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Abstract: Emerging studies provide new data shedding some light on the complex and pivotal role
of red blood cells (RBCs) in nitric oxide (NO) metabolism and paracrine regulation of endothelial
function. NO is involved in the regulation of vasodilatation, platelet aggregation, inflammation,
hypoxic adaptation, and oxidative stress. Even though tremendous knowledge about NO metabolism
has been collected, the exact RBCs’ status still requires evaluation. This paper summarizes the actual
knowledge regarding the role of erythrocytes as a mobile depot of amino acids necessary for NO
biotransformation. Moreover, the complex regulation of RBCs’ translocases is presented with a
particular focus on cationic amino acid transporters (CATs) responsible for the NO substrates and
derivatives transport. The main part demonstrates the intraerythrocytic metabolism of L-arginine
with its regulation by reactive oxygen species and arginase activity. Additionally, the process of
nitrite and nitrate turnover was demonstrated to be another stable source of NO, with its reduction
by xanthine oxidoreductase or hemoglobin. Additional function of hemoglobin in NO synthesis
and its subsequent stabilization in steady intermediates is also discussed. Furthermore, RBCs
regulate the vascular tone by releasing ATP, inducing smooth muscle cell relaxation, and decreasing
platelet aggregation. Erythrocytes and intraerythrocytic NO metabolism are also responsible for the
maintenance of normotension. Hence, RBCs became a promising new therapeutic target in restoring
NO homeostasis in cardiovascular disorders.
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1. Human Erythrocytes as the Storage Pool of Amino Acids

Erythrocytes (red blood cells, RBCs) are the most numerous formed elements in human
blood. Over the last several decades they have been considered to be responsible for gas
exchange, as they transport oxygen and partly carbon dioxide. Even though RBCs are
enucleated and lack numerous organelles, they consist of up to 2650 proteins, with at least
41 membrane transporters [1]. Hence, recently, a more complex function of RBCs has
been postulated. It was demonstrated that RBCs play an important role in the transport
of amino acids. In a vast majority of cases, amino acids’ concentrations in RBCs and
plasma are relatively equal. Nevertheless, cationic amino acids, including L-citrulline,
L-lysine, L-histidine and L-arginine (L-Arg), dominate in plasma, whereas L-ornithine—in
the erythrocyte compartment [2].

Studies by Thorn et al. [3] confirmed that RBCs are capable of exchanging up to 15–17%
of the total erythrocyte pool of amino acids with plasma, without subsequent alteration
of the cellular osmotic balance. Moreover, in some in vitro studies, extended incubation
of RBCs in plasma did not result in further intercompartmental exchange. It suggests
that RBCs are the storage that could easily supply amino acids to deficient tissues as they
circulate through capillaries and act as an inter-organ transporter.
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2. RBC—The Importance of Transmembrane Translocases

So far, seven different amino acid transmembrane transport systems have been identi-
fied in erythrocytes. Four of them are based on facilitated diffusion (y+, y+L, L, T), and
three constitute secondary active transporters (ASC, Gly, N) [3]. Interestingly, none of these
systems have been found to transport threonine or methionine. The first characterized
in RBCs was the y+L transport system, which binds cationic and neutral amino acids
(leucine, lysine) and exhibits Na+-dependence. L transport is sodium-independent and
transfers neutral amino acids, while the T transport system binds to tryptophan. Since
not all of them are pivotal for regulating NO metabolism, in this review, only the main
ones are discussed. As far as the literature is concerned, the most-studied systems in
human erythrocytes are cationic amino acid transporters (CATs), presenting high structural
homology to the classical amino acid transport system y+. CATs maintain the Na+- and
pH-independent transport of cationic amino acids (CAAs), determined by transmembrane
amino acids’ gradient. They are sensitive to trans-stimulation and saturable with amino
acids plasma concentration. CATs are relatively selective for CAAs, including L-arginine,
L-lysine, and L-ornithine. The family of CATs includes CAT1, CAT2a, CAT 2b, CAT3, and
CAT4, where the first three have been demonstrated to transport CAAs through the erythro-
cyte membrane. CAT1 is characterized by the highest quantitative L-arginine transport [4].
CATs regulate the transmembrane CAAs arrangement, thereby controlling the intracellular
metabolic processes. It has been proven that CATs undergo adaptive regulation based on
the molecules’ availability. As the depletion of amino acids occurs, the protein membrane
density increases in order to supply the CAAs more efficiently (adaptive de-repression). On
the contrary, along with CAAs abundance, CATs express adaptive repression [5–7]. So far,
this mechanism has been demonstrated in numerous human and animal cells. However,
its exact role in erythrocyte transmembrane transport requires further confirmation.

