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ARTICLE INFO ABSTRACT

Keywords: The rheological properties of red blood cells (RBCs) play an important role in their microcirculation. RBCs can
N?tr?c oxide elastically deform in response to mechanical forces to pass through narrow vessels for effective gas exchange in
Nitrite peripheral tissues. Decreased RBC deformability is observed in lifestyle-related diseases such as diabetes mellitus,
Red blood cell deformability . . . . - . . s

Diet hypercholesterolemia, and hypertension, which are pathological conditions linked to increased oxidative stress
Exercise and decreased nitric oxide (NO) bioavailability. Redox-sensitive cysteine residues on RBC cytoskeletal proteins,
Oxidative stress such as a- and p-spectrins, responsible for membrane flexibility, are affected by prolonged oxidative stress,
Redox leading to reversible and irreversible oxidative modifications and decreased RBC deformability. However,

endogenously, and exogenously generated NO protects RBC membrane flexibility from further oxidative modi-
fication by shielding redox-sensitive cysteine residues with a glutathione cap. Recent studies have shown that
nitrate-rich diets and moderate exercise can enhance NO production to increase RBC deformability by increasing
the interplay between RBCs and vascular endothelium-mediated NO bioavailability for microcirculation. This
review focuses on the molecular mechanism of RBC- and non-RBC-mediated NO generation, and how diet- and
exercise-derived NO exert prophylactic effects against decreased RBC deformability in lifestyle-related diseases

Microcirculation

with vascular endothelial dysfunction.

1. Introduction

While studies on the factors affecting blood flow in the circulation
have been discussed from the viewpoint of vascular pathophysiology
[1], another discussion on this issue has emerged from the perspective of
rheological properties of red blood cells (RBCs) in the microcirculation
[2]. The shape and stability of RBCs are maintained through cytoskeletal
support in the plasma membrane. RBCs must change their shape to pass
through capillaries for effective gas exchange of oxygen and carbon
dioxide in peripheral tissues. This RBC shape flexibility is referred to as
the deformability essential feature of RBCs to travel through small
capillaries rather than large vessels [3]. RBC membranes composed of
lipid bilayers are flexible with an underlying mesh-like configuration of
cytoskeletal proteins, which provides an efficient distribution of forces
and thus aids in morphological responses to mechanical stress [4]. RBCs
are the most abundant cells in the body (around 70% of all the cells

composing the body) [5] and may perceive changes in circulating
plasma concentrations of glucose and cholesterol, which could influence
RBC membrane flexibility. Decreased RBC deformability is observed in
pathological conditions linked to increased oxidative stress or decreased
nitric oxide (NO) bioavailability, such as diabetes mellitus (DM), hy-
percholesterolemia, and hypertension [6-8]. Treatment with oxidants
and NO has been shown to affect RBC deformability in in vitro and in vivo
studies [2,9,10], suggesting that redox balance affecting the RBC
membrane and cytoskeletal proteins is closely related to RBC deform-
ability in health and disease [11].

The present review focused on recent knowledge regarding the mo-
lecular mechanism of RBC- and non-RBC-mediated NO generation,
which plays a key role in RBC deformability in the microcirculation. It
also examined how diet- and exercise-derived NO exert prophylactic
effects against the decrease in RBC deformability in vascular endothelial
dysfunction associated with lifestyle-related diseases such as DM,
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hypercholesterolemia, and hypertension [12].

2. RBC- and non-RBC-mediated NO generation prevent RBC
deformability from oxidative stress

RBC cytoskeletal proteins, including - and p-spectrin chains, struc-
turally form an elastic mesh-like network with RBC membranes to
enable RBC deformation and flow through narrow capillaries in the
microcirculation [13]. However, cysteine residues of a- and p-spectrins
in RBC membranes are targets for oxidative modification, causing
altered RBC deformability in various diseases [14,15]. Schwartz et al.
reported that in patients with DM, protein glycosylation may induce
oxidative damage to these spectrins. This causes irreversible oxidation of
cysteine residues (cysteic acid, the final oxidation product of cysteine)
and subsequently decreases RBC deformability, leading to impaired
microcirculation and tissue perfusion [14].

