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Preface

Erythrocytes are unique cells with characteristic structure and functions. As mature
erythrocytes lack all the cell organelles, they have evolved distinct mechanisms of
survival. This book examines some of the less-explored facets of erythrocytes in
terms of their functions, diseases, and diagnostic markers.

The first section on erythrocyte functions introduces the characteristic attributes of
erythrocytes as indicators of continually transforming conditions in their microen-
vironment. The second section on erythrocyte diseases gives insights into types of
thalassemia and congenital defects due to membrane-related impairment.

I wish to thank Author Service Manager Maja Bozicevic and the rest of the team at
IntechOpen for all their support throughout the publication process. I also acknowl-
edge the authors for their excellent contributions as well as the chapter reviewers
for their time and suggestions.

Vani Rajashekaraiah
Department of Biotechnology,
School of Sciences,

JAIN (Deemed-to-be University),
Bangalore, India
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Chapter1

Reactive Oxygen Species
and Antioxidant Interactions in
Erythrocytes

Vani Rajashekaraiah, Masannagari Pallavi, Aastha Choudhary,
Chaitra Bhat, Prevana Banerjee, Ranjithvishal,
Shruthi Laavanyaa and Sudhavshan Nithindran

Abstract

There is a continuous generation of reactive oxygen species (ROS) in erythrocytes
due to their microenvironment. Reactive oxygen species (ROS) and reactive nitro-
gen species are well known as both harmful and beneficial species. They help in
activating the antioxidant enzymes. However, overproduction of ROS can cause
fatal damage to cell structures, including lipids and membranes, proteins and cause
oxidative stress. Erythrocytes have effective antioxidant defenses to maintain their
structure and functions. They protect these cells from damage and maintain their
activities. Studies have reported that antioxidant interventions in various situations
have proved beneficial to erythrocytes. Therefore, they can be employed as in vitro
models for antioxidant and free radical interactions and also are ideal cell models for
translational studies.

Keywords: erythrocytes, oxidative stress, free radicals, antioxidants,
reactive oxygen species

1. Introduction

The erythrocyte [red blood cell (RBC)] is an ideal cell to study free-radical-mediated
alterations. Approximately 25 trillion erythrocytes course through the human circula-
tory system. The main function of erythrocytes is the transport of oxygen (O,) and the
mediation of carbon dioxide (CO,) production [1]. Reactive oxygen species (ROS) are
continuously produced within the erythrocytes due to high O, tension in arterial blood
and heme iron content [2].

The mature erythrocyte contains a variety of enzymes, proteins, carbohydrates,
lipids, anions, and cations, to balance the cell’s metabolism and functions. An important
consequence of erythrocyte imbalance is a reduced ability to deal with oxidative stress,
which can lead to degenerative changes in hemoglobin, membrane, and enzymes [3].

Erythrocytes are exposed to circulating inflammatory mediators and related
oxidative stress, which cause severe alterations in cellular membrane and functions in
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avariety of pathological conditions. These alterations have been defined as “erythrop-
athy” [4] and can be observed in conditions of cardiovascular injury [5, 6]. The loss
of lipid asymmetry, and thus the exposure of phosphatidyl serine (PS) on the outer
monolayer, contributes to the premature destruction of thalassaemic and sickle red
cells [7, 8]. Sickle cell disease is distinguished by a change in erythrocyte shape from
biconcave discs to elongated and sickle-shaped erythrocytes, consequently leading to
loss of function and anemia [9].

Chronic obstructive pulmonary disease (COPD) causes changes in erythrocyte
shape, redistribution of microfilaments such as actin and spectrin, and elevations
in membrane rigidity [10]. Alterations were also observed in terms of erythrocyte
morphology (leptocytes and elliptocytes), elevated membrane F2-isoprostanes and
4-hydroxynonenal (4-HNE) protein adducts, and oxidative damage to actin proteins
in Rett syndrome (RTT) and autism spectrum disorder (ASD) [11, 12].

The changes in erythrocyte morphology and stiffness have also been reported
in pathologies (type 2 diabetes, obesity, hypertension, and hypercholesterolemia)
characterized by consistent oxidative damage followed by reshaping of the lipid
distribution and architecture [13]. Erythrocytes participate in physiological and
pathological processes associated with oxidative stress, such as aging, Down syn-
drome, neurodegenerative diseases such as Alzheimer’ disease, erectile dysfunction,
and cardiovascular disease [14].

The potential clinical application of these erythrocyte alterations as new biomark-
ers could be useful tools for monitoring a variety of oxidative-stress-related diseases.

2. Reactive oxygen species (ROS) in erythrocytes

Various physiological and pathological conditions, for example, aging, inflamma-
tion, and cell death develop through ROS generation. Several factors can lead to the
generation of oxidizing radicals such as superoxide anion (O,”), hydrogen peroxide
(H,0,), and hydroxyl radical (HO") in erythrocytes [15].

Free radicals can be formed in three ways:

i. The cleavage of a covalent bond of a normal molecule, with each fragment
retaining one of the paired electrons;

ii. The loss of a single electron from a normal molecule;
iii. The addition of a single electron to a normal molecule.

The latter, electron transfer, is a common process in biological systems [16].
Free radicals and ions are formed as illustrated below:

Radical formation by electron transfer: A + e” — A™

Radical formation by homolytic fission: X: Y - X"+ Y’

Ion formation by heterolytic fission: X: Y — > X: "+ Y*

2.1 Nature of reactive oxygen species

ROS are defined as oxygen-containing species, which are highly reactive. O,
undergoes one or two-electron reduction to form ROS, which reacts quickly with
other compounds, attempting to capture the required electron in order to gain
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stability. ROS are oxygen-centered molecules that include hydrogen peroxide, singlet
oxygen, superoxide anion, hydroxyl radical, and nitric oxide (NO) [16]. ROS are
constantly produced in small quantities by normal metabolic processes. The addition
of one electron to O, forms O, ", whereas the addition of two electrons results in the
production of H,0,.

There are two causes for O, generation in erythrocytes.

Firstly, Oxyhemoglobin (oxyHb) autoxidizes at a relatively slow rate to yield
methemoglobin (metHb), and O,", which, further produces H,0,. Hemoglobin
(Hb) is constantly exposed to an intracellular and extracellular flux of H,0,.
When oxyHb is exposed to H,0,, it undergoes oxidative modifications that have
been proposed as selective signals for proteolysis in erythrocytes [17]. Secondly,
the oxidation state of trivalent iron (Fe**) has lost an electron during its formation;
consequently, O, has been generated from exogenous sources, such as drugs,
etc. [18].

Hydrogen peroxide is hydrophilic; however, recent studies reported that aquapo-
rins are not involved in facilitating H,0, diffusion across RBC membranes; rather,
diffusion occurs through the lipid fraction or an unidentified membrane protein [19].
While charged, O, can only cross membranes via transmembrane anion channels.
MetHb, lipid peroxidation, and spectrin-Hb complexes increase with H,0, which
further generates a covalent complex of spectrin and Hb, leading to changes in cell
shape, membrane deformability, phospholipid organization, and cell surface charac-
teristics [20].

The Fenton reaction occurs when H,0, reacts with ferrous iron to produce OH".
H,0, can react with O, to generate OH’, the most active ROS that cannot travel far
due to its short half-life of a few nanoseconds known as Haber-Weiss Reaction [21, 22].

Fe'* +H,0, — Fe"™" +OH™ + OH" (Fenton Reaction) (1)

0,” +H,0, >0, +OH™ +OH" (Haber-Weiss Reaction) (2)

ROS have the ability to act as both oxidizing and reducing agents. ROS are
capable of directly attacking the red cell membrane and causing changes in lipid
and protein structure [23]. ROS also alter mechanical properties, increase rigidity,
and RBC interactions with other cells and coagulation factors, as well as stimu-
late microparticle (MP) generation and phosphatidylserine (PS) exposure [24].
Human red cell aging could be attributed to oxidative damage. RBC deformability,
membrane permeability, and surface antigenicity abnormalities, on the other
hand, have been recognized as defects in cellular properties that contribute to RBC
senescence [25].

Nitric oxide, along with O, and CO,, is the third gas transported by erythrocytes.
Erythrocytes are the primary NO scavengers in circulation due to their high Hb con-
centration. NO is taken up by heme prosthetic groups of Hb-chain cysteine residues.
NO is converted to nitrate by oxyhemoglobin (HbFe*?0,), whereas deoxyhemoglobin
(HbFe**) binds to NO to form iron-nitrosylhemoglobin (HbFe**NO). NO consump-
tion by erythrocytes can be regulated by HbFe**NO formation under hypoxic condi-
tions [26]. NO reaction with Hb greatly limits intravascular NO concentration. As a
result, it is unlikely that NO is directly exported or produced by red blood cells as an
intravascular signaling molecule. The rapid deoxygenation of NO by Hb results in
the formation of nitrate and metHb, preventing NO diffusion from plasma to smooth
muscle [15]. NO is produced in large amounts in inflammatory conditions and reacts
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with O, to generate peroxynitrite [27]. Peroxynitrite oxidizes plasma components,
releasing secondary radicals that promote tyrosine nitration, leading to gain or loss of
protein function [28].

3. Oxidative stress in erythrocytes

Erythrocytes are well endowed to combat oxidative stress due to their continuous
contact with oxygen, as their inherent carrier function. When the concentration of
ROS in cells or tissues exceeds the antioxidant protection, oxidative stress occurs [21].
RBC properties have been shown to change as a result of oxidative damage. Oxidative
damage can also alter membrane permeability resulting in hemolysis [29, 30].
Oxidative cross-linking of spectrin can cause increased membrane rigidity and
decreased erythrocyte deformability. Erythrocytes can be recognized by the immune
system as a result of oxidative damage [31].

3.1 Extracellular hemoglobin as a source of oxidative stress

Extracellular Hb, which results from erythrocyte hemolysis or the infusion of
cell-free Hb-based blood substitutes, can be a major source of oxidative stress. This
potential source of oxidative stress is minimized under normal conditions by hapto-
globin and hemopexin, which bind Hb and free heme, respectively. They inhibit the
oxidative reactions of Hb and heme, allowing them to be removed from circulation.
Elevated levels of free Hb and heme, which cannot be neutralized by haptoglobin and
hemopexin, cause a variety of adverse clinical effects [32].

Autoxidation of Hb produces superoxide as well as methemoglobin. Hb is
known to react with hydrogen peroxide to form ferrylhemoglobin, a strong oxidant
[33]. Hb binds to RBC membrane proteins, especially under hypoxic conditions.
The ROS produced by bound Hb may be inaccessible to cellular antioxidants,
allowing the production of heme degradation products close to the membrane
[34-36]. Extensive lipid peroxidation results in changes in fluidity such as a drop
in membrane potential and an increase in permeability to different ions, which
eventually leads to hemolysis. Thus, perturbations in erythrocyte function and
structure can result in an increased flow of prooxidant generation that can lead to
oxidative stress.

Oxidative stress and ROS accumulation in RBCs during aging may induce hemo-
lysis. As a result, the plasma proteins haptoglobin and hemopexin can render free Hb
and heme relatively inactive and deliver them safely to macrophages for phagocytosis
[37, 38]. Oxidized Hb on the other hand exhibits impaired plasma clearance, due to its
low affinity for haptoglobin protein.

Erythrocyte membranes exposed to oxidative stress undergo cellular compo-
nent modifications such as oxidative denaturation of Hb, peroxidation of lipids,
and high-molecular-weight cross-linked membrane proteins. The erythrocyte
membrane is rich in sulfhydryl (—SH) groups, which help to maintain cellular oxi-
dative balance [39]. Changes in the membrane elasticity may occur due to oxidative
damage to the membrane —SH groups [40]. Oxidative damage to erythrocytes can
occur and manifest itself in a variety of ways, including potassium release, increase
in malondialdehyde (MDA), phosphatidylserine externalization [41], decre-
ments in glutathione, superoxide dismutase, glutathione peroxidase, glutathione
S-transferase, and glutathione reductase as well as total antioxidant activity of
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plasma [42-44]. Oxidant stress is a key component to both normal RBC aging and
pathological dysfunction [32].

Oxidative damage to a specific protein, particularly at the active site, can result
in the progressive loss of a specific biochemical function [45]. Peroxidation causes
globin cross-linking to proteins such as spectrin and band 3. These processes further
lead to decreased phospholipid symmetry, formation of cross-linked spectrin and
Hb, aggregation of band 3 protein, and increase in advanced glycation end products
leading to deformability and morphologic and surface changes in the erythrocyte
[15, 46, 47]. During erythrocyte aging, an irreversible oxidative complex is formed
between the Hb globin chain and spectrin [20]. Iron release may be accompanied by
the generation of senescent antigens (SCA) and oxidative alteration of membrane
proteins [15, 48, 49]. Another event associated with red cell homeostasis disruption is
an increased inflammatory state in the bloodstream, since erythrocytes are constantly
exposed to inflammatory molecules transported in the vascular system, their mem-
branes may be particularly vulnerable to their interaction. A large number of inflam-
matory mediators, including tumor necrosis factor-a, interleukins, interferons, and
C-reactive protein (CRP), have been proposed as potential inflammatory response
markers [50].

In general, erythrocytes respond to oxidative stress by activating tyrosine kinases
[51, 52], resulting in tyrosine phosphorylation at the cytoplasmic domain of band 3
protein, which mediates interactions with ankyrin, leading to membrane destabiliza-
tion. This also seen in B-thalassemia disease with the loss of stability between cyto-
skeleton and membrane complexes, such as band 3 protein [53]. Oxidative damage
to band 3 has been linked to RBC aging including the exposure of senescent specific
neo-antigens that bind autologous IgG triggering RBC removal [54].

Erythrocytes also contain NADH oxidases, which can generate endogenous ROS
[55]. However, some forms of NADH oxidase were also detected in normal RBCs.
L-isoaspartyl groups were discovered on erythrocyte membrane proteins in response
to aging or pathological oxidative stress, such as glucose 6-phosphate dehydrogenase
deficiency or Down syndrome [56-59]. Thus, L-isoaspartyl group accumulation in
RBC proteins correlates with RBC dysfunction and pathology.

The effects of oxidative stress observed in various pathological conditions in
erythrocytes are depicted in Table 1.

Diseases Oxidative stress markers Reference
Sickle cell disease Variations in Superoxide dismutase [60-63]
Alterations in Catalase [60, 62, 63]
Glutathione—decreased [64, 65]
Changes in glutathione peroxidase [61, 62]
Vitamin E—decreased [66, 67]
Vitamin-C—decreased [68]
Lipid peroxidation—increased [62, 63, 69, 70]
Intracellular Ca**—increased [71]
Phosphatidylserine exposure—increased [72-74]
NADPH oxidase activity—increased [55]
ROS generation—increased [55]
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Diseases Oxidative stress markers Reference
B-Thalassemia Band 3 tyrosine phosphorylation (P)—increased [53]
Phosphatidylserine exposure—increased [53]
Release of microparticles [53]
Membrane thiols—decreased [53]
K*, CI", and water loss [53]
Diabetes (T2DM) Lipid peroxidation—increased [75]
GSH/GSSG ratio—decreased [75]
Glutathione—decreased [75]
Phosphatidylserine externalization—increased [75]
Annexin binding—increased [75]
Caspase-3 activation—increased [76]
Malaria Lipid peroxidation—increased [77]
Glutathione—decreased [77]
Catalase—decreased [77]
Membrane stiffness—increased [78]
Autism TBARS—increased [79]
Xanthine oxidase—increased [79]
Superoxide dismutase—increased [79]
Superoxide dismutase—decreased [80]
Glutathione peroxidase—decreased [80]
Modulations in catalase [79, 81]
Chronic kidney disease Membrane fluidity—increased [82]
Osmatic fragility—increased [82]
RBC life span—decreased [82]
Antioxidant enzymes—decreased [83-85]
NADPH oxidase—increased [86]
Hemoglobin leakage—increased [86]
Nitrite ions—increased [86]
Peroxynitrite—increased [86]
Hemoglobin—decreased [86]
Circulating RBCs—decreased [86]
Systemic sclerosis (SSc) Anion exchange capability via band [87]
3—decreased
Blood viscosity—increased [87]
Membrane protein structure destabilization [871]
SOf’—decreased [87]
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Diseases Oxidative stress markers Reference

Corona virus disease-19 Hematocrit levels—decreased [88]

(Covid-19) RBCs amplitude—increased [88]
Glutathione—decreased [89-91]
Arginase 1—increased [92]
ROS—increased [92]
Interferon-y—increased [92]
NO bioactivity—decreased [92]
Oxidized glutathione (GSSG)—increased [93]
Glycolytic metabolites—increased [93]
Phosphoglucomutase—decreased [93]
Carboxylic acids—increased [93]
Glutathione peroxidase—decreased [91]
Catalase—decreased [91]
Superoxide dismutase—decreased [91]

Table1.
Effects of oxidative stress in erythrocytes during diseases.