Noteworthy, microRNAs (miRNAs) seem to be another CAT-1-regulating factor. The
small noncoding RNAs consist of 21–25 nucleotides and act at the post-transcriptional level
as negative regulators of mRNA expression. miRNAs bind to the target mRNA and cause
translational repression or cleave mRNA sequences. Bhattacharyya et al. [8] reported that
CAT-1 mRNA is regulated with miR-122. It is consistent with a recent study, which has
demonstrated higher expression of miR-122 with subsequent decreased expression of CAT-1
among patients with hypertension and endothelial dysfunction [9]. Additionally, miR-122
level was proven to be positively correlated with markers of myocardial damage [10].
Furthermore, the use of miR-122 inhibitors seems to be a promising therapeutic target, as
they reverse endothelial dysfunction [11]. Interestingly, miRNA-dependent CAT-1 down-
regulation is revised in case of amino acid starvation [8,12]. Contrary, the activity of CAT-1
is increased in cell stress, however, the pathomechanism is poorly understood [8,13,14].

Additionally, transmembrane polarization modulates CAT activity—hyperpolarization
induces L-arginine cellular influx and increases erythrocyte L-arginine concentration.

3. Transport of the Selected Nitric Oxide Metabolic Pathway Intermediates between
Erythrocytes and Plasma

The CATs-dependent concentration of L-Arginine regulates nitric oxide (NO) syn-
thesis, as erythrocytes have been shown to express the two subtypes of nitric oxide
synthase—endothelial and inducible (eNOS and iNOS, respectively) [15]. Furthermore,
CATs also influence NO synthase by transporting L-arginine derivates, including asym-
metric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA). ADMA is
a competitive inhibitor of nitric oxide synthase, and simultaneously with its enantiomer,
is formed from methylarginine-rich proteins, such as histones during their degradation.
Strobel et al. [4] pointed out that CAT1 manages intracellular ADMA influx at physiological
concentrations. Although both molecules compete for CATs at physiological concentration,
L-arginine is characterized by greater affinity to the translocases. Hence, the influx of L-Arg
to RBCs is accompanied by simultaneous inhibition of ADMA and SDMA influx [4].
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The literature is inconsistent in terms of generation and storage of ADMA in RBCs.
Davids et al. [16] demonstrated that RBCs transport ADMA, which had been previously
incorporated from plasma. ADMA concentration stays in equilibrium between the intra-
and extracellular compartments and is rapidly interchangeable. Studies with protease and
the proteasome inhibitors have proven that RBCs are able to produce ADMA by enzy-
matic proteolysis of methylated proteins by the 20S proteasome [17]. The 20S proteasome
generates peptides consisting of seven to nine amino acids in length, which might be
subsequently cleaved by proteases. Mature RBCs are characterized by minimal turnover of
proteins, and oxidative damage persistently leads to proteasome activation and increased
ADMA generation. Even though hemoglobin is the major protein source, some studies
indicate the low degradation rate of hemoglobin due to lower susceptibility to enzymatic
degradation [16,18]. Nevertheless, other proteins were proven to be the targets for 20S
proteasome and to become a source of intra-RBCs ADMA.

No consensus has been made regarding the ADMA degradation pathway. David et al. [16]
postulate that ADMA is subsequently transferred out of RBCs, since no degradation of
ADMA in RBCs has been observed. As a result, dimethylarginine dimethylaminohydrolase
(DDAH) may not be present in RBCs. Contrary to that, Yokoro et al. [19] confirmed that
DDAH-1 and protein-arginine ethyl transferase (PMRT) are expressed in red blood cells.
Similarly, Kang et al. [20] demonstrated the expression of DDAH and its activity in RBCs.
Therefore, RBCs seem to transport free ADMA taken mostly from plasma. Nevertheless,
the lysis of RBCs during oxidative stress makes RBCs the potential ADMA generators.

CAT-dependent L-Arg transport is complex and is also regulated by hormones. Pro-
gesterone was found to inhibit transmembrane transfer via both phosphorylated protein
kinase Cα (PKCα) and extracellular signal-regulated kinases (ERK1/2). On the contrary,
estrogens were proven to increase L-Arg influx by modulating the constitutive ERK 1/2
signaling pathways and display protective properties [21].