In general, cysteine residues flanked by cationic amino acids in
proteins serve as dynamic regulators of protein function in vitro and in
vivo [16]. They also serve as redox sensors, followed by the oxidative
modification of sulfenic (-SOH), sulfinic (-SO,H), and sulfonoic (-SO3H)
acid formation under continued oxidative stress, causing reversible
and/or irreversible protein dysfunctions [17] (Fig. 1). However, NO
exposure derived either from exogenous (NO donors) or endogenous
(NO synthase: NOS) sources induces S-nitrosation of these active thiols
(SH of cysteine residues) by adding NO™. Moreover, it elicits cell pro-
tection by the post-translational addition of glutathione to the protein
thiols (S-glutathionylation, so-called glutathione cap) to protect and
shield the redox-sensitive cysteine residues from further irreversible
protein oxidation [12,18] (Fig. 1). In addition to redox-regulated protein
functions by NO, gasotransmitter, hydrogen sulfide (HsS) also plays an
important role in the interplay with NO and the potential impact on
vasorelaxation and oxidative system in RBCs [19]. HsS is produced in
RBC by 3-mercaptopyruvate sulfurtransferase [20], generating thiosul-
fate and polysulfides [20,21] These HyS-induced protein S-sulfhydration
have been shown to not only protect the cysteine residues from oxida-
tion by elevating levels of cellular antioxidants and lowering levels of
reactive oxygen species (ROS) [22], but also increase NO bioavailability
by leading to S-nitrosation on cysteine residues in RBCs [21] (Fig. 1).

Riccio et al. recently reported that incubation of banked RBCs with
NO donors resulted in tenfold greater levels of S-nitroso-hemoglobin
(SNO-Hb) and increased S-nitrosation of RBC cytoskeletal and mem-
brane proteins, including a- and p-spectrin chains, compared to un-
treated control or sham RBCs. This resulted in significantly increased
RBC deformability and reduced adhesion to cultured endothelial cells
[13]. However, it should be noted that the effects of extracellular NO on
RBC deformability are not without controversy because they have not
been consistently confirmed in other studies [15,23]. Oxidative stress
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induced by tert-buthylhydroperoxide (t-BuOOH) dose-dependently
decreased RBC deformability, whereas it was not affected by treat-
ment with increasing concentrations of the NO donor, nitrosated
cysteine (CysNO). In contrast, pretreatment with CysNO protected RBC
from t-BuOOH-induced decrease in RBC deformability, suggesting a
possible prophylactic effect of exogenous NO by preventing cysteine
residues from following oxidative modifications, rather than their
restoration from already existing oxidation [11,15].

In addition to exogenous NO generation, including from the vascular
endothelium, RBCs themselves contribute to the NO-dependent regula-
tion of vascular homeostasis by RBC-mediated endogenous NO pro-
duction and its bioavailability in the microcirculation [24]. Grau et al.
demonstrated that RBC-NOS-produced NO improved membrane flexi-
bility and RBC deformability under normoxic conditions through direct
S-nitrosation of cytoskeletal proteins along with o- and p-spectrins [25].
It is possible that RBC-mediated NO production within the microvas-
culature, where RBCs are in close contact with the endothelium, plays a
key role in microcirculation, particularly in diseases such as DM and
hypertension, which are characterized by decreased vascular eNOS
expression and activity.

In addition, Grau et al. indicated a different mechanism of RBC-
derived NO generation under normoxic and hypoxic conditions, sug-
gesting that RBC-NOS-mediated RBC deformability is decreased under
hypoxia, while the addition of nitrite prevented a decrease in RBC
deformability by sustaining S-nitrosation of RBC a- and f-spectrins
through the compensatory mechanism of deoxy-Hb-catalyzed nitrite
reduction to NO [25]. Although there has been debate on how NO
produced in RBC escapes from scavenging by RBC Hb [26], it has been
suggested that the reaction of nitrite and deoxyHb forms a less reactive
intermediate such as dinitrogen trioxide (N2O3) to escape and release
NO activity out of Hb [26]. This increases RBC deformability and in-
duces vasodilation to increase blood flow to low-oxygen tissues where it
is needed [27].

3. NO-mediated regulation of mechanoproperties of RBCs in
microcirculation

Most of the endogenous NO generated in RBCs is oxidized to nitrate
(a stable oxidation end product of NO and nitrite) by oxyHb, and then
excreted in the urine. However, some NO provides NO activity by
forming nitrosyl-Hb [Hb (Fell) NO], followed by the formation of S-
nitroso-Hb [SNO-Hb] to transnitrosate cysteine residues of RBC pro-
teins, including cytoskeletal proteins, for basal RBC deformability (left
panel in Fig. 2). In contrast, RBC-NOS-derived NO is also oxidized and
stored in RBCs as nitrite, together with dietary nitrite derived from the
enterosalivary circulation. This nitrite is reduced to NO by deoxyHb and
xanthine oxidoreductase during capillary transit and hypoxic