4. Antioxidant defense in erythrocytes

The antioxidant defense system of erythrocytes prevents oxidative cell damage.
This implies that the erythrocyte antioxidant defenses operate in a balanced manner.
As aresult, an appropriate redox state, balanced antioxidant action is required for
ROS homeostasis.

Antioxidants are molecules that prevent or delay cellular damage by inhibit-
ing or quenching ROS reactions [94]. Antioxidants can be synthesized in the
body or obtained from the environment, such as through diet. Erythrocytes are
well equipped to fight against oxidative stress, i.e., mechanisms to scavenge and
detoxify ROS, prevent their production, and sequester transition metals [95].
Erythrocytes contain both enzymatic and non-enzymatic antioxidants to combat
oxidative stress.

4.1 Enzymatic antioxidants

Enzymatic antioxidants include superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPX), glutathione reductase (GR), and peroxiredoxin-2
(PRX-2). Their coordinated actions protect the erythrocytes from free-radical-medi-
ated damage. Since there is no de novo synthesis of antioxidant enzymes in mature
erythrocytes, their defense capacity is limited. Free radicals affect the capacities of
antioxidative enzymes as well as the overall antioxidative system [96]. Under normal
conditions, erythrocytes contain sufficient levels of scavenger enzymes such as
Cu,Zn-SOD, CAT, and selenium-dependent GPX to protect from free radical injury.

Superoxide dismutase, a ubiquitous metal-containing enzyme, involves in the
detoxification of O," into O, and H,0,.
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SOD
0,” +0,” +2H" ->H,0, +0, 3)

SOD family comprises CuSOD, ZnSOD, MnSOD, and extracellular SOD, which
protect from particularly O,"". Cu,Zn-SOD catalyzes the dismutation of O, to H,0,,
which is later converted to water by CAT or GPX [21, 27, 97]. The activity of these
enzymes in erythrocytes is highest than that of other tissues in the body [98].

Erythrocytes are well protected against ROS due to the abundance of Cu,Zn-SOD,
which scavenges free radicals and thus prevents metHb formation [43]. Cu, Zn-SOD
synthesis is induced by O, formation through the activation of regulatory genes [15].
SOD scavenges O, and inhibits the formation of peroxynitrite, thereby prevent-
ing injury and regulating the bioavailability of NO [27]. Erythrocytes contain an
abundant quantity of Cu,Zn-SOD, which maintains intra-erythrocyte O, levels at
concentrations as low as 10> mol/L [96].

Catalases catalyze the direct decomposition of H,O, to water and O, [21].

CAT

2H,0, - 2H,0+0, 4)

Catalase and SOD react synergistically to protect each other [99]. CAT and GPX are
equally active in the detoxification of H,O, in normal erythrocytes [100]. At physiologi-
cal concentrations, GPX acts as a primary defense in H,0, degradation by reducing H,0,
while also converting GSH to its oxidized form (GSSG). However, under H,0, over-
production, CAT exhibits increased enzymatic activity, as measured by the Michaelis-
Menten constant (Km). The Km for CAT (2.4 x 10™* M) is significantly greater than the
Km for GPX (1 x 10~® M), which indicates that CAT scavenges H,0; efficiently at higher
concentrations [101-103]. GPX is important in dealing with endogenous H,O, produced
by Hb autoxidation, whereas CAT becomes increasingly important when erythrocytes
are exposed to increased H,0, flux [15]. H,0, readily crosses erythrocyte membranes
and can protect other tissues against extracellular H,O, by “absorbing” and destroying
it. Reduced glutathione (GSH) is used by GPX to detoxify hydrogen peroxide during
normal antioxidant defense system function. Furthermore, glutathione reductase is
required to convert H,0, to GSH, which contributes to H,0, detoxification [104].

Glutathione-S-transferases are important in the detoxification of electrophilic
xenobiotics. This enzyme catalyzes the conjugation of GSH with exogenous and
endogenous toxic compounds or their metabolites, making them more water-soluble,
less toxic, and easier to excrete. In addition, they are responsible for various resistance
mechanisms such as chemotherapeutic or antibiotic drug resistance [15].

Glucose-6-phosphate dehydrogenase (G6PD) is an important antioxidant enzyme
in erythrocytes, which is the regulatory enzyme of the pentose-phosphate pathway
(PPP). As erythrocytes lack mitochondria, the PPP pathway is the only source of
NADPH, and it plays an important role in NADPH-dependent antioxidant defense
[105, 106]. G6PD is required to protect erythrocytes from oxidative damage. The lack
of this protection can lead to severe hemolysis [107].

In addition to primary antioxidant defense systems that prevent the generation
of free radicals or radical chain reactions, secondary systems have been proposed.
Proteases that preferentially degrade oxidatively damaged proteins are among them.

In erythrocytes, a multicatalytic proteolytic complex appears to be responsible for the
degradation of oxidized intracellular proteins [47]. The presence of an 80-kDa serine
protease in the oxidized erythrocyte membranes preferentially degrades oxidized pro-
teins specifically protein hydrolase. When cells are oxidized, this cytoplasmic protein
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becomes adherent to membranes, promoting membrane protein degradation. The pro-
tease is characterized by its inhibition by a serine protease inhibitor [108]. It is endog-
enously present in oxidized or aged erythrocyte membranes and plays a crucial role in
the removal of the oxidation-induced membrane protein aggregates and in reducing the
oxidation-induced anti-band 3 binding in aging. Oxidized protein hydrolase (OPH) acts
as a secondary defense system by removing oxidized protein aggregates.

Peroxiredoxins (PRX), a class of thiol-containing enzymes, act as HO, and per-
oxynitrite scavengers in circulation. PRXs have a reductive capacity for hydroperoxides
via a reductant thiol. Peroxiredoxins have been shown in studies to be catalytic per-
oxynitrite reductases. It has been also reported that PRX-II is present in the cytosol of
erythrocytes. The catalytic cycle involves the reduction of oxidized PRX by thioredoxin
and the reduction capacity of NADPH via NADPH-thioredoxin reductase [28, 109].

4.2 Non-enzymatic antioxidants

Endogenous non-enzymatic antioxidants are defined in two phases: lipophylic
(vitamin E, carotenoids, ubiquinon, melatonin, etc.) and water-soluble (vitamin C,
glutathione, uric acid, ceruloplasmin, transferin, haptoglobulin, etc.). Three antioxi-
dant vitamins, A, C, and E, provide defense against oxidative damage. Vitamin C acts
in the aqueous phase, whereas vitamin E acts in the lipid phase as a chain-breaking
antioxidant. Vitamin C reduces O, and lipid peroxyl radical, but is also a well-known
synergistic agent for vitamin E [2]. Uric acid is an endogenous antioxidant with
metal-chelating properties and scavenges nitrogen radicals and superoxide in plasma,
thereby blocking the generation of peroxynitrite. Uric acid in erythrocytes quenches
the free radicals and ROS. Uric acid maintains the smooth membrane surface of RBCs,
thus preventing echinocyte formation [110].

Additionally, erythrocytes have a plasma membrane redox system (PMRS) that
transfers electrons from intracellular substrates to extracellular electron acceptors,
which may be NAD+ or/and vitamin C [111].

Many studies have demonstrated the influence of different antioxidants on eryth-
rocytes during oxidative stress (Table 2).

Sample OSinducer Antioxidant Results Reference
Human Hydrogen peroxide 1,3-dimethyluric Prevented lipid peroxidation [112]
RBC (H0,) & ozone acid and
membrane 1,3,7-trimethyluric
acid

Human Hydrogen peroxide p-Carotene & Increased SOD & catalase. [113]
RBCs resveratrol decreased conjugate dienes

& TBARS
Human Tert-butyl Resveratrol Increase in GSH & [114]
RBCs hydroperoxide membrane —SH
Human tert-butyl Capsaicin or Decrease in MDA & protein [115]
RBCs hydroperoxide L-ascorbic acid carbonyls
Human Hydrogen peroxide Tea polyphenols Protected RBCs and [116]
RBCs (TPP) membranes against lipid

peroxidation
Sickle cell Tert-butyl Flavonoids Protected against oxidative [117]
human hydroperoxide (quercetin & rutin), stress in and lipid
RBCs Ascorbic acid peroxidation
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Sample OSinducer Antioxidant Results Reference
Human Hydrogen peroxide Oak barrel-aged red Protected against hemolysis, [118]
RBCs wine extract (SD95) ROS & maintained MDA
Human AAPH or H,0, or Ether and water Ether fraction inhibited [119]
RBCs t-BOOH fraction of honey hemolysis and t-BOOH-

induced lipid peroxidation
Human Bisphenol A (BPA) Quercetin Decreased MDA levels [120]
RBCs and increased antioxidant

enzymes
Human Hydrogen peroxide Melatonin Restored band 3 expression [121]
RBCs levels, cell shape alterations

& lower TBARS.
Rat RBCs Tert-butyl Flavonoids Inhibited membrane lipid [122]

hydroperoxide (quercetin, catechin peroxidation and decreased
and naringenin) glutathione oxidation

Human Sodium fluoride 3,4-dihydroxy Increased AOPP, lipid [123]
RBCs (NaF) benzaldehyde (DHB) peroxidation, restored PMRS

& AO enzyme activity
Human Hydrogen peroxide B-carotene (BC) and TBARS and conjugate dienes [113]
RBCs resveratrol (RSV) decreased in BC and RSV

groups. SOD increased in

RSV.

Table 2.

The effects of antioxidants on erythrocytes during oxidative stress.

There are in vitro studies on oxidative stress in erythrocytes reporting the protec-
tive effects of antioxidants from plant extracts (Table 3).

Sample OSinducer Antioxidant Results Reference
Rat RBCs H,0, Potato peel extract Inhibited morphological [124]
(PPE) alterations RBCs
Human 2,2'-azobis Olive leaf extract Inhibited hemolysis, TBARS [125]
RBCs (2-amidinopropane) (OLE) formation, and hemoglobin
dihydrochloride oxidation
(AAPH)
Goat Cu®*-ascorbate Terminalia arjuna Decreased lipid [126]
RBCs (TA) bark extract peroxidation and protein
carbonyl content. Increased
GSH
Human 2,2'-azobis Quince (Cydonia Protection of erythrocyte [127]
RBCs (2-amidinopropane) oblonga) fruit pulp membrane from hemolysis
dihydrochloride and peel extracts
(AAPH)
Human Hypochlorous acid Ugni molinae Turcz Reduced hemolysis [128]
RBCs (HCIO) aqueous extract
Rat RBCs Cadmium Salicornia arabica Ameliorated antioxidant [129]

lipid extract

status and inhibited MDA
levels
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Sample OSinducer Antioxidant Results Reference
Human Hypochlorous acid Pitavia punctata Protecting the membrane [130]
RBCs (HCIO) extract integrity and inhibiting
the oxidation of the LDL
lipoprotein
Human H,0, Orchis latifolia Protected membrane [131]
RBCs and Centratherum integrity resulting ina
anthelminticum reduction of RBC hemolysis
extract and lipid peroxidation
Table 3.

The modulations of antioxidants from plant extracts in erythrocytes.

5. Conclusion

Many physiological and pathological circumstances have the potential to cause
oxidative stress and are possibly harmful in susceptible individuals. Furthermore,
this increased risk of adverse reactions is generally reflected in the erythrocytes. The
administration of antioxidants has the prospects of diminishing oxidative damage.
Therefore, erythrocytes act as unique cell models for translational studies on oxidant
and antioxidant interactions. However, they may not be helpful to study these effects
in relation to mitochondria (a major source of ROS), as the mature erythrocytes lack
the cell organelles.
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Chapter?2

Erythrocytes as Messengers for
Information and Energy Exchange
between Cells

Erland Johansson and Anders B. Falk

Abstract

Evolution has created a hierarchy of systems for information and energy using
different cells according to messages generated from DNA, RNA, and other sources.
Erythrocytes are formed in high speed at about 2 x 10%/s to balance dying or not work-
ing erythrocytes to maintain optimal energy and information transfer. Important
information is handled by nucleotides and distribution of metal ions and phosphates
when starting synthesis process. Handling of these processes needs kinases known
to be magnesium-dependent. Oxygen delivered by erythrocytes is used by other cells
to synthesize ATP and to increase reaction capacity. Complex signals to bone mar-
row balance erythroblasts before developing into reticulocytes and erythrocytes. We
discuss some aspects of erythrocyte communication with other cells of the body with
special focus on magnesium and selenium in this process.

Keywords: erythrocyte, magnesium, selenium, reactive oxygen species, glutathione,
cholesterol, microRNA, kinase, hierarchy

1. Introduction

Erythrocytes provide oxygen and other necessary compounds to cells of the
vascular compartment and other cells of the body. Erythrocytes also provide protec-
tion by collaborating in many ways with immune cells and humoral immunity [1, 2].
Erythrocytes communicate with other parts of the vascular compartment and to some
extent also other parts of the body (Figure 1). Erythrocytes communicate as a trans-
porter or by using signaling components perceived by receptors in other cells. We give
some examples of how erythrocytes use magnesium and selenium in a hierarchy for
optimal results as part of this communication. Magnesium occurs together with ATP,
the energy currency of erythrocytes, and other cells. This makes magnesium neces-
sary for many enzymes like the kinases of glycolysis. Further examples will be taken
from lipids, glutathione, sphingosine-1-phosphate, purinergic signaling, RNA, the
malaria parasite Plasmodium, and erythrocyte microvesicles.
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Figure 1.

Cogmmunimtion between erythrocytes and other cells takes place through RNA, proteins, metal ions, and other
compounds that each form hierarchies. The first hierarchy involves free vadical-induced production of compounds
where hydroxyl radical and solvated electron reactions are involved. The second hierarchy involves electrophilic
and nucleophilic compounds forming products adequate to the cells. The third hievarchy involves metal ions and
ligands dependent on the previous two hievarchies but adapted to cell demand. In erythroid precursors and in
other cells, excluding the erythrocyte, compounds and metal ions may reach DNA and RNA not controlled by
evolutionary developed genome adapted to cell demand. Small changes of DNA and RNA, including epigenetic
changes, may take place. These may become established or vestoved, but lavge damages will present symptoms and
are difficult to vestore.

2. Energy needs of the erythrocyte

Energy needs of the erythrocyte are fulfilled by ATP generated from glycolysis,
which comprises several magnesium-dependent enzymes [3]. Magnesium is also
necessary as enzyme cofactor or as part of enzyme substrate or product for more than
600 enzymes in the body, although not all these occur in the erythrocyte.

Among the enzymes of glycolysis, or the Embden-Meyerhof pathway, hexoki-
nase, phosphofructokinase, phosphoglycerate kinase, and pyruvate kinase need
magnesium as part of the ADP/ATP substrate or product. Aldolase and enolase need
magnesium as a fundamental enzyme cofactor for stability and activity. The remain-
ing glycolysis enzymes, glucose-phosphate isomerase, triosephosphate isomerase,
glyceraldehyde 3-phosphate dehydrogenase, monophosphoglycerate kinase, and
lactate dehydrogenase are not magnesium-dependent. Hexokinase, the first enzyme
of glycolysis, increases reaction rate by at least 10 orders of magnitude compared
to the uncatalyzed reaction, as an example of the very high catalytic demands on
glycolytic enzymes [4]. Along with glycolysis, there is also the Rapoport-Luebering
shunt producing 2,3-diphosphoglycerate, which is necessary for hemoglobin regula-
tion. Magnesium level within erythrocytes is around 0.3 mM, which is three times
higher than in plasma. The necessary levels of magnesium for glycolytic enzyme
function are about an order of magnitude less than intra-erythrocyte magnesium
concentration, suggesting that magnesium, while necessary for glycolysis, would not
have a direct regulatory function in glycolysis [5]. Extracellular glucose can induce
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magnesium efflux in erythrocytes [6]. Erythrocytes of type II diabetes patients

also have lower magnesium levels as compared to healthy individuals. Glycolysis is
sometimes described as two competing mechanisms, the pentose-phosphate pathway
and the Embden-Meyerhof pathway. The pentose-phosphate pathway, also called the
hexose monophosphate shunt, is used by erythrocytes to generate reducing power in
the form of NADPH and is not known to require magnesium. Glycolysis is regulated
by positive or negative feed-back or feed-forward loops [7] and by the availability of
oxygen. The pentose-phosphate shunt is favored when oxygen is abundant, whereas
the Embden-Meyerhof pathway is favored in oxygen-limiting conditions. Erythrocyte
glycolysis is also regulated by sphingosine-1-phosphate (S1P), at least in high altitudes
[8], and by a circadian rhythm coupled to redox regulations [9].