Other studies reported that thyroid hormones cause upregulation of CATs, as they
participate in cardiovascular abnormalities observed in the course of thyroid disorders.
Thyroxine or triiodothyronine activate the membrane αvβ3 integrin receptor and transduce
the signal through the stimulation of Phosphoinositide 3-kinase (PI3K), mitogen-activated
protein kinase (MAPKs), and the intracellular calcium-dependent signaling pathways.
Finally, it leads to increased mRNA expression of L-arginine transporters [22]. Even
though RBCs contain abundant ERK1/2, the mentioned processes were presented in the
endothelium, and further studies are needed to prove their presence and importance
in erythrocytes.

4. Intraerythrocytic Metabolism of L-Arg and Its Regulation

Once L-arginine is moved to the erythrocyte compartment, it might be metabolized by
arginase 1 or nitric oxide synthase (NOS), leading to NO synthesis. The exact mechanism
regulating the proportion of entrance to one of these two competing metabolic pathways is
unknown. However, it was shown that there is a negative correlation between arginase
activity and NO synthesis. Arginase is supposed to be an important NOS regulator.

Emerging data reveal that peroxynitrite (ONOO−) might be a key player in modu-
lating NO− bioavailability, as it enhances arginase activity in red blood cells. Enhanced
arginase activity causes inadequate substrate availability and leads to NOS uncoupling [23].
NOS loses its ability to convert L-arginine to L-citrulline. Nevertheless, NOS remains capa-
ble of transferring an electron from NADH and donating it to oxygen, leading to superoxide
(O2−) production. NO can react with superoxide, forming peroxynitrite [24]. ONOO− itself
can also directly lead to NOS uncoupling by dissolving dimeric NOS conformation [25].
Excessive reactive oxygen species’ (ROS) formation decreases NO bioavailability in dif-
ferent ways. First of all, ROS decrease NO production by an increase in arginase activity,
leading to a lack of L-Arg, while NOS uncoupling reduces the reaction rate. Secondly,
ROS enhance NO degradation, by a reaction with ROS, resulting in peroxynitrite. In line
with these studies, the role of ONOO− in endothelial dysfunction in diabetes mellitus
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patients was investigated. It was demonstrated that incubation of RBCs obtained from
diabetic subjects with peroxynitrite scavenger (FeTTPS) completely reverses RBCs-induced
endothelial dysfunction [26,27]. Additionally, RBCs from healthy subjects were treated
with peroxynitrite, leading to increased arginase activity.

Even though RBCs possess antioxidative and redox systems able to maintain intracel-
lular homeostasis and to prevent oxidative damage, these mechanisms may be insufficient
in patients with cardiovascular diseases and extensive ROS production [28]. Peroxynitrate
and arginase activity may have great importance in myocardial ischemia-reperfusion injury,
since arginase inhibition might exert a cardioprotective effect [29]. Moreover, some studies
show that arginase plays an important role in pathogenesis of endothelial dysfunction in
hypertension, atherosclerosis, obesity, and in the course of ageing [24,30].

The exact mechanisms underlying the regulation of arginase with ONOO− in RBCs re-
main unclear. However, Rho-kinase-dependent increase of argininase expression by ONOO−

seems to be essential [31,32]. Alternative modifications of arginase like S-nitrosylation, glycosy-
lation, or phosphorylation may play an important role, but this hypothesis requires further
investigation [33]. Kim et al. [34] proved that alternative splicing may also have an impact
on arginase activity. Addition of 24 nucleotides in gene exon 3 cause incorporation of eight
amino acids (Val–Thr–Gln–Asn–Phe–Leu–Ile–Leu) in a hydrophobic-polar-hydrophobic
sequence, leading to structural changes and reducing enzymatic activity up to 50% [32,34].

Interestingly, estrogens were found to increase NO production in RBCs by inducing
eNOS phosphorylation via interaction with estrogen receptors (ERs) and activation of the
PI-3 kinase/AKT pathway. The distribution and function of ERs (estrogen receptor ERα and
ERβ) are different in premenopausal women and men. In premenopausal women, ERα are
mostly localized on the RBCs membrane, which is related with increased PI-3 kinase/AKT-
dependent eNOS phosphorylation. On the contrary, in men, ERα are mainly identified
in the cytoplasm. It might be indicative of the role of red blood cells in NO-mediated,
sex-dependent differences in cardiovascular risk [35,36].