Fig. 1. Proposed redox modifications of spectrin
cysteine in RBC by oxidation, nitrosation, and gluta-
thionylation

(A) Spectrin fibrils, main protein component of the
RBC cytoskeleton, are connecting to each other by
nodes of actin filaments with the formation of an
elastic network under RBC membrane. (B) Cysteine
residues of spectrins are targets for reversible oxida-
tive modification such as sulfenic (-SOH), followed by
more oxidative sulfinic (-SO,H), and sulfonoic
(-SO3H) acid formation under continued oxidative
stress, subsequently causing decreased RBC deform-
ability [52]. However, NO™ nitrosylates the sensitive
thiols to shield the cysteine residues from further
oxidation (glutathione cap). RBC produces H,S, fol-
lowed by S-sulfhydration and formation of poly-

S-OH
1
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sulfides (-S-SH) groups on cysteine residues. Although its potential role and mechanism need to be further investigated, it may protect the cysteine residues from
oxidation by elevating levels of cellular antioxidants and lowering levels of reactive oxygen species (ROS) [22], and also may increase NO bioavailability by leading
to S-nitrosation events on cysteine residues in RBCs [53].ROS, reactive oxygen species; RBC, red blood cell; GSH, glutathione; NO, nitric oxide.
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Fig. 2. Molecular regulation of microcirculation by
NO-mediated RBC mechanoproperties

Vascular endothelium- and RBC-mediated NO gener-
ation cooperate to enhance NO-dependent RBC
deformability for microcirculation. NO generated by
vascular and RBC eNOS provides NO activity by
forming HbNO and HbSNO to transnitrosate cysteine
residues of RBC cytoskeletal proteins for basal RBC
deformability (left panel in Figure). In peripheral
capillaries, mechanical shear stress activates piezo-1
— increases intracellular calcium concentration —
dissociates eNOS from caveolae into the cytoplasm —
activates eNOS — relaxes vascular smooth muscle and
contributes to RBC deformability (middle panel in
Figure). In addition, various stimuli to RBC mem-
brane activate membrane-bound AC through G
protein-mediated signaling — increase cAMP and

o p—

T Enterosalivary
Nitrate/Nitrite pathway

activate PKA — phosphorylate CFTR — activate pannexin-1 — release ATP from RBCs. Pannexin-1 is also activated by shear-induced calcium influx for ATP release
from RBC, followed by ATP binding to the P2Y receptor on ECs — calcium release from endothelial intracellular stores to the cytoplasm — eNOS activation for
vasodilation. Nitrite stored in RBCs (derived from NO oxidation and dietary sources) is reduced to NO by deoxyHb and xanthine oxidoreductase during capillary
transit and hypoxic conditions for NO bioavailability in the microcirculation (right panel in Figure). Considering the mechanism mentioned above, there may be a
complicated interplay between NO bioavailability and RBC deformability in the vascular endothelium and RBCs. Please refer to the details provided in the text. NO,
nitric oxide; eNOS, endothelial nitric oxide synthase; HbNO, hemoglobin NO; HbSNO, S-nitroso-hemoglobin; OxyHb, oxyhemoglobin; MetHb, methemoglobin; RBC,
red blood cell; AC, adenylate cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; CFTR, cyclic fibrosis trans-
membrane conductance regulator; deoxyHb, deoxyhemoglobin; SMC, smooth muscle cell; CaM, calmodulin.

conditions, respectively (right panel in Fig. 2) [12,26,28].

In peripheral capillaries, microcirculation is regulated by NO-
mediated RBC mechanoproperties [29]. When RBCs pass through the
microvasculature, shear stress stimulates RBC membrane deformation,
which induces a transient increase in intracellular calcium concentra-
tion and subsequent vasodilation through the mechanically activated
cation channel piezo-1 [30,31]. It is hypothesized that external me-
chanical stimuli (e.g., elongation of the RBC) bend the mechanosensitive
channel piezo-1 incorporated in the RBC plasma membrane, allowing
the opening of the piezo-1 channel for calcium ion influx, leading to the
release of vasoactive molecules such as eNOS-derived NO and ATP [4,
31] through the mechanotransductive pathway (middle panel in Fig. 2),
as described below.

Mechanical shear stress promotes wall stretching to induce the
dissociation of eNOS from caveolae into the cytoplasm, followed by
eNOS activation and NO release by phosphorylation of eNOS at Ser1117
through binding of the Ca?*/calmodulin complex [32]. Thereafter,
RBC-generated NO contributes to smooth microcirculation by enhancing
RBC deformability and diffusing endothelial cells into smooth muscle
cells for vasodilatation (middle panel in Fig. 2).