Erythrocytes also contain insulin receptors at a copy number of about 1000-2000
per erythrocyte, depending on age and health status [10]. Erythrocyte insulin recep-
tors respond to insulin and may regulate glycolysis, probably through phosphoryla-
tion of phosphofructokinase and intracellular redistribution of the enzyme [11]. This
could be through a magnesium-dependent process, since insulin induces magnesium
efflux from erythrocytes [12]. Signaling from the erythrocyte insulin receptor seems
to be through the phospho-inositide pathway, since magnesium efflux was inhib-
ited by wortmannin, a known inhibitor of phosphinositide-3-kinase [12]. Insulin
receptor signaling also involves magnesium-dependent autophosphorylation of the
tyrosine kinase part of the receptor. Erythrocytes are not dependent on insulin for
glucose uptake, since they import glucose through the non-insulin-dependent glucose
transporter GLUT-1. Insulin in synergism with the insulin C-peptide has been shown
to inhibit the release of ATP from erythrocytes that occur as a result of low oxygen
levels [13, 14]. This effect could be reversed by a phosphodiesterase 3 inhibitor [15].
Insulin and insulin receptors are also known to regulate the potassium balance of
cells. This regulation is thought to mainly be at the expression of the genes encoding
the voltage-gated potassium channels [16]. If so, then insulin and the insulin receptor
are mainly at work in erythroid precursors for regulating potassium channels, rather
than in the mature erythrocyte. High glucose concentration in plasma, also called
hyperglycemia, as can be observed in diabetes, can have many effects on erythrocytes
[17]. For instance, glucose can be metabolized in the erythrocyte by aldose reductase
leading to sorbitol or fructose production through the polyol pathway, which can lead
to complications like diabetic neuropathy [18]. Hyperglycemia also leads to glycation
of hemoglobin. Glycated hemoglobin has an increased affinity for oxygen and could
be expected to be less prone to release its oxygen in a normal way. However, the total
oxygen delivery capacity of blood containing glycated hemoglobin is essentially
unchanged [19]. Hyperglycemia can on the other hand cause cellular hypoxia by other
mechanisms [20].

3. Glutathione and sphingosine-1-phosphate in the erythrocyte

Glutathione and sphingosine-1-phosphate are two compounds synthesized by and
exported from erythrocytes. Glutathione is mainly a protector against oxidative dam-
age, whereas sphingosine-1-phosphate is an immune cell communicator. Glutathione
is synthesized by the enzymes glutamate-cysteine ligase and glutathione synthetase
which are magnesium-dependent enzymes. Glutamate-cysteine ligase uses magne-
sium-ATP as substrate, and glutathione synthetase crystals show two magnesium ions
in addition to ADP, glutathione, and sulfate [21]. Glutathione is the main reducing
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agent in erythrocytes and other cells. Supplementation with the glutathione pro-
drug N-acetylcysteine or glycine has been shown to improve several health aspects,
including insulin resistance and cognition [22]. Erythrocytes and other tissues like
liver and brain export glutathione to plasma [23]. Erythrocyte export of glutathione
takes place by multi-drug resistance proteins [24]. Extracellular glutathione is of
relevance in inflammation and disease [25-27] and can directly regulate immune
components in plasma [28]. Intracellular glutathione concentration is usually three
orders of magnitude higher than the extracellular glutathione concentration, and

an energy-consuming active glutathione uptake mechanism seems not to be known
[29]. Therefore, extracellular glutathione is not expected to be taken up by cells.
Erythrocyte glutathione synthesis is dependent on the availability of the substrates
glutamate and cysteine. Cysteine is imported as cystine through the glutamate/cystine
antiporter, also known as SLC7A11 or system Xc-. Glutamate is acquired as glutamine
through the ASCT?2, also known as SLC1AS5 transporter.

Sphingosine-1-phosphate (S1P) is a multifunctional molecule synthesized, stored,
and exported to plasma by erythrocytes, platelets, and endothelial cells [30]. The
erythrocyte is considered as the main contributor to plasma S1P. The two enzymes
sphingosine-kinase-1 and sphingosine-kinase-2 are responsible for the synthesis of
S1P. Targeted deletions of the genes coding for these enzymes suggest that erythro-
cytes and platelets are redundant for S1P synthesis under normal conditions, but nec-
essary in systemic anaphylaxis [31]. Erythrocytes obtain sphingosine from plasma for
S1P synthesis, although the precise import mechanism has not been elucidated. S1P
is then synthesized by sphingosine-kinase-1, which is dependent on magnesium as
shown by the presence of magnesium in the crystal structure of sphingosine-kinase-1
[32]. Evidence for intra-erythrocytic sphingosine synthesis has not been found [33].
The S1P-degrading enzymes sphingosine lyase and sphingosine phosphohydrolase are
not present in erythrocytes, leading to some erythrocytic S1P storage capacity [34].
S1P is exported from erythrocytes by the major facilitator superfamily domain 2b
(Mfsd2b), whereas export from endothelial cells is mediated through protein spinster
homolog 2 (Spns2). S1P also needs apolipoprotein M in complex with high-density
lipoprotein for effective export from erythrocytes [35].

S1P has several known effects in plasma. S1P forms a gradient where high levels
are found peripherally and low levels are found within lymph nodes. Maturing
lymphocytes expressing the S1P-receptor-1 proceed along this gradient, thereby
leaving the lymph nodes. S1P1 receptor expression and further downstream signal-
ing in endothelial cells are necessary for blood vessel integrity and vascular tone.
Some of these effects are thought to be brought about by nitric oxide signaling [30].
Increased erythrocyte S1P levels have been found in COVID-19 patients [36]. SIP can
reprogramme erythrocytes of chronic kidney disease patients to glucose metabolism
through the Rapoport-Luebering shunt [37].

4. Erythrocytes, Alzheimer’s disease, and other types of dementia

Several studies have indicated changes in erythrocytes of demented patients,
including Alzheimer’ disease. Binding of amyloid-beta to erythrocytes has been
reported, and fibrils supposedly containing amyloid-beta have been visualized on
erythrocytes [38]. A metabolomics study of Alzheimer’ disease patients and controls
identified 750 metabolites of which 7 increased and 24 decreased in erythrocytes of
Alzheimer’s disease patients [39]. The increased metabolites included argininate,
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2-oxoarginine, and N-acetylarginine, all of which are known to form as a result of
deficiency of the enzyme arginase. Erythrocyte arginase activity in Alzheimer’s
disease patients needs to be investigated to follow up on these results. All the 24
decreased metabolites were lipids, or related to lipid metabolism, whereof 10 were
in the sphingolipid group like sphingomyelin. A metabolomic study of plasma in
Alzheimer’ disease similarly found differential presence of many lipids, but in this
study sphingomyelin was higher in plasma of Alzheimer’ disease patients [40].
Low blood hemoglobin levels and anemia have been associated, possibly in a causal
relationship, with Alzheimer’s disease and cognitive function [41].

Genome-wide association studies have found association between Alzheimer’s
disease and complement receptor 1 (CR1), clusterin, complement component
15 (C1s), and in some ethnic groups also complement factor H [42-44]. CR1isa
transmembrane protein with a short cytoplasmic part, and many extracellular short
consensus repeats (SCR) that bind complement component 3b (C3b) in complex
with an antibody and its antigen, also referred to as an immune complex. The bound
immune complex is then delivered to macrophages for internalization and degrada-
tion. CR1 has been localized to the membrane of erythrocytes where 80-90% of all
CR1 in the body is estimated to be localized [45]. C3b binds to immune complexes
with amyloid-beta, the main suspected protein in Alzheimer’s disease. C3b-antibody-
amyloid-beta complexes then bind to CR1 on erythrocytes that carry their load for
delivery to the Kupffer macrophages in the liver. This process is sometimes referred
to as immune adherence [46]. The anti-amyloid-beta antibody Aducanumab is a
recent addition to Alzheimer’s disease therapy. Aducanumab showed reduction of
amyloid-beta in the brain, but no improvement of cognition or functional ability of
patients [47]. Since antibodies have low ability to penetrate the blood-brain barrier,
the effect of immunotherapy against Alzheimer’s disease may involve amyloid-beta
clearance from blood via erythrocytes and CR1 [48]. It should be noted that brain
expression of CR1 is controversial, and therefore the erythrocyte-based explanation
for CR1 involvement in Alzheimer’s disease is preferred [45]. Complement has been
shown to be active in normal brain function, for instance by performing synaptic
pruning during development [49, 50]. The other complement components or comple-
ment factors that have been implicated in Alzheimer’s disease may therefore be active
in the brain. For instance, the C3b-binding complement factor H is present in both
brain and plasma and has been shown to protect erythrocytes and other cells against
complement-mediated damage [51]. As mentioned, complement factor H has shown
association with Alzheimer’s disease in some population studies [43]. A functional
association between complement factor H and CR1 on erythrocytes in the pathol-
ogy of Alzheimer’ disease can therefore not be excluded. Inspection of CR1 alleles
shows that CR1*2 is associated with increased risk for Alzheimer’s disease. CR1*2
has an extra short consensus repeat in the extracellular domain of the protein. This
length polymorphism is almost always associated with lower expression of CR1*2 on
the erythrocyte surface [52]. The patients also show high levels of soluble CR1. The
significance of soluble CR1 seems to be largely unknown. Clusterin, also known as
apolipoprotein J, and ATP-binding cassette A7, also known as ABCA?7, are two addi-
tional erythrocyte proteins [53, 54] that are known to be associated with Alzheimer’s
disease from genome-wide association studies.

Erythrocyte levels of the omega-3 fatty acids docosahexaenoic acid and eicosapen-
taenoic acid were lower in subjects with dementia in a longitudinal study population
[55]. Possibly omega-3 fatty acids offer some protection against dementia as is further
discussed in the section on cholesterol and lipids.
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Erythrocytes have also been suggested to be a potential link between Alzheimer’s
disease and diabetes [56]. For instance, erythrocytes in Alzheimer’ patients express
more glucose transporter 1 (GLUT1) and insulin receptor than control subjects [57].
It is possible that these results are indications of a dysregulated metabolism that influ-
ences the availability of oxygen for the brain which might lead to cognitive impair-
ment [58]. It should also be noted that Alzheimer’ is more frequent in patients with
type 2 diabetes.

5. Magnesium, cognition, and the erythrocyte

Body magnesium levels can be assessed through measurement of erythrocyte or
plasma magnesium levels. Since only about 1% of total-body magnesium is found in
blood, further tests may be necessary for more thorough evaluation of whole-body
magnesium levels. A correlation between intra-erythrocyte magnesium levels and
cognition was found in rats [59], and a similar association could be found in a human
study involving patients with vascular cognitive impairment [60]. Erythrocytes show
significantly diminished intracellular magnesium levels in patients with vascular
cognitive impairment, although plasma magnesium levels are normal. This could be
interpreted as a measure of whole-body magnesium levels, including the brain. Low
magnesium levels in the central nervous system are known to be associated with com-
plications like depression. An explanation for this may be the excitotoxicity caused by
the N-methyl-D-aspartate (NMDA) receptor, a glutamate-regulated calcium channel
present in the plasma membrane of nerve cells. The NMDA receptor requires magne-
sium as a “gate-keeper” to prevent opening of the channel. Small areas of blood-brain
contact can occur in dementia as microbleeds or microhemorrhages, also known as
blood extravasations [61]. Communication between brain and the immune comple-
ment and blood coagulation systems has been suggested to be part of the pathology
in vascular dementia [62]. A meta-analysis of dementia trials showed that vascular
dementia was associated with increased levels of fibrinogen, activated factor VII,
factor VIII, von Willebrand factor, D-dimer, and homocysteine [63]. When displaying
phosphatidylserine on the surface, erythrocytes contribute to coagulation by interact-
ing with the gamma-carboxyglutamyl (Gla) domains on coagulation factors, initiat-
ing the formation of thrombin from prothrombin. Phosphatidylserine exposure is
regulated by intracellular calcium level and by the enzymes flippase and scramblase.
Flippase moves phospholipids from the exoplasmic to the cytoplasmic side of the
plasma membrane. Flippase activity in human erythrocytes is performed by ATP11C,
a P4-ATPase [64] that has been crystallized together with its interacting protein
CDC50, which is also known as TMEM30A [65]. The structure is similar to other
human or yeast P4-ATPase flippase structures [66, 67]. Reduction in ATP11C activity
leads to increased phosphatidylserine exposure on erythrocytes [68] and in case of
deficiency may lead to mild hemolytic anemia [69]. Flippase activity is dependent on
ATP and magnesium, and some of the 3D structures also show magnesium ions at the
phosphorylation site [66, 67]. Lower magnesium levels in erythrocytes can therefore
lead to lower flippase activity and more exoplasmic exposure of phosphatidylserine.

Scramblase moves lipids between the two monolayers of a membrane in either
direction, thus evening out differences in lipid composition between the two sides.
Human scramblase comes in three different protein families [70]. The scramblase
activity of erythrocytes is performed by transmembrane protein 16F (TMEMI6F,
also known as anoctamin6) [71, 72]. TMEM16F is a calcium-dependent homodimeric

30



Erythrocytes as Messengers for Information and Energy Exchange between Cells
DOI: http://dx.doi.org/10.5772/intechopen.108321

structure with 10 transmembrane alfa-helices and a large amino-terminal cytosolic
domain in each subunit [73]. The hydrophilic head of the lipid substrate proceeds

in a cavity on TMEMIG6F, similar to the swiping of a credit card [74]. Evidence for
TMEMIG6F scramblase activity also comes from patients with Scott syndrome [75, 76],
a condition involving low coagulation ability of platelets and erythrocytes [77]. Three
calcium-binding sites can be seen in TMEM16F high-resolution structures, but so far,
crystal structures of the TMEM family seem not to have included magnesium. Since
TMEMIG6F is negatively regulated by magnesium [78], low intracellular magnesium
levels, as was found in erythrocytes of vascular dementia patients, may lead to more
TMEMI6F scramblase activity, phosphatidylserine exposure, and blood coagulation.
Magnesium binding to TMEM proteins could involve a magnesium-calcium competi-
tion similar to some other calcium-dependent proteins often involving the regulatory
protein calmodulin [79]. A direct interaction between TMEM proteins and calmodu-
lin has been suggested but is still controversial [80].

6. Iron and the erythrocyte

Iron is necessary for oxygen transport by hemoglobin in the erythrocyte. In addi-
tion, iron is stored in ferritin, which has been shown to occur in the erythrocyte and
may be necessary for binding excess erythrocyte iron. Excess erythrocyte iron may be
a consequence of hemoglobin oxidation and degradation and may be a normal part
of erythrocyte aging. The erythrocyte also contains the iron export protein ferro-
portin, which may likewise protect the erythrocyte from toxic effects of excess iron.
Ferroportin is regulated by the iron hormone hepcidin, which in turn is regulated by
interleukin-6. Conditional deletion of ferroportin in mice leads to build-up of intra-
cellular erythrocyte iron and may result in hemolysis [81]. The ferroportin Q248H
mutation protects ferroportin from degradation caused by hepcidin and seems to have
been selected in African populations possibly due to some protection against malaria
conferred by the mutation. Ferroportin functions in erythrocytes and erythroid cells
as an export gate for the regulation of total-body iron homeostasis [82, 83]. Iron is
dysregulated in ferroptosis, a form of regulated cell death distinct from apoptosis
[84]. Ferroptosis is characterized by iron overload, peroxidation of lipids and low
activity of the selenium-containing enzyme glutathione peroxidase 4. Ferroptosis has
been associated with several pathological conditions including neurological diseases
such as Alzheimer’s disease [85]. Transcriptomic analysis reveals changed expression
levels of many ferroptosis-related genes in Alzheimer’s disease patients [86], includ-
ing the selenium-containing enzyme glutathione peroxidase 4. Neuron ferroportin
needs the amyloid precursor protein for stability and localization. Degradation
of amyloid precursor protein to amyloid-beta may lead to increased iron levels in
neurons and pave the way for ferroptosis-induced neuron death [87]. Some amyloid-
beta will reach the vascular compartment by way of the glymphatic system. Amyloid-
beta can then bind to erythrocytes in the vascular compartment. Amyloid-beta has
been shown to induce morphological changes in erythrocytes [88], affect signal
transduction [89], and inhibit production and release of ATP from erythrocytes [90].
Amyloid-beta could potentially affect erythrocytes leading to dysregulation of total-
body iron homeostasis, potentially worsening the prodromal phase of Alzheimer’s
disease, although this remains to be tested.