5. RBCs as a Source of NO. Mechanisms Underlying Homeostasis of Its Bioavailability

As NO is a highly reactive molecule with an intravascular half-life of two millisec-
onds [37], for a long time it was considered to exert only an autocrine, local effect. NO
reacts extremely fast (6–8 × 108 M−1s−1) with oxyhemoglobin (oxyHb), forming methe-
moglobin (metHb) and nitrate (NO3

−)-metabolic end products [38]. The oxidation of NO
to NO3

− is protective against respiratory poisoning and nitrosative stress, although in
pathological conditions, this mechanism reduces NO availability. For that reason, RBCs
were initially considered to be NO scavengers, rather than a NO source. However, several
studies revealed that RBCs are not only capable of producing NO but also able to store and
transport NO to distal parts of the cardiovascular system (Figure 1).

Hemoglobin does not scavenge NO so easily, as it is surrounded with the cellular
membrane, characterized by low permeability for endothelial NO [39]. Moreover, it was
demonstrated that a pressure gradient created by the blood flow pushes RBCs to the center
of the vascular lumen, forming a cell-free zone near the vascular wall [40]. In addition, it
protects NO from scavenging by the cell-free hemoglobin released during hemolysis and
makes downstream NO transport possible [39,41,42]. Furthermore, hemoglobin is a NO
scavenger under normoxic conditions, but otherwise it manifests reductase activity [43].

Stamler et al. [44] revealed that NO is capable of binding to hemoglobin (Hb). However,
this reaction depends on the Hb conformation and the magnitude of Hb oxygenation.
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Figure 1. Nitric oxide metabolism in erythrocytes under aerobic and hypoxic conditions. In aerobic 
conditions, OxyHb reacts with NO, forming metHb and NO3−-metabolic end products. However, in 
a hypoxic environment, RBCs become a NO producer. L-arginine is transported through the RBCs 
membrane by y+ and yL. Subsequently, it is incorporated into NOS or the arginase pathway, 
depending on the redox RBCs status. NO reacts with deoxyHb and further undergoes S-
nitrosylation, forming HbSNO. NO is finally transmitted to GSH, PDI, or cysteine and, as a steady 
intermediate, leaves the RBCs. Alternatively, NO2− is reduced by XOR or deoxyHb and turned into 
another NO source. Abbreviations: GSH: glutathione; GS-NO: S-nitrosoglutathione; HbSNO: S-nitroso 
hemoglobin; LAT 1: L-neutral amino acid transporter 1; L-SNC: S-nitroso-L-cysteine; SNO-PDI: S-
nitrosylated protein disulphide isomerase; PDI: protein disulphide isomerase; XOR: xanthine oxidoreductase. 
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(IHP) [45]. While RBCs pass through pulmonary arteries, Hb binds two to three oxygen 
molecules and favors the R structure (relaxed oxyhemoglobin) [44]. On the contrary, in 
capillaries, it releases oxygen and changes the conformation to the T structure (tension-
deoxyhemoglobin). Stamler demonstrated that R-state Hb binds NO and forms iron 
nitrosyl Hb (Hb (II)NO). The highest effectiveness of Hb reduction was observed with 
50% Hb saturation. The reaction of binding NO to Hb is 5.6 times faster in the R-state, 
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As NO is poorly bound to Hb, it is subsequently bound by S-nitrosylation of 
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Figure 1. Nitric oxide metabolism in erythrocytes under aerobic and hypoxic conditions. In aerobic
conditions, OxyHb reacts with NO, forming metHb and NO3

−-metabolic end products. However,
in a hypoxic environment, RBCs become a NO producer. L-arginine is transported through the
RBCs membrane by y+ and yL. Subsequently, it is incorporated into NOS or the arginase pathway,
depending on the redox RBCs status. NO reacts with deoxyHb and further undergoes S-nitrosylation,
forming HbSNO. NO is finally transmitted to GSH, PDI, or cysteine and, as a steady intermediate,
leaves the RBCs. Alternatively, NO2

− is reduced by XOR or deoxyHb and turned into another NO
source. Abbreviations: GSH: glutathione; GS-NO: S-nitrosoglutathione; HbSNO: S-nitroso hemoglobin;
LAT 1: L-neutral amino acid transporter 1; L-SNC: S-nitroso-L-cysteine; SNO-PDI: S-nitrosylated protein
disulphide isomerase; PDI: protein disulphide isomerase; XOR: xanthine oxidoreductase.