ATP release from RBCs in response to various stimuli (including
glycolysis pathway in RBCs) is an alternative signaling pathway for
smooth microcirculation. Upon exposure of RBCs to stimuli (such as
increased mechanical deformation, decreased extracellular pH,
increased CO; concentration, and elevated temperature), membrane-
bound adenylyl cyclase is activated via an unidentified G protein,
leading to an increase in cAMP and protein kinase A (PKA) activation for
subsequent phosphorylation of cyclic fibrosis transmembrane conduc-
tance regulator (CFTR) to induce ATP release from RBCs through ATP-
releasing channel pannexin-1 [33,34]. It is also possible that
shear-induced Ca" influx through the mechanism described above ac-
tivates pannexin-1 directly to release ATP from RBCs [30]. Once
released into the vascular lumen, ATP binds to the P2Y receptor on ECs,
followed by the release of calcium from endothelial intracellular stores
to the cytoplasm to activate eNOS for vasodilation (middle panel in
Fig. 2) [4].

Considering the mechanism mentioned above, there may be a
complicated interplay between NO bioavailability and RBC deform-
ability in the vascular endothelium and RBCs. RBC membrane flexibility
may be affected by oxidative and nitrosative modifications (e.g.,
enhanced formation of peroxynitrite, ONOO™) of the RBC membranes/
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cytoskeletal proteins. Vascular endothelial dysfunction caused by DM,
dyslipidemia, and hypertension reduces NO bioavailability in RBCs,
leading to decreased RBC deformability, which further disturbs the RBC
mechanoproperties linked to NO-mediated RBC deformability and ATP-
mediated NO production in the vascular endothelium (Fig. 3).

4. Diet- and exercise-enhanced NO bioavailability for RBC
deformability

Keymel et al. reported that RBC deformability was reduced in DM
patients with coronary artery disease [35]. Babu also showed that RBC
deformability was reduced in DM patients with normal cholesterol and
was much more reduced in DM patients with hypercholesterolemia than
in healthy subjects [36]. In animal studies, hypercholesterolemia
induced in rabbits fed a cholesterol-rich diet altered the lipid composi-
tion of RBC membranes, resulting in decreased RBC deformability.
However, this was significantly improved during in vitro incubation with
an NO donor, cyclic GMP analog, or eNOS substrate arginine [7], sug-
gesting that endogenous and exogenous NO pathway activation restores
RBC deformability in the presence of hypercholesterolemia. Tsuda et al.
also demonstrated that the fluidity of RBC membranes in hypertensive
patients was more pronounced by NO donors than that of normotensive
individuals. NO increased membrane fluidity, particularly in rigid RBC
membranes caused by the hypertensive state [37]. These experimental
and clinical studies suggest that NO-dependent RBC deformability par-
ticipates in the regulation of the rheological behavior of RBCs to
improve microcirculation in patients with DM, hypercholesterolemia,
and hypertension. Based on these findings, diets and exercise that
enhance NO bioavailability may be recommended to prevent a decrease
in RBC deformability in persons with these diseases.

Nitrate, abundant in vegetables, is absorbed in the stomach and small
intestine, enters the blood circulation, is concentrated in the salivary
gland, and then is secreted into saliva via enterosalivary circulation. The
salivary nitrate secreted during the chewing of food is converted to ni-
trite by commensal bacterial nitrate reductases in the oral cavity, fol-
lowed by chemical reduction of nitrite to NO in the acidic stomach [12].
While this short-lived NO serves as a vasodilator in local gastric blood
flow, it also serves as a signaling molecule, such as S-nitrosothiol (RSNO)
and nitrite, after entering RBCs or diffusing into the plasma in the sys-
temic circulation. Abu-Alghayth et al. recently reported that dietary
supplementation of inorganic nitrate via beetroot juice significantly
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Fig. 3. Proposed molecular mechanism of decrease in
RBC deformability following impaired NO generation
and its bioavailability

Vascular EC dysfunction caused by ageing, DM, dys-
lipidemia, and hypertension reduces NO bioavail-
ability and deformability of RBCs. Aged and stored
blood increases RBC arginase activity leading to
increased ,-arginine consumption and decreased RBC
deformability (left panel), which further disturb the
RBC mechanoproperties linked to eNOS-mediated
RBC NO production and ATP-mediated vascular NO
production (middle panel). Impaired enterosalivary
nitrate/nitrite pathway (gastric acidity| and vege-
table intake| et al.) decreases plasma levels of nitrite
and NO bioavailability in RBCs (right panel)

NO, nitric oxide; EC, endothelial cell; eNOS, endo-

VEIN

» deformability

impaired enterosalivary

(gastric acidity | ,
vegetable intake | . etc.)

thelial nitric oxide synthase; RBC, red blood cell; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; deoxyHb, deoxyhemoglobin; SMC, smooth

muscle cell; DM, diabetes mellitus; ROS, reactive oxygen species.

increased the RBC and plasma levels of nitrate, nitrite, and RSNO in
healthy human volunteers [38], suggesting that dietary nitrate could
enhance RBC deformability and improve microcirculation by increasing
NO bioavailability through the enterosalivary nitrate-nitrite-NO
pathway [39].