Hereditary hemochromatosis is another condition also characterized by iron
overload in several tissues of the body. Particularly the liver, heart, pancreas, and skin
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are affected in hereditary hemochromatosis. Erythrocytes of patients with hereditary
hemochromatosis may show morphological changes [91], and the patients can be
affected by secondary diseases that affect erythrocytes, such as polycythemia vera or
hemolytic anemia [92].

7. The erythrocyte and purinergic signaling

Cells of the vascular compartment communicate with each other by adenosine
and its nucleotides ADP and ATP, a process called purinergic signaling. A set of 19
receptor subunits form receptors for adenosine and its nucleotides [93]. The ATP-
binding P2X7 receptor is found on erythrocytes and many other cells in the vascular
compartment. Binding of the ATP ligand to the P2X7 receptor of erythrocytes leads
to phosphatidylserine exposure and clearance by macrophages [2]. ATP generated
from erythrocytes can activate the P2X7 receptor on other cells like endothelial
and myocardial cells. This can lead to inflammasome activation and may lead to
pyroptosis of the cell through activation of gasdermin [94]. Structural studies of the
P2X7 receptor show a “leaping dolphin”-like structure, where the head is formed
by the extracellular domain and the tail by the transmembrane helices [95]. Unlike
other P2X receptors, the P2X7 receptor shows a rather extended C-terminal domain
described as the “cytoplasmic ballast” [96]. The cytoplasmic ballast contains one
GDP-binding site, two zinc-binding sites and similarity to TNF receptor I and
lipopolysaccharide binding domains [97]. When exposed to high ATP concentra-
tions, the P2X7 receptor can form a macropore that allows passage of solutes up
to 900 Da in size leading to apoptosis of the cell. The macropore size is sometimes
incorrectly stated to be 900 kDa [94, 98, 99]. The macropore may be formed by the
P2X7 receptor or together with some other membrane proteins like pannexin or
connexin. Some evidence suggests that the P2X7 receptor is inhibited by magnesium
[100]. The P2Y12 receptor is expressed on erythrocytes but is most known for its
expression on platelets, where binding to ADP is part of the process of platelet
activation, which is an important part of blood coagulation. Due to this, the P2Y12
receptor has been the focus of pharmaceutical development for instance leading
to the antagonists clopidogrel, prasugrel, and ticagrelor. The P2Y13 receptor is
activated by ADP on erythrocytes leading to diminishing of ATP export. Purinergic
signaling in erythrocytes is part of the interaction between erythrocytes, platelets,
and endothelial cells, both in normal physiological conditions and in pathological
conditions such as diabetes [101].

Export of ATP from erythrocytes takes place through the pannexin transmem-
brane protein. ATP can then be metabolized in the extracellular space, for instance
in plasma, to ADP and AMP by ectonucleoside triphosphate diphosphohydrolase,
usually called CD39. AMP can then be further metabolized to adenosine by ecto-
5'-nucleotidase, usually called CD73. CD39 and CD73 are transmembrane proteins
expressed on the plasma membrane of many cell types including endothelial cells
[102, 103]. Crystal structures of CD39 and CD73 show calcium and zinc ions [104,
105]. Interestingly, CD39 and CD73 collaborate with heme oxygenase-1 in heme
catabolism [106]. Adenosine generated by CD73 increases heme oxygenase-1 in mac-
rophages through stimulation of the adenosine A2A or A2B receptors. Heme and ATP
can be generated from erythrocytes as a consequence of hemolysis. The intracellular
pool of adenosine can be replenished by equilibrative nucleoside transporter 1 [101],
which is a transporter localized in the plasma membrane of erythrocytes and other
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cells. AMP can then be regenerated in the erythrocyte from adenosine by adenosine
kinase [107], an enzyme in the purine nucleotide salvage pathway [108].

Uric acid, the result of adenosine and guanosine catabolism, is found in plasma
where it may have antioxidative properties [109]. Significant correlations between
uric acid levels and several erythrocyte parameters have been found, such as mean
corpuscular volume, mean corpuscular hemoglobin concentration, and erythrocyte
distribution width [109, 110]. However, decreased plasma uric acid levels accom-
plished by the recombinant urate oxidase Pegloticase did not affect the oxidative
status of plasma [111]. A possible interpretation of this result is that the antioxidative
properties of erythrocytes could compensate for the loss of uric acid’s antioxidative
capacity.

8. The erythrocyte, cytokine, and immune cell relation

Erythrocytes have been found to be a reservoir of cytokines, a group of immune
signaling proteins. Cytokines include chemokines, interferons, interleukins, and the
hormone erythropoietin. Close to 50 different cytokines have been identified in or
associated with erythrocytes [112]. Erythrocytes probably due to cytokine storage
have a role in defense against pathogens, immune function, and homeostasis [2].
Erythrocytes also interact with the cellular part of the immune system (Figure1).
Macrophages are an important part of the cellular immune system that participate
in both the birth and death of erythrocytes. Macrophages phagocytose senescent
erythrocytes when they pass through liver or spleen. A phagocytosis signal is pro-
vided by phosphatidylserine exposure on erythrocytes, recognized by the TIM (T
cell immunoglobulin and mucin domain containing) and CD300 receptors on macro-
phages. The CD47 membrane protein, which is present on erythrocytes, binds to the
SIRPalfa protein on macrophages to downregulate phagocytosis [113]. Erythrocytes
stored for long time periods can induce M2 macrophage polarization through the
immunosuppressive interleukin-10 [114], thereby downregulating immunity.
Macrophages are also necessary in erythropoiesis, the formation of new erythrocytes,
where they interact with the erythroid progenitors in erythroblastic islands [115, 116].
Macrophages promote erythroblast proliferation and differentiation by secreting
growth factors, providing nutrients like iron and finally phagocytosing nuclei of the
nascent reticulocytes. Early-stage erythroblasts respond to growth factors like inter-
leukin-3, stem cell factor, and erythropoietin. Several receptor-ligand pairs facilitate
macrophage-erythroblast interactions. Vascular cell adhesion moleculel of the
macrophage interacts with integrin alfad4betal of the erythroblast and integrin alfaV
of the macrophage interacts with intercellular adhesion molecule4 of the erythroblast
[115]. Erythroblast macrophage protein of the macrophage interacts with erythroblast
macrophage protein expressed on the surface of the erythroblast. CD163 and CD169
are expressed on macrophages and are known to be necessary for erythropoiesis,
but the corresponding molecule on the erythroblast has not been identified. Finally,
DNase2alfa of the macrophage is necessary for the phagocytosing of the nuclei of the
nascent reticulocytes [116]. Selenium and selenoproteins are other factors necessary
for erythropoiesis. Mutation of the selenocysteine-transfer-RNA, sometimes abbrevi-
ated Trsp, selenoprotein W, and glutathione peroxidase 4 genes in mice led to defec-
tive erythropoiesis [117-119]. Selenoprotein W has been suggested to be an adaptor
protein to the E3 ubiquitin ligase TRIM21 [120]. Ubiquitin is a protein that delivers
proteins for degradation to the proteasome, a protein complex that degrades mainly
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damaged proteins marked by ubiquitin. The 20S proteasome and ubiquitin have been
detected in reticulocytes and mature erythrocytes. Erythrocytes from patients with
Alzheimer’s or Parkinson’s disease show decreased 20S proteasome activity [121, 122].
Erythrocytes also interact with other cells of the immune system. Erythrocytes
have been shown to inhibit T cell activation or activation-induced apoptosis presum-
ably via reactive oxygen species-dependent pathways [123, 124]. Erythrocytes treated
with a cancer cell line stimulated T cells to more proliferation and other cytokine
secretion profile than if treated with control erythrocytes [125]. The C-C chemokine
RANTES (regulated on activation, normal, T cell expressed, and secreted) guides
transendothelial migration of eosinophils, an immune cell that is responsible for
interleukin-5 production and largely involved in asthma and allergy. Erythrocytes
regulate this process by scavenging RANTES in the vascular compartment [126].

9. Erythrocytes and function of the vascular compartment

The erythrocyte is important for several aspects of the vascular compartment, in
particular vascular tone and vascular integrity. One aspect is the signaling based on
nitric oxide, a gaseous molecule produced in the vascular compartment by erythro-
cytes, platelets, and endothelial cells by endothelial nitric oxide synthase (eNOS).
Erythrocytes both produce and release nitric oxide [127] but can also scavenge nitric
oxide by hemoglobin [128]. The synthesis of nitric oxide proceeds from arginine and
oxygen-generating nitric oxide and citrulline. Regulation of nitric oxide synthesis is
performed by arginase I by degrading the substrate arginine to ornithine and urea.
Nitric oxide synthesis can also take place by deoxy-hemoglobin acting as nitrite
reductase in hypoxia.

Nitric oxide is a vasodilator based on its effects on the vascular smooth muscle
cells that surround the vascular compartment and contribute to vascular tone. The
vascular smooth muscle cells contain the nitric oxide receptor soluble guanylate
cyclase that produces cyclic guanosine monophosphate (cGMP). Protein kinase G
is a further downstream signaling component, but the steps leading to vasodilation
seem to be unknown in exact detail [129], although the last step probably involves
changes in myosin phosphorylation, performed by Rho-associated kinase, zipper
interacting kinase [130], myosin light chain kinase, or myosin phosphatase [131].
Some of these enzymes are also regulated by calmodulin and may therefore also
be indirectly regulated by magnesium [79]. Soluble guanylate cyclase and protein
kinase G are also present in erythrocytes and platelets, although the precise func-
tion of this pathway in erythrocytes is unknown [132]. Nitric oxide has an inhibitory
effect on platelet activation, possibly through phosphorylation of the thromboxane
receptor [133]. The effects of nitric oxide also include S-nitrosation of proteins and
regulation of cGMP-gated ion channels by cGMP [128]. For instance, nitric oxide
protects against myocardial infarction through S-nitrosation of the mitochondrial
permeability transition pore regulator cyclophilin D [134]. Nitrosation of cysteine-93
of the beta-chain of hemoglobin has been suggested as a transport mechanism for
nitric oxide in the erythrocyte. This hypothesis is not currently favored as a result of
mutation studies [127]. A magnesium-dependent nitrosation of glutathione, yielding
S-nitrosoglutathione, has been reported and could potentially occur in erythrocytes
[135]. The physiological significance of S-nitrososglutathione is however unclear.

The relative contribution of different cell types to nitric oxide production in the
vascular compartment is not yet fully elucidated. Erythrocytes both produce and
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scavenge nitric oxide, which complicates the interpretation their contribution. Several
evidences from pathological conditions point to the importance of erythrocytes for
generation of nitric oxide bioactivity. Increased expression of erythrocyte arginase in
diabetes leads to less nitric oxide production from erythrocytes. ENOS can be mono-
merized in erythrocytes of type 2 diabetes patients, usually referred to as uncoupling.
The monomers then produce superoxide, which is also produced by nicontinamide
adenine dinucleotide oxidase (NOX), both in erythrocytes and in endothelial cells.
This results in dysfunction of endothelial cells [136], a common phenomenon in type
2 diabetes. As a further example, studies of anemic patients and a mouse model of
anemia show that anemia is associated with erythrocyte dysfunction and reduced
nitric oxide bioactivity. ENOS activity is then increased in the vascular wall and heart
as compensatory mechanisms. If anemia is combined with endothelial dysfunction,
the compensatory nitric oxide bioactivity may not be sufficient and could lead to
adverse outcomes in myocardial infarction [137, 138].

10. Erythrocytes, cholesterol, and other lipids

The erythrocyte membrane contains lipids like phosphatidylserine, phosphati-
dylethanolamine, phosphatidylcholine, sphingomyelin, and membrane proteins. The
membrane also contains cholesterol, which is important for membrane stability and
deformability of erythrocytes [139]. The parasite Plasmodium does not synthesize
cholesterol, and vesicles containing cholesterol have been observed to transport
from erythrocytes to the Plasmodium parasite [140]. Cholesterol can be chelated
by beta-methyl-cyclodextrin, which has been used against Plasmodium infections
[141]. Many studies point to an association between lipid constituents of erythrocytes
and divers diseases [142]. Many studies have found that the omega-3, also called n-3
fatty acids, are promoting health in various ways, whereas omega-6 (n-6) may be
less health promoting and the saturated fatty acids are further less health promot-
ing. Trans-fatty acids are usually not considered health promoting, although this
is somewhat controversial considering their occurrence in dairy products. Similar
results are found across many studies, irrespective of whether plasma or erythrocyte
levels are measured. One reason for less clear health promotion of omega-6 fatty acids
is that the omega-6 arachidonic acid is a precursor for pro-inflammatory prostaglan-
dins, thromboxanes, and leukotrienes [143], collectively called eicosanoids. Omega-3
fatty acids on the other hand have been reported to reduce signaling through the
pro-inflammatory toll-like receptor 4 (TLR4) [144]. Dietary levels of omega-6 fatty
acids are usually well in excess of those of omega-3, which may lead to undesirable
enzymatic competition for the fatty acid substrate. Erythrocyte membrane constitu-
ents are of interest as diagnostics, since erythrocytes are more long-term indicators
than plasma levels, which are influenced by the most recent meal. Erythrocyte
levels of omega-3 fatty acids were associated with less cardiovascular events in the
Framingham heart study [145]. Erythrocyte omega-6 fatty acid levels showed no
association with cardiovascular events in the same study [146]. Erythrocyte omega-3
polyunsaturated fatty acids were negatively correlated with cancer [147]. Erythrocyte
omega-3 fatty acids were associated with less risk of islet autoimmunity in children
with diabetes [148]. A study of erythrocytes in preclinical Alzheimer’s disease found
increased levels of the omega-6 fatty acid arachidonic acid and decreased levels of the
omega-3 fatty acid docosapentaenoic acid in participants with high neocortical beta-
amyloid load prior to cognitive impairment [149]. Decreased omega-3 fatty acid levels
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in erythrocyte membranes of schizophrenia patients has given rise to a modified ver-
sion of the dopamine hypothesis of schizophrenia [150]. A study of erythrocyte fatty
acids in schizophrenia patients found that omega-3 polyunsaturated fatty acids were
significantly lower and the omega-6:0mega-3 fatty acid ratio was significantly higher
in the group with dominantly negative symptoms as compared to the group with
dominantly positive symptoms [151]. A significant deficit of erythrocyte omega-3
docosahexaenoic acid has been noted in bipolar disorder type I [152], whereas eryth-
rocyte fatty acid profiles had no predictive value in autism spectrum disorder [153].
Trans-fatty acids in erythrocytes were found to be associated with increased
risk of coronary heart disease in prospective [154] or cross-sectional studies [155].
However, trans-fatty acids in erythrocytes appear to be decreasing in Europe as seen
in samples from 2008 to 2015 [156].

11. Erythrocytes and ribonucleic acid (RNA)

Although ribonucleic acid (RNA) has been reported in erythrocytes since long
(Figure 1), the purity of blood cell preparations was often questioned [157]. The
use of single-cell transcriptomics has provided further confirmation of the presence
of RNA in erythrocytes [158]. Around 8000 messenger-RNA transcripts have now
been found in erythrocytes. Analysis of messenger-RNA has shown that erythrocytes
can be divided into at least seven different categories [158]. These seem to represent
different stages of development from reticulocytes to cells in transition to mature and
finally senescing erythrocytes. The most abundant messenger-RNA transcripts are
related to erythropoiesis and may be seen as a residue from that process. Alternatively,
messenger-RNA may serve as template for protein synthesis, which would require
the presence of ribosomes and other parts of translation, which may possibly exist at
alow level in erythrocytes [159]. Hundreds of different microRNAs (miRNAs) have
also been confirmed in erythrocytes [159]. MiRNAs are usually about 22 nucleotides
in length and function to reduce, or silence, the expression of genes. Important parts
of this mechanism are the RNAse III enzymes Drosha and Dicer, the endonuclease
Argonaute, and the RNA-binding protein DGCR8. Drosha, Dicer, and Argonaute are
all magnesium-dependent enzymes [160-162]. MiRNA genes are transcribed by RNA
polymerase II to a pri-miRNA. Drosha and DGCRS then process the pri-miRNA to a
pre-miRNA which is exported from the nucleus through exportin-5. Once in the cyto-
plasm, the miRNA is further processed by Dicer and bound to Argonaute2 forming
the RNA-induced silencing (RISC) complex. Some of the miRNAs of the erythrocyte
like miR-451, miR-144, and miR-486 are involved in erythropoiesis [163]. MiR-451 is
also associated with malaria, and miR-144 is correlated with hypoxia at high altitudes
[159]. An attractive hypothesis is that erythrocytic RNA enclosed in microvesicles is
used as a means of communication between erythrocytes and other cells.