Hemoglobin exists in two allosteric conformations, which regulate Hb’s affinity to
NO. The O2-dependent Hb quaternary conformation change is caused by allosteric anionic
effectors, such as chloride, 2,3-diphosphoglycerate (DPG), and inositol hexaphosphate
(IHP) [45]. While RBCs pass through pulmonary arteries, Hb binds two to three oxygen
molecules and favors the R structure (relaxed oxyhemoglobin) [44]. On the contrary, in
capillaries, it releases oxygen and changes the conformation to the T structure (tension-
deoxyhemoglobin). Stamler demonstrated that R-state Hb binds NO and forms iron nitrosyl
Hb (Hb (II)NO). The highest effectiveness of Hb reduction was observed with 50% Hb
saturation. The reaction of binding NO to Hb is 5.6 times faster in the R-state, while NO
releasing in the T-quaternary conformation increases 9.6-fold [46].

As NO is poorly bound to Hb, it is subsequently bound by S-nitrosylation of hemoglobin
to the cysteine-93 residue, forming S-nitrosohemoglobin (HbSNO). This process is depen-
dent on Hb conformation. The thiol affinity for NO is high in the R structure and low in
the T structure [47]. This hypothesis was supported by demonstrating different HbSNO
concentrations in venous and arterial RBCs [47].

As it results from other studies, nitrite seems to be another stable source of NO.
Plasma is abundant with nitrite originating from dietary intake, endogenous synthesis, and
inhalation of NO from the polluted air [48]. Once nitrite (NO2

−) reaches the intra-RBCs
compartment, it might be oxidized or reduced depending on the dominant oxygenation
level and presumably the redox state. In well-oxygenated arterial blood, nitrite (NO2

−)
reacts with oxygen, forming nitrate (NO3

−). It was shown that under hypoxic conditions,
nitrites are reduced by deoxyhemoglobin, leading to NO regeneration. Subsequently, NO
reacts with deoxy-Hb once more, as well as with other molecules, or is alternatively released
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to the plasma [49]. Concurrently, an alternative storage pool of NO becomes bioavailable,
which might be easily mobilized when needed [50].

Contrary to the Stamler studies, Nagababu et al. [43] revealed that during the reduction
of nitrates to nitrosohemoglobin, Hb(II)NO, the intermediate molecule is Hb(III)NO, which
stays in equilibrium with Hb(II)NO. This discovery was of a great importance as it identified
the pool of labile Hb(III)NO trapped in a hem pocket, which is not scavenged and can easily
release NO under reductive conditions. To support this thesis, the authors demonstrated a
relatively increased Hb(III)NO level in venous blood when compared to that of the arterial
one. It may be considered as an indicator of increased nitrite reduction in capillaries,
where hemoglobin becomes partially deoxygenated [43]. Keeping that in mind, nitrites
(NO2

−) might serve as a more important source of NO than S-nithrosothiols, especially in
erythrocytes, being the major intravascular storage sites of nitrite in blood [51].

Other studies raise the different mechanism of nitrite conversion by xanthine oxidore-
ductase (XOR), located in the outer membrane of RBCs. In the study by Rathod et al. [52],
the RBCs were incubated under acidic conditions with nitrate, xanthine, and a XOR or NOS
inhibitor (allopurinol and L-NG-Nitro arginine methyl ester-L-NAME, respectively). It
was demonstrated that NO generation was enhanced by ~43% in the presence of xanthine,
pointing thus at the major role of XOR in NO synthesis in severe acidosis. Simultaneously,
no difference was noted when the pH was in a normal range.

Another study with XOR inhibitor allopurinol demonstrated that although XOR
activity is low under normal physiological conditions, it becomes important in pathological
conditions, especially when pH drops to 6.8. In those conditions, XOR activity is responsible
for ~2/3 of nitrite-derived NO production [53].

Dejam et al. [54] presented some other aspects of the role of XOR in regulating NO
bioavailability. They showed concurrent nitrite reduction in normal physiology. The
authors suggested that XOR inhibition increases NO bioavailability by reducing the ROS
pool, produced by XOR in hypoxic conditions, finally leading to NO scavenging.

