvalho FA, Martins-Silva J, Saldanha C. The study of velnacrine maleate effects on
endothelial cell second messengers. Journal of Vascular Research. In: Abstracts of the
23rd Conference of the European Society for Microcirculation. Microcirculation and
Vascular Biology: Basis for Research and Reason for life Lisbon- Portugal, September
8-11, 2004; 41, S2, p 36
[59] Saldanha C, de Almeida JP. Erythrocyte as a link between basic and clinical research. Clinical Hemorheology and Microcirculation. 2011;49:463-472. DOI: 10.3233/CH-2011-1496
[60] Gross SS. Vascular biology. Targeted delivery of nitric oxide. Nature. 2001;409:577-578.
DOI: 10.1038/35054661
[61] Pawloski JR, Hess DT, Stamler JS. Export by red blood cells of nitric oxide bioactivity.
Nature. 2001;409:622-626. DOI: 10.1038/35054560
[62] Saldanha C, Lopes de Almeida JP, Freitas T, de Oliveira S, Silva-Herdade A. Erythrocyte
deformability responses to shear stress under external and internal influences. Series on
Biomechanics. 2010;25:54-60 ISSN 1313-2458
[63] Carvalho F, Maria AV, Guerra J, Moreira C, Braz-Nogueira J, Martins-Silva J, Saldanha
C. The relation between the erythrocyte nitric oxide and hemorheological parameters.

Erythrocyte Nitric Oxide
http://dx.doi.org/10.5772/intechopen.75931

Clinical Hemorheology and Microcirculation. 2006;35:341-347 PMID: 16899954; 13860291/06/$17.00 2006 – IOS Press
[64] Ernst E, Hein A, Meurer M, Ruzicka T. Blood rheology in lupus erythematosus. Annals
of the Rheumatic Diseases. 1991;50:710-712. DOI: 10.1136/ard.50.10.710
[65] Rosenson RS, Shott S, Katz R. Elevated blood viscosity in systemic lupus erythematosus.
Seminars in Arthritis and Rheumatism. 2001;31:52-57. DOI: 10.1053/sarh.2001.24876
[66] Gudmundsson M, Oden A, Bjelle A. On whole blood viscosity measurements in healthy
individuals and in rheumatoid arthritis patients. Biorheology. 1994;31:407-416 PMID:
7981439
[67] Santos MJ, Pedro LM, Canhão H, Fernandes E Fernandes J, Canas da Silva J, Fonseca
JE, Saldanha C. Hemorheological parameters are related to subclinical atherosclerosis
in systemic lupus erythematosus and rheumatoid arthritis patients. Atherosclerosis.
2011;219:821-826. DOI: 10.1016/j.atherosclerosis.2011.08.026
[68] Chen H, Xu Y, Wang J, Zhao W, Ruan H. Baicalin ameliorates isoproterenol-induced
acute myocardial infarction through iNOS, inflammation and oxidative stress in rat.
International Journal of Clinical and Experimental Pathology. 2015;8:10139-10147 www.
ijcep.com. ISSN: 1936-2625/IJCEP0011897
[69] Woodward M, Rumley A, Tunstall-Pedoe H, Lowe GD. Does sticky bloodpredict a
sticky end? Associations of blood viscosity, haematocrit and fibrinogen with mortality in the West of Scotland. British Journal of Haematology. 2003;122:645-650. DOI:
10.1046/j.1365-2141.2003.04387.x
[70] Lima C, Pinto S, Napoleão P, Pronto-Laborinho AC, Barros MA, Freitas T, de Carvalho
M, Saldanha C. Identification of erythrocyte biomarkers in amyotrophic lateral sclerosis.
Clinical Hemorheology and Microcirculation. 2016;63:423-437. DOI: 10.3233/CH-162066
[71] Saldanha C, Messias A. Sepsis needs follow-up studies in intensive care units- another
avenue for translational research. Novel Approaches in Drug Designing and Development. 2017;1:555555 ISSN: 2575-8942
[72] Saldanha C, Oliveira I, Napoleão P. Biophysical role of red blood cells in microcirculation. Journal of Vascular Research. 2017;54:67. DOI: 10.1159/000471944
[73] Saldanha C, Silva-Herdade AS. The ubiquity nature of acetylcholine. Clinical and
Experimental Pharmacology. 2014;4:3. DOI: 10.4172/2161-1459.1000159
[74] Silva-Herdade AS, Saldanha C. Effects of acetylcholine on an animal model of inflammation. Clinical Hemorheology and Microcirculation. 2013;53:209-216. DOI: 10.3233/
CH-121646
[75] Silva-Herdade AS, Saldanha C. Hemorheological effects of valsartan in L-NAME
induced hypertension in rats. The Open Circulation and Vascular Journal. 2011;4:1-5.
DOI: 10.2174/1877382601104010001

145

146

Novel Prospects in Oxidative and Nitrosative Stress

[76] Silva-Herdade AS, Andolina G, Faggio C, Calado Â, Saldanha C. Erythrocyte deformability – A partner of the inflammatory response. Microvascular Research. 2016;107:3438. DOI: 10.1016/j.mvr.2016.04.011
[77] Lang PA, Kempe DS, Tanneur V, Eisele K, Klarl BA, Myssina S, Jendrossek V, Ishii
S, Shimizu T, Waidmann M, Hessler G, Huber SM, Lang F, Wieder T. Stimulation of
erythrocyte ceramide formation by platelet-activating factor. Journal of Cell Science.
2005;118:1233-1243. DOI: 10.1242/jcs.01730