Microvesicles are extracellular vesicles 0.1-1 micrometer in size, formed by bud-
ding from the plasma membrane. Microvesicles are distinguished from exosomes,
which are smaller and released as preformed vesicles, 10-100 nanometer in size.
Microvesicles and exosomes may contain proteins, lipids, and RNA. Microvesicles
are particularly known as carriers of miRNA. Erythrocytes are known to form
microvesicles under blood storage, but microvesicles are also formed as a normal
physiological process [164]. As mentioned, microvesicles may fulfill a function as
information carriers between different cells in the body. Microvesicles also function
as an efficient protection against proteases or RNases that would otherwise degrade
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the content [165]. A connection between erythrocyte microvesicle formation and
diseases or pathological conditions have been proposed in several cases. However,
a more comprehensive analysis of miRNA content of microvesicles derived from
healthy erythrocytes compared to those from patients with disease conditions seems
to be needed.

Transport of miRNA or messenger-RNA from erythrocytes to other cells may
be a way of regulating gene expression in target cells [159]. The known functions
of these miRNAs in other cells of the body could accordingly be relevant also in
the context of erythrocytes. MiRNAs are generally edited by the gene silencing
mechanism in cells, giving rise to several variants of each miRNA family, often
indicated in the nomenclature by extra suffixes, like the expressed strand being
indicated by a 3-p or 5-p suffix. Some abundant and notable erythrocyte miRNAs are
miR451, miR144, miR16, and let-7. The miR451 family is abundant in erythrocytes
and functions in erythropoiesis by downregulating the Ywhaz gene, whose protein
product 14-3-3-zeta keeps the transcription factor FoxO3 in the cytosol [166]. FoxO3
positively regulates antioxidant enzymes like catalase and glutathione peroxidase.
CRISPR-Cas9-mediated mutagenesis of miR451 confirmed that miR451 is necessary
for erythroid differentiation and expression of transferrin receptor 1, also known
as CD71 [163]. The miR144 family is expressed together with miR451 and was
similarly found to be necessary for erythroid differentiation and CD71 expression
[163]. Plasmodium-infected erythrocytes produce microvesicles containing miR451,
miR16, and let-7, among others [167-169].

12. Erythrocyte and other organisms, particularly plasmodium

Erythrocytes interact with several organisms like bacteria and Plasmodium.
Erythrocytes also interact with viruses, although mainly through adherence of viruses
to erythrocyte membrane proteins or glycocalyx. Several erythrocyte membrane
proteins are known as receptors for Plasmodium, somewhat dependent on the
Plasmodium species. An interesting aspect is that Plasmodium seems to be depen-
dent on iron acquired directly from hemoglobin of the erythrocyte. For instance,
Plasmodium cannot obtain iron from heme. The erythrocyte is made dependent
on the Plasmodium parasite by the glutathione synthesis of the parasite, whereas
the erythrocytes own glutathione synthesis seems to be largely turned off [170].
Glutathione export from the Plasmodium-infected erythrocyte proceeds mainly in
the oxidized (GSSG) form probably reflecting conditions of oxidative stress under
infection. Erythrocytes infected with Plasmodium produce microvesicles that contain
miR451, let7, and Argonaute?2 protein together forming a functional RISC complex
[167]. Plasmodium does not contain the genes necessary for miRNA production, but
human miRNA and Argonaute protein have been detected in Plasmodium, presum-
ably transferred from the erythrocyte by microvesicles. Infected erythrocytes also
produce microvesicles that can be transferred to endothelial cells, astrocytes, and
microglia [171]. Plasmodium causes profound changes in the erythrocyte plasma
membrane, which can become almost devoid of cholesterol and display phosphati-
dylserine [172]. Absence of cholesterol makes the plasma membrane susceptible to
pore formation by granulysin, a pore-forming peptide produced by cytotoxic cells like
gamma-delta T cells. Exoplasmic phosphatidylserine may make the cells less suscep-
tible to perforin, another pore-forming peptide. Infected erythrocytes display PEEMP
(Plasmodium falciparum erythrocyte membrane protein) which binds to receptors on
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endothelial cells and thereby prevents circulation of infected erythrocytes. Although
they may display phosphatidylserine, infected erythrocytes are consequently not
easily cleared from circulation by spleen macrophages. PFEMP can be recognized by
gamma-delta T cells of the host, but the parasite can change the expressed PFEMP,
since it contains about 60 different PFEMPs. Although malaria is usually not fatal,
cerebral malaria caused by Plasmodium falciparum can be fatal particularly in
children. Cerebral malaria involves a partial disruption of the blood-brain barrier
[173]. This probably comes about through phagocytosis of infected erythrocytes by
endothelial cells in brain capillaries, followed by presentation of Plasmodium antigens
on the endothelial cell and attack from alfa-beta Tcells [173].

13. Medical and societal impact of erythrocyte science

Treatments and diagnosis based on erythrocytes have been much sought for, and
many have been developed. For instance, several modulators of S1P-receptors have
been developed, the first and most well-known being fingolimod. These are now
being used as therapy for multiple sclerosis. Fingolimod is first phosphorylated to
fingolimod-phosphate by sphingosine-kinase-2, which resides in the nucleus of nucle-
ated cells. The S1P-receptor-1 is then internalized, thus preventing lymphocyte egress
along the S1P gradient. The result is reduced damage from the immune system on the
central nervous system or other organs. It is likely that new treatments or modulators
based on S1P will be developed.

Erythrocyte microvesicles present diagnostic and possibly also therapeutic oppor-
tunities. Erythrocyte microvesicles may be used as carriers in pharmaceutical applica-
tions, or as alternatives to whole cells in cell therapy applications. Microvesicles are
less complex to handle in biological product formulation and production and confer
less safety issues than cells [174]. Erythrocyte microvesicles could be used to deliver
the miRNAs they harbor naturally or engineered for more specific delivery. Potential
challenges include multiple effects of the same miRNA and the existence of many
different miRNAs, with different and opposing effects, in the same microvesicle.

It is also important to consider the conditions that favor microvesicle formation.
Lysophosphatidic acid (LPA) has been shown to induce phosphatidylserine exposure
and microvesicle formation [175].

Malaria is the disease caused by the erythrocyte parasite Plasmodium. Malaria is
still of considerable importance as a devastating disease in many parts of the world.

It is to be expected that new knowledge on erythrocytes and the interaction with
Plasmodium could lead to new treatments against malaria. For instance, it may be
possible to interfere with the attachment of infected erythrocytes to the endothelium
[176]. That strategy may circumvent undesirable side effects of many other approved
antimalarial drugs.

Population levels of selenium can be increased by fortification of foodstuff
[177] or by fertilization of crops. Foliar selenium fertilization has been shown to
increase selenium levels in serum and erythrocyte glutathione peroxidase activity
in subjects consuming the crop [178]. That selenium in foodstuff finds it way to the
erythrocyte was elegantly shown in the case of selenoneine from the beluga whale
that was found in erythrocytes of inuits [179]. Magnesium can be easily replenished
by mineral supplements, or by a diet rich in vegetables and some other known sources
of magnesium. More reliable diagnostics for assessment of whole-body magnesium
status may be desirable to detect subclinical cases of magnesium deficiency. Several
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of the diseases or nutritional imbalances mentioned are of substantial importance,
especially considering growing human populations, faster human communications,
and climate change. All this may contribute to a changed exposure to pathogens like
bacteria, virus, and Plasmodium. Erythrocytes as biomarkers of changed element
profiles may provide one way to observe early deviations and provide customized diet
suggestions and earlier treatment of diseases.
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Abstract

Erythrocytes are the most abundant cell type in the human body, although
considered as merely hemoglobin carriers for a long time. Extensive studies on
its biochemical pathways, metabolism, and structure-activity relationship with a
consistent number of publications demonstrated the presence of autocrine, paracrine,
and endocrine hormone receptors. In this chapter, some of these hormones will be
discussed, bringing attention to those that regulate erythrocyte survival, disease
connection, and functionality.

Keywords: hormones, signaling pathway, TSH, endothelim-1, angiotensin II

1. Introduction

In the human body, there are several hormones that regulate different functions,
such as growth and development, metabolism, electrolyte balance, and reproduction
[1]. These functions have already been widely studied, and most of them are very
well elucidated; even so, there are still aspects that have not yet been well explored.
For example, the relationship between erythrocytes and hormones. Erythrocytes
were treated as merely hemoglobin carriers for a long time, with small or none of the
complex functions as seen currently.

It has already been seen that in healthy erythrocytes, adenosine can increase
2,3-bisphosphoglycerate (2,3-BPG) through activation of the ADORA2B receptor
(A2B), suggesting that increasing adenosine levels increases oxygen release, which
is positive for preventing tissue damage from acute ischemia. However, in sickly
erythrocytes, the increase in oxygen release through the induction of 2,3-BPG by
adenosine can be harmful, as oxygen release of oxygen induces the sickling of these
erythrocytes [2].

In 1999, a study by Tuvia et al. showed that exposure of erythrocytes to adrenaline
led to a concentration-dependent increase in erythrocyte deformability, and conse-
quently, increased oxygen delivery to tissues [3]. Another study reported that adrena-
line and epinephrine dose-dependently increase the rate of erythrocyte agglutination
through alpha-1 adrenergic receptor activation. Furthermore, this study suggested
that the effect of adrenaline was caused by an increase in Ca®* entry into the eryth-
rocyte, with consequent activation of the erythrocyte calmodulin, cyclooxygenase,
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and phospholipase A2 and leading to the release of K* from erythrocytes through
Ca’*-dependent K* channels, which is considered a manifestation of eryptosis. In
summary, the potentiation of alAR activation increases, while f2AR decreases the
rate of eryptosis [4].

These studies present modulation of erythrocyte function by surface receptors
and some of the signaling pathways that might be triggered inside the cell. In this
chapter, the focus is to explore the actions of three well-studied hormones on eryth-
rocyte function and some reports regarding intracellular pathways involved in these
modulations.

2. Endothelin-1

Endothelins are peptide hormones, composed of 21 amino acid residues, capable
of performing autocrine and paracrine functions. There are three distinct subtypes
of endothelin, endothelin-1 (ET-1), endothelin-2 (ET-2), and endothelin-3 (ET-3).
Endothelin-1 and endothelin-2 bind to endothelin receptor A (ETA) and endothelin
receptor B (ETB), which are G-protein-coupled receptors, whereas endothelin-3 has a
lower affinity for the ETA subtype. Endothelin-1 is considered a potent sub-nanomo-
lar vasoconstrictor in the human cardiovascular system [5].

The vasoconstrictor mechanism of action was obtained from a culture medium
of bovine aortic endothelial cells, described and characterized for the first time in
1985 by Hickey et al. It was from a potent contraction derived from an endogenous
vasoactive peptide of the vascular endothelium [6]. A few years later, Yanagisawa and
his group, in 1998, isolated endothelin to investigate its potential as a vasoconstrictor.
Concluding with their research, endothelin, as well as neurotoxins, act directly on
membrane ion channels, suggesting that the action of endothelin is closely associ-
ated with the influx of Ca*", through Ca®* channels dependent on dihydropyridine, a
calcium channel blocker that acts on smooth muscle cell [7].

Endothelins are synthesized into preprohormones and transformed posttrans-
lationally into active peptides (Figure 1). Endothelin-1, which has been extensively
studied, is synthesized with 212 amino acid residues (preproET-1), which are cleaved
by an endopeptidase into Big-Et-1 (proET1), with 39 amino acid residues. This
proET1 is in turn cleaved by endothelin converting enzyme (ECE), resulting in the
active peptide hormone with 21 amino acid residues that play an important role in
physiology [8].

Some works associate protein disulfide isomerase (PDI), based on evidence that
shows the presence of PDI in the membrane of human erythrocytes, with the activity
of the Gardos channel. Furthermore, a study by Prado and colleagues in 2013 showed
that in the presence of endothelin-1, PDI activity increased, through a mechanism
that includes casein kinase II. The Gardos channel is a K* channel activated by Ca*,
in erythrocytes, being this channel related to homeostasis, so when this channel is
activated, the cell dehydrates, leading to cell disorder and cell death. Prado suggests,
as part of his research, the use of endothelin-1 receptor antagonists as a therapeutic
target for sickle cell disease [9].

The ETB receptor has also been described in murine erythrocytes, and its presence
has already been suggested in human erythrocytes. Foller and Rivera carried out stud-
ies showing the effect of endothelin-1 on erythrocytes regulation of Gardos channel
activity, and this effect is due to the ET-1 binding to the ETB receptor. This effect
interferes with the dehydration of sickled erythrocytes with a protective effect on the
programmed death of murine erythrocytes (Figure 2) [10, 11].
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Figure 1.
Biosynthesis and amino acid sequence and structure of endothelin-1, endothelin-2, and endothelin-3 and related
sarafotoxins. ET-2 and ET-3 differ from ET-1 by two and five amino acids, respectively, while savafotoxin differs

by seven amino acids [8].

A study carried out by George et al. in 2013 demonstrated the presence of the
erythrocyte ETB receptor on the membrane of healthy and sickle cell anemia patients,
associating the increased production of reactive oxygen species (ROS) to the presence
of endothelin-1, concluding that these ROS were generated from erythrocyte NADPH
oxidase (Figure 3). They demonstrated the oxidation of HbS, induced damage to the
structure of red blood cells, increasing lysis, deformation, and vaso-occlusive process
in a patient with sickle cell anemia. The inflammatory process that is increasing due
to these processes alters plasma proteins, leukocytes, and endothelial cells, impairing
the inflammatory condition. In addition, extracellular signaling molecules associated
with this entire process end up acting back on erythrocytes via cell surface receptors,
activating signaling pathways, such as the PKC and Rac pathways [12].

Prado in 2013 also showed a relationship between increased protein disulfide
isomerase (PDI) activity and ET-1. Researchers performed experiments using BERK
mice, which are mice mutated for sickle cell anemia, where they showed that reducing
PDI activity improved hematological parameters and it was also possible to notice that
there was modulation in the effects of ET-1 against the Gardos channel, further sug-
gesting that this modulation occurred via the ETB receptor, which is present on the
erythrocyte membrane [9]. These findings corroborate the study by Rivera in 2002,
which showed that ET-1 induced changes in red blood cell volume and increased K*
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Effects of ET-1 and. its receptor antagonists on dehydration of oxygenated and non-oxygenated sickle cells [10].
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Representation of nitric oxide synthase, ROS metabolism, and the presence of ROS enzyme inhibitors [12].

flux in vivo. Activation of endothelin receptors on healthy erythrocytes regulates the
site of Ca”" affinity or an undefined Ca*-dependent regulatory protein related to the
Gardos channel. In the same study, they investigated whether this modulation would
occur via the ETB receptor, using the receptor’s antagonist, BQ-788, and showed a
decrease in ET-1-induced activation of Gardos channel, both in healthy erythrocytes
and in sickle erythrocytes [13].

Although the literature demonstrated the presence of ETB in erythrocytes, it is not
well documented whether ETA is present and whether this receptor also modulates
cell physiology. It is also important to compare the expression levels of these receptors
in disease conditions compared to healthy counterparts to position the importance
of endothelins in the disease process. Furthermore, it can be concluded that this
endothelin-erythrocyte relationship is a powerful target therapeutic option in cases of
anemia and also chronic pain, as reported by Smith et al. [14].