Other researchers provided some evidence that RBCs subjected to shear stress pro-
duce NO, which may have great importance while passing through vasoconstricted or
stenotic vessels with a local response in NO secretion [55]. It was shown that RBCs are
able to activate NOS after being exposed to shear stress [56]. Studies with eNOS in-
hibitors and extracellular EDTA calcium chelation show that intracellular calcium efflux
through mechanosensitive RBC membrane channels provokes the binding of the calcium-
calmodulin complex to the eNOS protein and its subsequent activation [57,58]. Further
studies confirmed that this process is L-arginine-dependent and is highly limited in the
presence of L-NAME [59].

The passage of erythrocytes through stenotic vessels and narrow capillaries in the
microcirculation depends on RBCs deformability, which is also regulated by NO. One
study, using eNOS inhibitors, demonstrated significant impairment of RBC deformability,
which was reversed by exposure to exogenous NO donors [60]. The deformability is at least
partially mediated by soluble guanylate cyclase (sGC) activation. Cortese-Krott et al. [61] re-
vealed the existence of an sGC/PDE5/PKG-dependent signaling pathway, fully responsive
to NO. The exact mechanism of regulation of the shape of RBCs by PKG is not well-studied,
but K–Cl cotransport (COT) may be involved. It was proven that COT participates in the
recovery of cell volume by modulating the cytoskeleton. As cell volume sensors detect
deformation, they activate COT and induce regulatory volume decrease (RVD) [62]. NO
is also involved in the regulation of eryptosis. This process may be triggered by different
stimuli, leading to the opening of cation channels either directly or by protein kinase C with
Ca2+. Erythrocyte shrinkage may be also induced by ceramide formation or by activation
of some proteases [63]. NO displays a protective effect by stimulating cGMP-dependent
protein kinase, resulting in a CA2+ influx decrease [64,65]. Additionally, NO is involved
in the regulation of eryptosis via nitrosylation of eryptotic enzymes with NO to prevent
RBCs lysis [65]. So far, the mechanism of NO migration from RBCs leading to induced
smooth muscle cell relaxation, in order to restore blood flow and increase oxygen supply,
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remains unknown. Chen et al. [66] in an experimental study showed that the amount of
NO transported from erythrocytes through free diffusion appears to be insufficient. It was
demonstrated that in such an experimental setting, NO concentration would be below the
half maximum effective concentration (EC50) for sGC and would not induce vasorelaxation.
The question arises on how RBCs can supply enough NO to evoke the response of smooth
muscle cells (SMCs). Another mathematic analysis discovered that the transport of inactive
NO intermediates could be more effective and lead to a subsequent release of greater NO
amounts. [66] Alternatively, facilitated NO transfer with membrane-bound proteins would
also maintain RBC-dependent SMCs reaction [66].

Some authors suggest that Hb undergoes transnitrosylation again and that NO is
transferred to glutathione (GSH), forming S-nitrosoglutathione (GSNO). GSNO may sub-
sequently escape from RBCs via a transporter, release NO outside the erythrocytes, thus
inducing vasorelaxation [50].

Opposite results were presented by Sandmann et al. [67], who claim that L-amino
acids inhibit intracellular GSNO formation and postulate that it should not be considered
as a vasoactive molecule. The authors suggest that S-nitrosocysteine might be a trans-
fer molecule of NO out of RBC by the L-amino acids transporter system. Furthermore,
Pawloski et al. [68] presented an alternative way of releasing NO from HbSNO. RBCs are
postulated to form the cell lipid rafts that contain enzymes necessary in NO metabolism.
The major component is the anion exchange protein 1 (AE1 or band 3 protein), which was
proven to be an oxygen-sensitive molecular switch, that controls RBCs properties [69]. The
quaternary conformation of Hb (R/T-structure) regulates the band 3 affinity to HbSNO.
Along with decreased oxygen tension, N terminus of Band-3 associates reversibly with de-
oxyHb and the cytoplasmic domain of band 3 drives the transition from the R- to the T-state.
It is accompanied with simultaneous NO transfer to the RBC membrane and facilitates the
export of NO through membrane channels. The development of this hypothesis provided
the study by Gladwin [70], according to which the erythrocytes contain the membrane rafts
with complete “metabolome complex”(MCx) that facilitates NO effusion. MCx, besides the
AE1/band 3, includes carbonic anhydrase, Rh, and aquaporin channels, and mixed hybrids
of deoxyhemoglobin, methemoglobin, and carboxyhemoglobin that could catalytically
amplify nitrite reduction. Additionally, local production of metHb in lipid rafts protects
NO from scavenging by oxyHb [15,70]. Interestingly, emerging studies confirmed other in-
teresting Band-3 properties. Its pivotal role was demonstrated in regulating RBCs’ glucose
metabolism, cellular membrane stability, and ATP release [71]. In a hypoxic environment it
promotes glycolysis over the pentose phosphate pathway, ATP-dependent vasodilatation,
and increase RBCs’ deformability [69]. Band-3 was also found to transfer nitrate (NO3),
nitrite (NO2), and peroxynitrite (OONO−) [72].