In addition, compared with the ingestion of inorganic nitrate alone
[40], beetroot juice containing nitrate and other components that in-
fluence the uptake and/or metabolism of nitrate, such as polyphenols,
vitamin C, and sulfhydryl compounds, can provide more RSNO in and
around RBCs through the reaction of sulfhydryl compounds (RSH
groups) with N2Os, an NO* donors formed in the acidic stomach. RSNO
transnitrosates the target proteins and peptides, including o- and
B-spectrins in RBC cytoskeletal proteins, as well as albumin and gluta-
thione, which contain cysteine residues to transfer and boost NO
bioavailability in peripheral tissues [38,41,42].

Exercise also increases RBC deformability by shear stress-mediated
NO generation from vessels and RBCs to improve microcirculation
[43,44]. Tripette et al. showed that moderate exercise increased
RBC-NOS activation and RBC deformability in healthy subjects and
patients with microcirculatory disorders [45]. Suhr also showed that
exercise-induced shear stress (running on a treadmill for 1 h) activated
RBC-NOS and increased NO  generation through the
phosphatidyl-inositol 3 kinase/Akt kinase pathway and phosphorylation
of RBC NOS-Ser1177, which subsequently increased RBC deformability
(i.e., RBC elongation index measured by laser-assisted-optical-rotational
red cell analyzer) during moderate exercise [46].

However, the effect of exercise on RBC deformability remains
controversial. Suhr indicated possible downregulation of eNOS and NO
generation in human RBCs following high-intensity exercise [47]. Yalcin
also reported that high-intensity exercise (exhaustive swimming exer-
cise in rats) reduces RBC deformability in untrained rats, whereas ex-
ercise training induces adaptive mechanisms that suppress such
alterations in rats [48]. Acute and intensive exercise may generate more
ROS, exceeding the antioxidant capacity (such as antioxidant vitamins,
protein and non-protein thiols, and antioxidant enzymes) [49], and
oxidize redox-sensitive cysteine residues on the proteins. This leads to
decreased RBC deformability. Alternatively, continued moderate exer-
cise could induce redox adaptations by enhancing transcriptional and
protein levels of antioxidant activities [50], suggesting that RBC
deformability may be altered by the cellular redox balance resulting
from different exercise intensities and durations (i.e., moderate or
intensive, and acute or chronic).

Exercise also increases RBC deformability by changing the distribu-
tion between young and old RBCs with different RBC deformability in
the circulation. Regular endurance exercise upregulates catecholamines,
cortisol, growth hormones, and insulin-like growth factor-1, which
stimulate bone marrow activity and increase erythropoiesis, resulting in
rapid circulating RBC turnover by removing old RBCs and mobilizing
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young RBCs [51]. In contrast to sedentary and untrained healthy in-
dividuals, trained individuals usually exhibit increased RBC deform-
ability by increasing the proportion of young RBCs over old RBCs, with
decreased deformability due to prolonged exposure to oxidative stress.

5. Conclusion and perspectives

In the microcirculation, blood flow is strongly dependent on the NO-
mediated regulation of the mechanical properties of RBCs. Vascular
endothelium and RBC-derived NO cooperate with each other to enhance
NO-dependent RBC deformability in the microcirculation, where RBCs
are in close contact with the vascular endothelium. Nitrate-rich diets
and moderate exercise enhance NO bioavailability to increase RBC
deformability through RBC- and non-RBC-mediated NO generation and
may improve microcirculation, particularly in lifestyle-related diseases
associated with vascular endothelial dysfunction. In addition, RBC
cytoskeletal protein spectrin carries redox sensitive cysteine residues,
and redox modifications such as oxidation, nitrosation, and sulfthydra-
tion may be related to each other to affect the deformability and the
membrane stability of RBCs. Future studies would be directed at the
studies focusing on the cross-talk of these post-translational modifica-
tions to regulate RBC deformability and rheology in health and disease.
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