3. Thyroid-stimulating hormone (TSH)

Thyroid-stimulating hormone activity in the pituitary gland was first reported in
the 1920s. However, it was not until the 1980s that the hormone thyrotropin (THS)
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had a detailed description of its structure [15, 16]. TSH is a glycoprotein produced
by the thyrotrophs of the anterior pituitary gland. Thyrotropin-releasing hormone
(TRH) is responsible for stimulating the synthesis and secretion of TSH, and inhibi-
tion is done through negative feedback by thyroid hormones (triiodothyronine and
thyroxine—T3 and T4) [15, 17].

TSH, acting through the thyroid-stimulating hormone receptor (thyrotropin
receptor—TSHR), is a G-protein-coupled receptor with seven transmembrane
domains, and this protein can be Gq or Gs [18, 19]. Gs activities are mainly mediated
by increased adenylate cyclase (AC) activity, which generates an increase in intracel-
lular cAMP. This increase leads to direct activation of protein kinase A (PKA), acti-
vating CREB, or PKA activating the family pathway Ras. The Gq pathway mediates
the activation of phospholipase C (PLC) and the Gfy subunit, which will participate
in the activation of second messengers, activating the Ras/Ras/Mek/Erk or PI3K/Akt
pathways (Figure 4) [18-20].

In 2007, Balzan et al. identified TSHR in human erythrocyte membranes by
Western blot (Figure 5). After the identification of TSHR, new research began on
which pathways this hormone would act on the erythrocyte. In 2009, Balzan et al.,
demonstrated that TSH binds to TSHR in erythrocytes and modulates Na*/K*-ATPase,
suggesting a new signaling pathway [21]. In 2020, Mendonga-Reis [22] showed that
TSH at different concentrations (1-5 mIU/L) improved the resistance of red blood
cells to hemolysis and this effect was caused by inhibition of the AMPK-dependent
pathway and concomitant activation of the signaling pathway PI3K/Akt (Figure 6).

TSH or TSHR antibody

Figure 4.

Simplified illustrative diagrammatic image of the main signaling pathways involved with the G protein. Five
pathways can be seen from left to right: cAMP/PKA/ERK or PKA/CREB, PI3/Akt/mTOR, PKC/NFB, PKC/c-
raf/ERK/p90oRSK, and Ras/c-Raf/ERK [18].
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Tllustrative image demonstrating that TSH improves erythrocyte resistance to hemolysis in a situation of induced-
osmotic stress, TSH binds to its veceptor (TSHr) on the erythrocyte membrane, inhibiting the AMPK-dependent
pathway (stimulated by AICAR) and concurrently activating the PIBK (inhibited by wortmannin)/Akt
(inhibited by Akt 1/2 inhibitor) signaling pathway [23].

These new studies also opened a new range of research involving these receptors
and diseases. For example, in the study by Ref. [24], it was suggested that erythrocyte
Na'/K*-ATPase would be a good biochemical marker for subclinical hypothyroidism,
as it is sensitive to subtle changes in thyroid function in this situation [24].

Patients with sickle cell disease (SCD) have also been found to have clinical hypo-
thyroidism and high concentrations of TSH (6.4 mIU/L) [25]. And in ElAlfy et al. [26]
observed impaired thyroid microcirculation and decreased thyroid volume among
patients with SCD, and these factors were related to disease duration, but the results
were not related to thyroid function, suggesting that these disorders can happen
independently of the accumulation of iron [26].
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On this basis, what can be observed from the identification of a functional TSH
receptor in erythrocytes and some clarified pathways is that this hormone can
modulate cell behavior and fate. All of these studies demonstrate in several ways
the importance of continuing to elucidate the functions of TSH and its receptor on
erythrocytes and how they may be involved in the pathophysiology of several diseases
and serve as indicators of physiological changes.

4. Angiotensin II

The renin-angiotensin aldosterone system is an endocrine system responsible
for regulating normal blood pressure in vivo, through the regulation of extracellular
volume, vascular structure, and integrity, maintaining homeostasis [27, 28]. One of its
main components is angiotensin II (Ang II), a vasoactive octapeptide responsible for
several actions in tissues [29].

Two subtypes of Ang II receptors have been identified in humans, ATR1 and
ATR2, described as receptors formed by seven transmembrane domains coupled to
the G protein (Figure 7), with ATR1 being the dominant subtype and being widely
distributed in the endocrine, renal, cardiac, and nervous systems [30]. While ATR2,
after birth, has low expression, persisting only in some organs, such as the brain,
kidney, and peripheral vasculature, mediating the physiological effects of Ang II, and
may increase its expression in pathological conditions, such as hypertension, cardiac,
and renal failure [28, 31].

There are studies about signaling pathways and the action of angiotensin in differ-
ent cell types, however, there is little information in the literature about the actions of
Ang II receptors on erythrocytes and their signaling, especially considering human
erythrocytes.

( Angiotensinogen )

-
@00000000 ') Angiotensin|

@0000000 Angiotensin I

iy 1

Angiotensin 11 synthesis. Angiotensinogen is converted into angiotensin I by renin that in turn is converted into
angiotensin 11 by the angiotensin converting engyme. Angiotensin II can bind to ATR1 and ATR2.
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In vitro experiments, carried out in 1997, showed a stimulatory effect of Ang
II on erythropoiesis when erythroid progenitors were cultured in the presence of
erythropoietin, demonstrating the importance of erythropoietin in erythropoiesis.
Erythropoietin is an essential hormone for the regulation of erythropoiesis [32]. They
also observed that the use of losartan (ATR1 antagonist, used to prevent vasoconstric-
tion and volume expansion induced by circulating Ang II) blocked this stimulatory
effect, demonstrating that Ang II, via the AT1 receptor, is responsible for mediating
this stimulation [33, 34].

Reinforcing previous results in 2005, it was demonstrated that persistent activa-
tion of the renin-angiotensin system increases erythropoiesis in mice, iz vivo, and
that the most important receptor subtype responsible for this erythropoiesis was
the AT1 receptor [35]. In 2015, in addition to reinforcing the idea that erythropoiesis
and blood pressure are negatively regulated by inhibiting the ATR1 receptor, it was
possible to say that the signaling pathways involved are complex and distinct since
erythropoiesis is more resistant to inhibition of the ATR1 receptor than blood pres-
sure control [30].

Some studies on the Ang II signaling pathway in erythrocytes have been
described in order to elucidate the mechanism of the parasitic invasion of
Plasmodium falciparum in erythrocytes. Research published in 2011 demonstrated
that human erythrocytes express different Ang II receptors, namely ATR1, ATR?2,
and MAS receptors [36].

The levels of bradykinin (BK) and Ang- (1-7) increase in the presence of captopril
(ECA inhibitor) in the supernatant of infected erythrocytes, decreasing parasite
invasion and reducing PKA activity, through the association of receptors B2/MAS
[37]. Thus, inhibition of protein kinase A (PKA) by the MAS receptor appears to be
favorable to the erythrocyte against parasitic invasion.

Experiments in mice and humans showed that the activation of the ADORA2B-
AMPK cascade, in the presence of angiotensin I, increased BPG mutase and conse-
quently 2,3BPG, being beneficial for renal hypoxia, injury, proteinuria, and reduction
of chronic kidney disease (CKD) [38].

In 2021, Guimares-Nobre and collaborators demonstrated that AT1 receptors
and AT?2 receptors, expressed in human erythrocytes, are capable of responding
to osmotic stress situations in the presence of Ang II and its antagonists, losartan
(ATR1 antagonist) and PD123319 (ATR?2 antagonist). The study was carried out using
modulators of signaling pathways, already recognized as activated by Ang I, in other
cell types. As a result, it was possible to observe that, in osmotic stress, Ang II binds to
the ATR2 receptor and reduces hemolysis through the PI3K/AKT and P38 pathways.
However, when binding to ATR1, this protection did not occur (Figure 8) [39].

Furthermore, ex vivo experiments displayed that sickle cell erythrocytes treated
with Ang II present increased cell deformability, decreased phosphatidyl serine trans-
location to the outer layer, and decreased hemoglobin S polymerization. All these
factors are crucial findings for sickle cell disease outcomes (Figure 9) [40]. However,
despite knowing this important action of Ang II in sickle cell erythrocytes, the precise
mechanism of actions has not yet been demonstrated.

There is very little information regarding the importance of angiotensin II receptors
on erythrocytes and the signaling pathways are triggered by it; however, researchers
have been demonstrating that these receptors are functional and interfere in the sur-
vival of erythrocytes. Therefore, more studies are needed to expand this knowledge.
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Figure 8.
Representative scheme of angiotensin 11 signaling pathway in erythrocytes in osmotic stress [39].

Figure 9.
Representative scheme of angiotensin 11 effects on sickle cell disease erythrocytes [39].
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Chapter 4

Reticulocytes-Mother of
Erythrocytes

Ashish Kumar Gupta and Shashi Bhushan Kumar

Abstract

Reticulocytes are immature red blood cells (RBCs) that is seen in the bone marrow
after through nuclear extrusion from the orthochromatic normoblasts. They are released
into the peripheral blood as mature RBCs, after completion of maturation in the bone
marrow. The reticulocyte count reflects the erythropoietic activity of the bone marrow,
the rate of reticulocyte delivery from the bone marrow into the peripheral blood, and the
rate of reticulocyte maturation. Reticulocyte enumeration is also of value in monitoring
bone marrow regenerative activity after chemotherapy or bone marrow transplanta-
tion. Manual counting of reticulocytes by light microscopy with supravital dyes for
RNA remains the standard method of reticulocyte enumeration. However, automated
methods of reticulocyte enumeration developed during the past decade are much more
accurate, precise, and cost-effective than manual counting, and are increasingly being
performed in the clinical laboratory. The differentiation of the reticulocyte is based on the
presence of RNA. The newer techniques provide a variety of reticulocyte related param-
eters, such as the reticulocyte maturation index and immature reticulocyte fraction,
which are not available with light microscopy. These new parameters are under evalua-
tion in the clinical diagnosis and monitoring of hematological disorders.

Keywords: reticulocyte count, new methylene blue, immature reticulocyte fraction,
reticulocyte maturation index, reticulocyte production index, high-fluorescence ratio,
medium-fluorescence ratio, low-fluorescence ratio, reticulocyte mean hemoglobin
content

1. Introduction

Reticulocytes are immature red blood cells (RBCs) produced in the bone marrow and
released into the peripheral blood where the terminal maturation into RBCs occurs for
next couple of days. Any alteration in reticulocyte count is an indicator of active or failed
erythropoiesis, in response to anemias or other causes of bone marrow dysfunction [1].

The first description of reticulocytes was made in 1865 by Wilhelm Heinrich Erb,
a German neurologist when he discovered the population of granulated erythrocytes
while observing the effect of acetic and picric acid on the development of erythro-
cytes. He erroneously regarded these cells as transitional forms between leucocytes
and erythrocytes. Ehrlich described the stained material as fine, dense, and elegant
networks as a feature of senescent erythrocytes rather than of young ones [2]. The
reticular substance was first regarded as a degenerative material, a “coagulation
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Figure 1.
Maturation stages of reticulocytes accovding to Heilmeyer classification [4].

necrosis” or a substance produced by the action of certain deleterious agents on
corpuscles.

Theobald Smith brilliantly asserted that reticulocytes represented young red
cells. Further investigators designated these cells as erythrocytes with “substantia
granulo-filamentosa,” the Americans used such terms as “reticulated red cell” or
“vital-staining erythrocyte.”

In 1922, Edward Bell Krumbhaar, first coined the term “reticulocyte” when he
stated that: “Erythrocytes revealing granular filamentous substance by the methods
of vital staining may be conveniently designated ‘reticulocytes” [3].

Ludwig Heilmeyer, a German internist, proposed the still well-known classification
of reticulocytes maturity in 1932 (Figure 1). In 1944, Pierre Dustin, a Belgian patholo-
gist, showed that granular “reticulated” substance is RNA [5]. In 1947, Giovanni
Astaldi, an Italian hematologist, classified reticulocytes into 3 stages of maturity, as in
the current maturation classification used in flow cytometry. In 1918, it was demon-

strated that reticulocytes are able to synthesize hemoglobin and absorb iron [6].
Over the years acridine orange, a fluorescent dye, replaced the use supravital stain,
improving the sensitivity of manual microscopic count of reticulocytes [7].

2. Definition of reticulocytes
2.1 Origin of the term and definition

The “reticulocyte” term has derived from the reticulum of RNA and protein
precipitated by the fixation and staining that seen microscopically after supravital
staining [8, 9]. These supravital granules represent precipitated rough endoplasmic
reticulum along with polyribosomes. Thus, the human reticulocytes are defined as
mature red cells that form a reticulum network or granules on exposure to supravital
stains, such as new methylene blue or brilliant cresyl blue [10].
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Although this definition has been revised several times, in 1997 it was chosen to
be the universal standard by the Clinical and Laboratory Standards Institute and the
International Council for Standardization in Hematology (NCCLS-ICSH) [11].

2.2 Morphology

Romanowsky type stain, such as May-Gru "nwald Giemsa or Wright stain, causes
the RNA to disappear during alcohol fixation and reticulocytes acquire slightly larger
size than mature erythrocytes, with a uniform polychromatic blue-gray color. On
staining with new methylene blue (NMB) or brilliant cresyl blue (BCB), the RNA
precipitates and becomes visible with the characteristic scattered granules under the
microscope.

Reticulocytes must have at least 2 blue staining granules, visible without fine
microscope adjustment and present away from the cell margin, as standard morpho-
logical definition provided by NCCLS-ICSH, in 1997 [11]. These granules can mimic
Heinz bodies.

2.3 Properties of reticulocytes

Reticulocytes in comparison with mature erythrocytes, have following
characteristics [12]:

* The early reticulocyte contains mitochondria, a small number of ribosomes, the
centriole, and remnants of Golgi bodies.

* Early reticulocytes continue to synthesize hemoglobin, with approximately
20-30% of the total hemoglobin of the RBC.

* Reticulocytes are larger (8.5 p) than mature erythrocytes and they gradually
decrease in size during maturation.

* The volume of reticulocytes and mature erythrocytes increases in pathological
conditions but the ratio of their volumes remain constant: approximately 1.24

* Reticulocytes are less dense than mature RBCs, due to lower Hb concentration
and higher water content of reticulocytes.

3. Reticulocyte maturation

When the orthochromatic normoblast (late stage of erythropoiesis) loses its
nucleus, it becomes a reticulocyte that persist in the bone marrow for next few days
and is subsequently released into the circulation for terminal maturation [13, 14].

Maturation of reticulocyte is a continuous process with various morphologic,
biochemical, and functional changes that lead to remodeling of membrane, changes
in volume, and elimination of membrane-bound organelles and ribosomes [15].
Immature or early reticulocytes are biochemically more active than mature ones with
intact cellular functions of Hb production and absorption of iron [16]. Circulating
reticulocytes are unable to synthesize Hb and cannot further increase their Hb
content.
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Maturation of reticulocytes is a complex sequential mechanism of enucleation,
caused by condensation of chromatin, vesicular trafficking, and selective autophagy [17].
The ultimate maturation occurs when the basophilic reticular filamentous substance in
the reticulocyte disappears [18]. Intracytoplasmic organelles such as the mitochondria,
ribosomes, and endosomal vesicles are eliminated by a mitochondrial death program
which includes physiologic events of macroautophagy and mitoptosis [19, 20].

Early reticulocyte maturation is characterized by the selective elimination of
unwanted plasma membrane proteins (CD71, CD98, and f1 integrin) through the
endosome exosome pathway. In contrast, late maturation is characterized by the
generation of large glycophorin A coated vesicles of autophagic origin [21, 22].

Recent studies have suggested that the small amount of RNA that remains in
reticulocytes might still be essential for reticulocyte maturation to form normal
biconcave erythrocytes [23].

During the maturational remodeling of the membrane cytoskeleton, by vesicula-
tion and endocytosis, reticulocytes lose about 24% of their volume and surface area,
and increase their stability and deformability [24].

As already mentioned, a series of progressive physiological and biochemical
changes occur during the differentiation of reticulocytes into mature RBCs [25].
The most important of these changes include:

1. Synthesis of hemoglobin and its cytoplasmic accumulation.

2.Loss of protein-synthesizing apparatus and mitochondria.

3. Condensation and contraction of chromatin to cause extrusion of the nucleus.
4.Exosome formation to cause loss of cell-surface membrane receptor expression.
5. Alteration in cholesterol and phospholipid levels of cell membrane.