Alternatively, Dosier et al. [73] proved the significance of the L-neutral amino acid
transporter 1 (LAT 1) in transferring S-nitroso-L-cysteine (SNC) out of the RBCs. LAT 1
is a high-affinity transport system for both cationic and neutral amino acids and exports
cationic amino acids into the blood in exchange for large neutral amino acids [74]. It was
confirmed that LAT 1 is expressed in the healthy RBC membrane, and LAT1 mRNA was
identified in human reticulocytes. While using the LAT1-specific inhibitor (JPH-203), it was
demonstrated that the blockage of LAT1 is connected with reduction in SNC efflux [73].
This mechanism could underlie the export of NO from RBCs, but its importance needs
further investigation.

Another interesting theory was suggested by Kallakunta et al. [75] while analyzing
the role of the protein disulphide isomerase (PDI) in NO transmembrane transport. PDI
was detected in the membrane and in the cytosolic fraction of RBCs. The studies showed
that RBCs acquire soluble PDI, which is released into the blood by various cells (hep-
atocytes, endothelial cells, leukocytes, platelet, pancreas). This protein is subsequently
S-nityrosylated from SNO-Hb in cytosol and forms S-nitrosylated protein disulphide iso-
merase (SNO-PDI) [76]. Under normoxic conditions, SNO-PDI is transferred back through
the membrane and stays attached to the external surface of RBCs. When RBCs reach a
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hypoxic environment, PDI is secreted in soluble form and interacts with the endothelium,
triggering NO-dependent hypoxic vasodilation [75].

6. Erythrocyte-Dependent Paracrine Regulation of the Vascular NO Bioavailability

It is well-established that RBCs release adenosine triphosphate (ATP) and contain
glycolytic enzymes required for its production [77,78]. It was proved that RBCs contain
the gap junction protein pannexin 1 (Panx-1), which acts as an ATP-releasing channel
in response to hypoxia, shear stress, or depolarization by forming transient channels
between the intracellular compartment and the extracellular milieu [79,80]. Released
ATP binds to P2Y receptors on erythrocytes and endothelium cells. P2Y receptors on
RBCs mediate ATP-induced ATP release and lead to further increase in plasmatic ATP
concentration [81]. Emerging data demonstrate that the P2Y12 inhibitor ticagrelor also
induces ATP release from RBCs. The exact mechanism underlying ATP efflux from RBCs
in response to that agent is not clear. However, it might be based on membrane channels
(chloride channel or Panx-1), as ATP efflux decreases in the presence of some anion channel
blockers [82]. The described pathway may explain the more potent anti-aggregative effect
of ticagrelor in comparison to that of other antiplatelet agents, taking into consideration
that increased extracellular level of adenosine (from ATP degradation) inhibits platelet
aggregation additionally by A2A receptors [83].

Interestingly, when ATP reaches P2Y receptors and Panx-1 on endothelial cells, it
evokes a calcium wave that propagates along the endothelium [84]. It leads to eNOS
activation with associated a NO-dependent vasodilatory response, probably mediated by
Ca2+-activated Cl− channels and AMP-activated protein kinase (AMPK) [77,85–87]. Studies
with Panx-1 inhibitors, such as carbenoxolone or probenecid, confirmed that ATP release is
mostly mediated by Panx-1. Nevertheless, the inhibition was incomplete, suggesting the
impact of other unknown mechanisms [88,89].

ATP released to the blood stream may also exert action by activating another subtype
of purinergic receptors—P2X. In opposition to the P2Y receptors that protrude on the
endothelium, P2X receptors are found on vascular smooth muscle cells (VSMCs). The direct
stimulation of P2X with ATP may lead to local vasospasm [77].

Other transmembrane proteins participating in ATP transfer are the voltage dependent
anion channels (VDACs). It was demonstrated that they are expressed on the RBCs’
membrane and create a complex with translocator protein 2 (TSPO2), the adenine nucleotide
transporter (ANT) [90]. As activating ligands bind to the complex, they provoke calcium
infusion and enhance cAMP-dependent signaling. Ca2+ and cAMP activate protein kinases
C and A, respectively, which results in VDACs phosphorylation and polymerization,
leading finally to ATP release through the complex [91]. Noteworthy, Sridharan et al. [89]
pointed out that VDACs are also responsible for ATP release in response to prostacyclin
analogues or β-adrenergic stimulation.

Numerous papers demonstrate that RBCs adjust the blood flow by a decrease in
platelet aggregation. Srihirun et al. [92] reported that RBCs are mandatory for inhibiting
ADP or collagen-induced platelet aggregation by releasing NO from nitrite. Nitrite alone
has no effect on platelets, while reduction in platelet aggregation was observed in the
presence of RBCs. The result was limited by adding a NO scavenger (C-PTIO) which
confirmed the NO-dependent characteristics of this reaction. Additionally, the antiplatelet
outcome was enhanced under hypoxic conditions, demonstrating thus the presence of
reductase activity of deoxygenated hemoglobin.

Furthermore, it is well-documented that endothelial eNOS, via NO synthesis, af-
fects systemic blood pressure (BP). Leo et al. [93] shed some light on the role of RBCs in
preserving normotension in an eNOS-knockout mice model.

One of the reasons leading to a higher BP profile might be CAT-1 alteration, which
is a risk factor for the development of hypertension. Yang et al. [94] studied the poly-
morphism in the 3′UTR region of CAT-1 chromosome 13q12-q14, which leads to altered
L-arginine metabolism with hypertensive presentation. CAT-1 was also proven to be at
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least partially responsible for cardiovascular toxicity, with increased BP induced by cy-
closporine. It was presented that cyclosporine significantly attenuates L-arginine transport
and induces protein nitration, leading to the development of hypertension and accelerated
atherosclerosis [95].

NO, released by RBCs to the blood stream, also becomes an autocrine agent that
increases RBCs’ deformability. It is essential when RBCs pass through narrow capillaries in
microcirculation. The exact way of this regulation is uncertain, however, NO may act by
regulating guanylate cyclase, ion transport across the RBC membrane, or S-nitrosylation
of cytoskeleton spectrins [96,97]. Oxidative stress also reduces RBCs deformability, which
aggravates blood flow in the microvascular bed. In line with that, the abnormalities of
hemorheological properties of RBCs were demonstrated to play a pivotal role in patho-
genesis of microvascular angina (MVA). Furthermore, patients with MVA demonstrate
an increased oxidated-to-reduced glutathione ratio (the GSSG/GSH index), suggesting a
central role of oxidative stress in MVA development [98].

7. Future Perspectives

Over the past few years, significant progress regarding the knowledge on the role
of erythrocytes in nitric oxide metabolism has been made. From simple gas transporters,
through nitric oxide scavengers, RBCs have become important players in nitric oxide syn-
thesis and in the maintenance of appropriate vascular tone. Erythrocytes seem to be a
promising novel therapeutic target in management of endothelial dysfunction. Develop-
ment of specific arginase inhibitors (AI) may bring benefits in patients with coronary artery
disease, diabetes mellitus, heart failure, hypertension, and erectile dysfunction [99–102].
Studies on animal models demonstrated that increased activity of arginase has fundamen-
tal importance in myocardial ischemia-reperfusion injury and that its inhibition mediates
cardiac protection via increased NO production [103–105]. Despite many in vitro studies,
further clinical trials should be conducted to provide some more evidence on the usefulness
of AI in cardiovascular risk reduction. Up to date, a promising trial with an arginase
inhibitor (Nω-hydroxy-nor-L-arginine) was conducted, with restoration of endothelial
function in patients with type 2 diabetes [106]. Similar results were obtained in endothelial
dysfunction caused by ischemia-reperfusion in patients with CAD [107]. e-NOS uncoupling
and prevention of oxidative stress seem to be other interesting future therapeutic targets.
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