6. Changes in intracytoplasmic enzyme levels of glucose-6-phosphate dehydroge-
nase (G-6-PD).

4. Classification of reticulocytes

A number of classification systems have been attempted based on the maturation
of reticulocytes along with their morphology. Maturity classification is based on the
quantity of the granular/reticular filamentous substance and its distribution in their
cytoplasm.

The first attempt was made by Heilmeyer and Westharer, who divided the cells
into 4 groups (Groups I-IV), designated by Roman numerals and characterized by a
progressive reduction in the compactness of the reticulum. Therefore, reticulocyte
maturation predominantly assesses the relative proportion of mRNA (see Figure1).

Group 0 - nucleated RBCs with a dense perinuclear reticulum.

Group I - most immature reticulocytes with extruded nuclei having a dense,
coherent mass of RNA.

Group II - reticulocytes with extensive but loose reticular network.

Group III - reticulocytes with scattered reticular network.

Group I'V — most mature reticulocytes with scattered remnants of RNA.
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According to Lowenstein, in steady-state erythropoiesis the circulating reticulo-
cytes are more than 60% in Group IV, 30% in Group III, and less than 1% in
GroupsIor Il

4.1 Stress Reticulocytosis

Some specific hematological disturbances (e.g. severe anemia or hemolysis) are
compensated with accelerated erythropoiesis (called stress erythropoiesis), which
causes release of the immature, larger and more stained form of reticulocytes into
the peripheral blood, which are called “stress reticulocytes” and appear as polychro-
matophilic cells on Romanowsky staining. All polychromatophils are reticulocytes
on a Wright-stained blood smear. Reticulocyte production can increase up to 20 folds
above the base line values of 1 to 2 million reticulocytes per second when stressed
with intense hematopoiesis. This increased production is accomplished by increased
production and shortening of marrow maturation time [26, 27]. Stress reticulocytosis
is seen in bone marrow regeneration following autoimmune hemolysis, chemotherapy
induced anemia, administration of therapy in nutritional anemia, and use of erythro-
poiesis-stimulating agents (ESAs). Stress reticulocytes are multilobular and motile, in
contrast to the cup-shaped non-motile mature reticulocytes.

5. Reticulocyte counting

Till the end of last century, the standard method of counting reticulocytes was
based on the visual detection of RNA ribosomal networks (reticulum), by micro-
scopic examination of supravitally stained peripheral blood smears. But, this method
has several sources of imprecision in the manual microscopic counting of reticulo-
cytes, including different staining with variation, distributional variability for quality
of blood film, intra and inter-observer variations, and inadequate number of cells
counted. As per NCCLS-ICSH guidelines, supravital staining with New Methylene
Blue (NMB) still remains the recommended method for optimal agreement/correla-
tion assessments. NMB staining procedures have been standardized to improve the
accuracy and reliability of reticulocyte manual counting [28].

Reticulocyte counting should be done within 6 hours if the sample is kept at room
temperature, or up to 72 hours if the blood sample is refrigerated at 2-6°C.

5.1 Manual methods
5.1.1 Photographic methods

In 1960s photographs used to be obtained on wet preparation from fresh oxalated
blood mixed with brilliant cresyl blue in isotonic saline. 30-35 fields containing
reticulocytes used to be printed on glossy paper with final magnification of approxi-
mately 4000x.

5.1.2 Planimetric method

Reticulocytes stained with brilliant cresyl blue wet preparations are photographed
and the resultant Kodachromes are projected onto butcher paper. Then, pairs of
reticulocytes and adjacent RBCs are circled and traced with a planimeter.
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5.1.3 Light microscopic method

Equal volumes of anticoagulated (preferably EDTA) peripheral whole blood and
supravital stains are mixed and incubated for at least 20 minutes. A thin smear of
the stained blood preparation is made on a microscope slide, a counterstain (usually
Wright’s) is applied, and the slide is examined by light microscopy. An adequate num-
ber of RBCs (minimum 1000 for optimal analytical precision) in a well-stained area
are examined, and the proportion of reticulocytes is determined. Reticulocytes pos-
sess a blue granular precipitate, which can vary from individual small blue granules to
a network of blue reticular material. Reticulocytes have a faint, diffuse basophilic hue
termed as polychromasia (Figure 2).

The reticulocyte count is usually reported as a percentage of total RBC count. The
normal mean percentage reticulocyte count by NMB light microscopy is 1.0% to 3.0%.
In cases of anemia, this relative reticulocyte count is misleading because reduced RBC
count causes erroneous elevation in reticulocyte count. Under these circumstances,
reticulocyte count is corrected with respect to patient’s packed cell volume (PCV) as
Reticulocyte index to compensate the decrease in mature RBCs. The PCV corrects the
percentage reticulocyte count to the baseline PCV i.e. 0.45 using the following formula:

Patient sPCV

Reticulocyte Index(RI)=Reticulocytecount (%)x 045
Absolute count of reticulocytes is more accurate term to correct the effect of
anemia. This is calculated as follows:

Absolute Reticulocyte count (ARC ) = Reticulocyte Count (%) X RBC count ( per mm3 )

The normal ARC is between 50,000 and 150,000 reticulocytes/mL (5x 10 and
1.5 x 10* reticulocytes/L).

Manual microscopic RC is highly subjective and tedious, which results in high level
of imprecision, with a coefficient of variations of up to 50% [30]. This imprecision in
manual counting of reticulocytes can be attributed to:

Figure 2.
Photomicrograph of peripheral blood smears stained with new methylene blue, 400x. Reticulocytes (arrowhead)
are differentiated from mature RBCs (arrow) by the presence of an intracellular granular precipitate [29].
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* Different supravital stains (NMB or BCB)

* Staining variations

Quality of blood film

* Intra and interobserver variation

* Number of reticulocytes and RBCs counted

* Stain precipitates and cellular interferences (platelets, leucocytes fragments)
* Erythocytic inclusions (Heinz bodies, Basophilic stippling etc.)

The College of American Pathologists and National Committee for Clinical
Laboratory Standards (NCCLS) has defined reticulocytes as the cell containing two or
more precipitate granules not attached to cytoplasmic membrane following staining
by new methylene blue and the use of Miller ocular disks, to standardize the micro-
scopic counting and reduce the imprecision.

Hence, clinical serial assessment of erythropoietic activity of bone marrow in
patients receiving myelotoxic or hematinic therapies by this manual counting of
reticulocytes is impractical due to poor precision and methodologic limitations.

5.2 Immunofluorescence method

First attempt of reticulocyte enumeration by using immunofluorescence microscope
was done in 1950s by Kozenow and Mai. They used RNA specific fluorochrome dyei.e.,
acridine orange. Subsequently, different fluorochromes used by others for reticulocyte
enumeration later on like pyronin Y, thioflavin T, DiOClI, proflavin. Reticulocyte enu-
meration by this method gives spuriously high count sometimes due to some interfer-
ence present in the blood sample such as platelet clumps, nucleated RBCs, Howell-Jolly
bodies, Heinz bodies, Pappenheimer bodies, Basophilic stippling and Malarial parasites.

5.3 Fluorescence microscopy

The prefixed whole blood in formalin is mixed with a dilute, buffered solution of
the dye and counted as a wet preparation. Ultraviolet to blue light is required for the
excitation of these dyes, and a green long-pass filter must be placed for detection of
the fluorescence emission.

5.4 Conventional flow cytometry

Thioflavin T analogue has been widely used as specific fluorochrome for
reticulocyte enumeration to improve counting accuracy and made flow cytometric
reticulocyte enumeration practical as TO excitation occurs in the visible region of
the spectrum. These flow cytometers rely on the enumeration of reticulocytes using
nucleic acid binding fluorescent dyes and measurement of fluorescence emission.
Reticulocytes are identified and enumerated within the gated RBC population on the
basis of fluorescence intensity. The quantitation of the intensity of green fluorescence
reveals young, immature reticulocytes as brightly fluorescent (high RNA content),
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while maturing reticulocytes show an intermediate fluorescence intensity (intermedi-
ate RNA content), and older reticulocytes show dim fluorescence (low RNA content).

5.5 Automated reticulocyte instrumentation

All automated instruments for reticulocyte enumeration are capable of rapid
analysis of whole blood sample in flow through systems, with the red cell popula-
tion interrogated on a cell-by-cell basis by laser light. Now-a-days the reticulocyte
counting is fully integrated into the automated complete blood count (CBC) in
high-throughput hematology analyzers. The reticulocyte RNA content is detected by
fluorochrome Auramine O, while the cell size is determined by forward light scatter-
ing using an argon ion laser as the light source. Automated flow cytometric analysis
has replaced traditional microscopic quantitation of reticulocytes.

5.6 Reticulocyte-specific monoclonal antibodies

Reticulocyte analysis with fluorochrome-labeled monoclonal antibodies against
reticulocyte surface receptors is available only for research studies of the reticulocyte
and diseases of the erythron. Fluorochrome-labeled monoclonal antibodies specific for
different reticulocyte antigens have been evaluated as reagents for reticulocyte enumer-
ation. The antigens presently evaluated include the CD71 molecule (transferrin receptor,
TfR, and T9 antigen), CD36, and other antigens. CD71 receptors are abundant on the
surface of early reticulocytes, but gradually decrease during reticulocyte maturation,
and are absent from mature RBCs. CD36 and the integrin a4-f1 complex are expressed
on reticulocytes but not mature erythrocytes. CD36-positive reticulocytes correlate with
the stress reticulocyte fraction in patients with chronic hemolytic diseases.

6. Indices of reticulocytes

The recent development in automation of reticulocyte counts provide accurate
RC with enhanced precision along with reliable and accurate measurements of RNA
content and cellular indices such as mean reticulocyte volume, mean reticulocyte
Hb concentration, and its content. These novel parameters have been studied with
prompt interest for their clinical usefulness and the utility of reporting these analytes
with their appropriate interpretation.

7. Reticulocyte production index (RPI)

During intense erythropoietic stimulation, immature, large and basophilic precur-
sor macroreticulocytes (“shift cells”) from the bone marrow are released prematurely
into the peripheral blood. This causes a shortened reticulocyte maturation time in
the bone marrow (depends on the severity of stress erythropoieisis), and the longer
reticulocyte maturation time in the peripheral blood. Since these shift cells have a
cell volume about 25% larger than that of normal cells, a correction for RBC matura-
tion time and the PCV must be done when they comprise more than 5% of the total
reticulocytes [31]. The correction is referred as “shift correction” or “reticulocyte
production index”, and calculated by the following formula (Figure 3).
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Marrow Peripheral
normoblasts and blood
reticulocytes reticulocytes
Hematocrit (%) (days) (days)
45 I 3.5 I 1.0 I
as | a0 [T1s |
25 | 25 | 2.0 I
15 I 1.5 | 2.5
“SHIFT"

correction factor

Figure 3.

Thge relationship between PCV (hematocrit) and blood maturation time. The total RBC maturation time is
approximately 4.5 days. Duving normal erythropoieisis 3.5 days of maturation occurs in bone marrow and last one
day in peripheral blood. Howevey, in anemia the marrow maturation time progressively shortens, and reticulocytes
circulate for a correspondingly longer period of time in the peripheral blood to compensate the degree of anemia [32].

Patient’s PCV
0.45
maturation time in peripheral blood (Shift Factor)

observed reticulocyte count (%)

Reticulocyte Productionindex (RPI) =

RPI was proposed to correct the reticulocyte percentage for peripheral blood
maturation time based on the hematocrit value. It helps to alleviate the effect of the
premature release of reticulocytes by taking into account maturation time of reticu-
locytes. Thus RC is corrected or adjusted for both premature release of reticulocytes
and the degree of anemia. Stressed erythropoiesis is accomplished by increased
production and shortening of the fraction of time that reticulocytes mature in mar-
row and proportionally prolongs their maturation time in circulation, thus increasing
reticulocyte circulation time. RPI is used for evaluating erythropoiesis and classifying
anemias. RPI is normally between 2 and 3.

RPI of less than 2 suggests for hypo-proliferative erythropoiesis and more than 3 is
applied for hypo-proliferative state of erythropoiesis.

Clinical interpretation of RPI

¢ Increased RPI (RPI >3)
o Hemolytic anemias (Autoimmune)
o Recent hemorrhage

o Marrow response to therapy in nutritional anemia (EPO)
o Chemotherapy induced anemia
¢ Decreased RPI (RPI < 2)
o Hypoproliferative disorder (i.e., aplastic anemia)
o Ineffective erythropoiesis

o Megaloblastic anemia
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8. Reticulocyte maturity index (RMI)

Different populations of reticulocytes depend on the content of RNA in the enu-
cleated cytoplasm. This RNA content can be assessed by the different intensity signals
of fluorescence or light scattering/absorbance obtained on the flow cytometric based
automated hematoanalyzers. The software-based algorithm in the autoanalyzers
discriminate these reticulocytes into three areas of clusters according to stain inten-
sity. High-fluorescence light scatter/absorbance reticulocytes correspond to young or
immature reticulocytes, whereas maturing reticulocytes have medium-fluorescence
light scatter, and older reticulocytes have low fluorescence light scatter. These three
classes are called high-fluorescence ratio (HFR), medium high-fluorescence ratio
(MFR), and low-fluorescence ratio (LFR), respectively.

The RMI is directly proportional to the amount of reticulocyte intracellular RNA.
Maturational stages of reticulocytes in peripheral blood depends upon the level of
anemia, disease state and iron status. Thalassemia, megaloblastic anemia, anemia of
uremia and myelodysplastic syndrome (MDS) are associated with delayed reticulo-
cyte maturation. Hence, RMI is used as adjunct parameter in the evaluation of hema-
tological disorders and therapeutic monitoring of erythropoietic activity. Responsive
marrow is expected to manifest a high RMI along with a subnormal RC.

9. Immature reticulocyte fraction (IRF)

Immature reticulocyte fraction is better accepted term internationally to quantify
the younger fraction of reticulocyte as a sum of HFR and MFR, to avoid the ambigu-
ity in the interpretation of different fluorescence intensities of RMI. It is expressed as
a fraction (0.00-1.00). IRF assesses reticulocyte maturation by the intensity of the
staining that reflects the mRNA content. Assessment of IRF is clinically useful when
it is evaluated in correlation with absolute RC.

Clinical utility of IRF:

* Early marker of engraftment in bone marrow- IRF increases very early when
the bone marrow engraftment is successful and it precedes other parameters, like
absolute neutrophil count (ANC), reticulated platelets, and RC. Increase in IRF
occurs up to 1 week sooner than increase in ANC. IRF value greater than 10% indi-
cates early marrow recovery and more than 20% from the post BMT value suggests
successful erythroid engraftment. Hence, serial determination of IRF after bone
marrow transplantation (BMT) is used to demonstrate successful engraftment.

* Early marker for stem cell mobilization- IRF has been proposed as an early
marker of CD34" mobilization for peripheral stem cell harvesting to optimize the
timing for stem cell collection following growth factor mobilization or cytotoxic

drug therapy.

* Effective monitoring of therapeutic efficacy of erythropoietin therapy- IRF
increases in response to treatment with ESAs before there is an increase of RC in
renal failure, AIDS, and MDS. Thus, indicate adequate erythropoietic stimulation.

* Monitoring for efficacy of anemia treatment- As the IRF increases earlier than the
reticulocyte number, it is useful in monitoring the efficacy of therapy in nutritional
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Disease/State ARC RMI IRF
Aplastic anemia L L L
Aplstic crisis L L/N L
Hypoplastic anemia L N/H L
Bone marrow regeneration L N/H H/N
Chronic disease L/N N N
Iron deficiency L/N H H
Thalassemia N/H N/H N/H
MDS Any Level N/H N/H
Megaloblastic anemia L/N H

Hemolytic anemia H H

Hemorrhage N/H H H

L: Low, N: Normal, H: High, ARC: Absolute Reticulocyte Count, RMI: Reticulocyte Maturity Index, IRF: Immature
Reticulocyte Fraction.

Table 1.
Diagnostic utility of reticulocyte indices [34].

anemias. In ineffective erythropoiesis, IRF is increased while reticulocyte count is
reduced or normal, in some cases of MDS or in dyserythropoietic anemia.

* Screening of Hereditary Spherocytosis: High RC without proportionate eleva-
tion in IRF can be suspicious for HS. A RC/IRF ratio higher than 7.7 can be used
as a cut off for the screening of all HS cases as a diagnostic algorithm [33].

The clinical utility of IRF has also been reported in a variety of conditions, like: the
monitoring of anemia treatment and neonatal transfusion needs; monitor response to
EPO in a blood conservation program; renal transplant engraftment from Epo production;
the detection of occult or compensated hemorrhages or hemolysis, and aplastic crisis in
hemolytic anemias; and the early diagnosis and monitoring of aplastic anemias (Table1).

10. Reticulocyte mean cell Hemoglobin content (CHr)

Asunderstood the early reticulocytes continue to synthesize hemoglobin, with
approximately one fourth of the total hemoglobin of the RBC. Hence, CHr is the mea-
surement of the Hb content of reticulocytes expressed in pg./cell. CHr is the product
of the cellular volume and the cellular Hb concentration. The measurement of CHr
can directly reflect the functional availability of iron in that time frame of life span
of reticulocyte (up to 4 days) and is helpful in real-time assessment of the functional
state of erythropoiesis. It can be of help in identifying iron deficiency before the
development of IDA and also its serum level can guide for the route of administration
of iron supplementation. Critically low value of CHr warrants for intravenous iron
therapy, because oral iron is ineffective in preventing iron-deficient erythropoiesis.
The prediction of the absence of bone marrow iron stores can better be diagnosed by
CHr less than 28 pg., over than MCV, serum ferritin or transferrin saturation. Adequate
iron levels must be ensured to optimize Hb production in a balance with erythropoietic
stimulation by Epo in cases of chronic renal disease and it can be assessed by CHr.
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11. Summary

The final stage of RBC differentiation occurs in the peripheral blood. The reticulo-
cytes that are released by the bone marrow still contain RNA. On the way of matura-
tion reticulocytes gradually lose their rough endoplasmic reticulum and mitochondria
to become mature RBC after about 3—4 days in the peripheral blood. Since the number
and characteristics of the reticulocytes in the peripheral blood gives insight about
the activity of the bone marrow, reticulocyte counting has become fundamental part
of the hematopoietic evaluation now-a-days. Circulating reticulocytes decrease in
patients with impaired bone marrow function, and increase in cases of hemolysis
with normal bone marrow activity. Reticulocyte enumeration by light microscopy,
with the use of a supravital dye (viz. NMB), which binds to the RNA in the reticulo-
cyte still remains the standard method for RC. However, the accuracy and precision
of this assay are greatly compromised by its subjective nature. In contrast, automated
techniques of reticulocyte enumeration are more precise, accurate, objective, and
cost-effective. A variety of RNA-specific fluorescent dyes have been utilized for auto-
mated reticulocyte enumeration, and some hematology analyzers utilize optical light
scatter analysis to perform reticulocyte analysis on specimens stained with NMB or
other dyes. In addition to relative and absolute reticulocyte counts, automated tech-
niques provide information regarding the age distribution of reticulocytes in form
of the RMI, IRF, CHr. There is extensive evidence that these parameters are useful in
the accurate classification of anemia patients, and monitoring patients receiving EPO
or recovering from chemotherapy or bone marrow transplantation. The recent trend
to incorporate reticulocyte analysis into the routine hematology analyzer has made
automated reticulocyte analysis increasingly such common that, perhaps in recent
future, the manual reticulocyte count will become an obsolete technique.
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Chapter 5
Genetics of Thalassemia

Poonam Tripathi

Abstract

p-Thalassemia is a common genetic disorder caused by mutations in p-globin
gene that results in reduced p-globin production. There are more than 200 different
mutations that have been reported till date affecting the diverse levels of p-globin
gene expression and causing p-thalassemia. Nucleotide substitutions and frameshift
insertion-/deletion-type mutations interfere with the molecular mechanism like
transcription of the B-globin gene, splicing process and translation of mRNA of
p-globin gene, thus resulting in either absence or reduction of synthesis of f-globin
chains. Molecular analysis is a must for all thalassemia patients. Definitive diagnosis
and counseling of these patients will help in better management of disease.

Keywords: genetics, thalassemia, hemoglobin, gene, mutation, severity

1. Introduction
1.1 Thalassemia

The thalassemia syndromes are inherited blood disorder caused by mutations in
either alpha or beta gene that decreases the synthesis of either alpha or beta globin
chains [1]. This results in ineffective erythropoiesis, hemolysis, and ultimately lead-
ing to a variable degree of anemia [2]. The main types of thalassemia reported on the
basis of the type of globin chains are affected, grouped as o, f, 88, y5p, 8, y and ey8p
thalassemia [3].

Developmental stages Hemoglobin

Embryonic Hb Growerl ((¢,)

Hb Grower2 (me;)

Hb Portland 1 ({,p,)
Hb Portland 2 ((;v2)
Fetal HDF (a2y2)
Adult HDbA (0282

HbA, (0252)

Table1.
Different types of hemoglobin at various developmental stages of human.
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In the alpha ()-thalassemia, there is reduced production or absence of «-globin
subunits, whereas in the beta (p)-thalassemia, there is reduced production of p-globin
subunits. The f-thalassemia can be clinically classified according to the degree of
severity i.e., the beta-thalassemia carrier state, thalassemia intermedia and thalas-
semia major (TM) [4]. Thalassemia trait or thalassemia carrier type is asymptomatic
one, whereas thalassemia intermedia is more severe form than trait and they occa-
sionally need blood transfusions, while a person with thalassemia major is transfusion
dependent severe form of disease and to sustain life need regular blood transfusions
(Table 1) which later in life develop secondary complications like iron overload,
subsequent tissue damage and oxidative stress [5, 6].

2. Structure of hemoglobin (Hb)

Hemoglobin is a tetramer composed of 2-alpha (a)-globin and 2-beta (p)-globin
chains working in combination with heme to transport oxygen in the blood
(Figure 1). It is iron containing protein, synthesized inside immature erythrocyte
in the red bone marrow. The globin polypeptides bind heme molecule, which in
turn allows the hemoglobin in erythrocytes to bind oxygen reversibly and transport it
from the lungs to other part of body [7, 8].

The main hemoglobin type is HbA in normal adult constitute about 98% and
contains two alpha and two beta globin chains («2p2). The minor type HbA, consti-
tute less than 3% of the adult hemoglobin consists of two alpha chains and two delta
chains («262). HbF is predominant hemoglobin sub-type, found only during fetal life
and consist of two alpha and two gamma (y) subunits («2y2) [9, 10].

Hemoglobin Molecule

Figure 1.
Structure of hemoglobin [2].
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3. Hemoglobin expression during embryogenesis

In vertebrates, there are typically several forms of Hb differing in composition
of polypeptide chains and for oxygen transport under special conditions in various
stages of human development. The developmental changes in Hb production are
brought by differential activation of globin genes, which is largely determined at level
of transcription. This process is known as hemoglobin switching [11].

During early stages of human development, embryonic Hb is expressed in RBC
progenitors, which develops in the yolk sac. This Hb molecule consists of two hetero
dimmers of epsilon (&) and zeta ({)-globin chains [12]. The first switch in globin com-
position occurs as the site of erythropoiesis changes from the yolk sac to the fetal liver
at 12 weeks post-conception period. Production of the embryonic form (Hb Portland-2
(CaP2), Hb Portland-1 (£;v,), Hb Gower-1 (G¢,), Hb Gower-2 (ape;) is downregulated,
and it is replaced by fetal hemoglobin (HbF) containing a- and y-globin chains
(Table 1) [6, 13, 14] and by 17 weeks, only 1% of cells continue to express {-globin
[15]. The second switch occurs approximately 6 weeks after birth: where the levels of
fetal y-globin decline and are replaced with adult hemoglobin (HbA). HbF makes up
less than 1% of total hemoglobin in most individuals by 1 year of age [3]. The embry-
onic and adult o gene share 58% homology at amino acid level [16].

4. Genetic control of hemoglobin synthesis

The globin gene clusters show variability in their base composition and are
organized into alpha globin gene cluster and beta globin cluster.

4.1 Alpha () globin gene cluster

The a-globin gene cluster is located on the short arm of Chromosome 16 (16p13.3).
The cluster includes three protein coding functional genes (04, &%, and {;) and spans
about 30 kb, and the genes are arranged in order as per their expression during
developmental stages in human beings [17, 18].

The ol and a2 gene are highly homologous and encode an identical protein and
differs only in the sequences of non-coding regions [17, 19]. The a-globin gene codes
for 141 amino acids and consist of 3 exons separated by two introns (Figure 2). The
length of IVS 1in both « 1 and « 2 gene is same having 117 nucleotides whereas IVS II
of al consist of 149 and a2 is of 142 nucleotides.

4.2 Beta (f) globin gene cluster

The B-globin gene cluster is located along a 60-kb segment of the short arm of
chromosome 11 (11p15.5) and contains five functional genes (f, 3, Gy, Ay, and ¢)
and one pseudogene (Figure 3). The genes are arranged in the order in which they
are expressed during different developmental stages [21]. The regulatory sequences
contain four (HS-1 to HS-5) erythroid specific DNAse hypersensitive sites (HSs)
known as locus control region (LCR), which is required for DNA-protein interac-
tion. The HBB gene, spans about 1.6 Kb, contains three exons (coding regions) and
two introns with 5and 3’untranslated regions (UTRs). The HBB gene, spans about
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a-globin gene cluster
Chromosome 16

= CCAAT mms TATA == E-l E-Nl E-ill = Enhancer =

= 1-31 32-99 100-141 SE

Figure 2.
Alpha globin gene cluster [20].

pB-globin gene cluster
Chromosome 11

= CCAAT e TATA w £ E-il (=0 e Enhancer =

1-30 31-104 105-146

Figure 3.
Beta globin gene cluster [20].

1.6 Kb, consist of three exons, interrupted by two introns. The HBB gene is regu-
lated by an adjacent 5" promoter in which a TATA, CAAT, and duplicated CACCC
boxes are located. A major regulatory region, containing a strong enhancer, 50 Kb
from the beta globin gene [22]. This region, locus control region (LCR), contains
four (HS-1 to HS-4) erythroid specific DNAse hypersensitive sites (HSs), which are
involve in DNA-protein interaction. Each HS site is constituted by a combination of
several DNA motifs interacting with transcription factors, among which the most
important are GATA-1 (GATA indicates the relative recognition motif), nuclear
factor erythroid 2, erythroid Kriippel-like factor [23]. The importance of LCR for
the control of the beta-like globin gene expression has been discovered by studying
a series of naturally occurring deletions that totally or partly remove the HS sites
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and result in the inactivation of the intact downstream beta globin gene. Several
transcription factors bind and regulate the function of the HBB gene, the most
important of which is erythroid Kriippel-like factor 1 (KLF 1), which binds the
proximal CACCC box [21, 22].

Each gene cluster consist of the structural genes that are separated on both their
3’ and 5’ ends by variable stretches of non-coding DNA containing several types of
regulatory sequences [23-25].

* Promoter elements are essential for the binding of messenger RNA polymerase
and the initiation of transcription. HBB is immediately preceded by its promoter
region. There are five main motifs in HBB’s promoter region:

o BRE at —=37 GGGCTGG

o TATA box at —31 CATAAAAG
o Inrat +1 TTACATT

o MTE at +27 ACAACTG

o DPE at +32 AGCAA

* Enhancer and silencer elements stimulate or repress transcriptional activity
depending on the array of proteinaceous “transcription factors” to which they
are bound and which have two main motifs: the CAT BOX of the pattern CCAAT,
and the CACC box of the pattern CACCC [26].

* The Locus Control Region (LCR) functions as a “master switch.” Both globin
gene clusters (alpha and beta globin) possess a LCR, located many kilobases
upstream of the HBB and HBA gene. The LCR appears to interact with a combi-
nation of transcription factors at the onset of erythroid maturation in such a way
as to enhance access of the transcriptional machinery and other transcriptional
factors to the promoters, enhancers, and silencers within the gene complex. LCR
function is absolutely required for expression of globin genes at the extraordi-
nary high levels needed for normal hemoglobin synthesis [25].

5. Beta thalassemia mutation types

Thalassemia is characterized by decrease or absence production of a- or f-globin
chains, which result in - or f-thalassemia [25]. More than 400 different types of
deletional and non deletional types of mutations in a- or f-globin genes have been
reported till date with diverse clinical manifestations, ranging from asymptomatic to
fatal anemia [26].

* B-Thalassemia (complete absence of hemoglobin subunit beta) alleles result from
nonsense, frameshift, or splicing mutations.
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* p*-Thalassemia alleles are produced by pathogenic variants in the promoter area
(either the CACCC or the TATA box), the polyadenylation signal, or the 5" or 3’
untranslated region, or by splicing abnormalities.

* The complex p-thalassemia (delta-beta- and gamma-delta-beta-thalassemia)
results from deletion of variable part of HBB gene cluster.

* p-Thalassemia also caused by deletion of the LCR regions of HBBgene.

* Inrare cases of the p-thalassemia mutations reported beyond the p-globin gene
cluster.

5.1 Gene deletions

90

* Deletion of one or more alpha globin genes is the most common mechanism
responsible for alpha thalassemia in Asian and Mediterranean populations. On
the other hand, complete deletion of the beta globin gene is rarely reported, as
part of larger gene rearrangement lesions. Rare cases of beta thalassemia are
caused by partial beta globin gene deletions and interstitial deletions.

* Large deletions within the gene clusters—The “classical” clinically harmless
forms of Hereditary Persistence of Fetal Hb (HPFH) appear to arise from
deletional events that remove large regions of DNA from the beta gene cluster.
In these cases, 50-100 kilobase long segments of DNA are deleted from down-
stream regions of the beta globin gene cluster. These deletions remove the delta
and beta globin structural genes [27].

* Persistence of very high levels of fetal hemoglobin synthesis in adult life appears
to occur in those cases in which the gene deletion brings a highly active enhancer
element into close proximity with the remaining gamma globin gene. This
enhancer, usually insulated from the globin gene cluster, provides for high levels
of gamma globin gene expression and persistence of Hb F in adult life [27, 28].

* Other deletions involving this region cause mild-to-moderate forms of thalas-
semia in which both delta and beta globin synthesis are absent (delta-beta
thalassemia). The clinical pattern seems to depend on the size and location of the
downstream deletions; each brings new DNA, with varying enhancer effects, in
close proximity to the remaining genes of gamma [29].

* Deletions of LCR—these cases are very rare, but extremely informative forms of
both beta and alpha thalassemia have been discovered to arise from gene dele-
tion events that remove the locus control region (LCR) sequences. The classical
mutation, reported in families, was associated with total absence of beta globin
synthesis, even though the beta globin gene and its surrounding promoters and
enhancers were found to be normal in structure [30]. The chromosome respon-
sible for this form of thalassemia was found to have undergone a large deletion
many thousand bases upstream of the structural genes, through which the
critical LCR sequences were lost. Thus the LCR played critical role by permitting
expression of the globin genes during erythropoiesis [31].
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* These events are associated with biochemical and clinical features of heredi-
tary persistence of fetal Hb (HPFH) with the added presence of the structural
variant, Hb Kenya. The persistence of high levels of fetal hemoglobin synthesis
into adult life may arise because of the removal of stage selector elements and
silencers normally positioned between the gamma and delta genes, and the closer
apposition of a strong beta globin gene enhancer normally located at the 3’ side
of the beta gene to the G (gamma) and Kenya genes. Hb Kenya is rare; the anti-
Kenya state has yet not been identified [32, 33].

5.2 Mutations affecting transcription

Alpha and beta thalassemia have been found to arise from mutations that alter
known promoter or enhancer sequences for alpha or beta globin genes [28]. These
point mutations alter the efficiency of the promoter or enhancer, while others are
small gene deletions or rearrangement that disrupts their spatial integrity [29].

5.3 Mutations affecting Pre-mRNA splicing

Many mutations have been described that disrupt normal splicing of the mRNA
precursor. Among these are some of the most common forms of beta thalassemia and
more common varieties of “non-deletion” forms of alpha thalassemia [21, 34].

5.4 Alteration of canonical splice signals

Some thalassemic splicing mutations directly disrupt the canonical “splicing
signals” used to mark the beginning and end of each intron so that normal splicing
can occur. These short sequences are required by the splicing machinery. They signify
the places at which excision of the intron, and ligation together of the flanking exons,
should occur [34, 35].

Certain bases in these splicing signals are “invariant”, such as the GT dinucleotide
required at the 5’ beginning of the intron and the AG dinucleotide required at the 3’
end of the intron. The several bases to either side of these invariant nucleotides are
consensus sequences within which alteration of the base will change the efficiency
with which the site is used [36]. Thus, mutations altering these nucleotides can abol-
ish normal splicing or reduce it to a variable degree. Mutations that alter the con-
sensus splice sites reduce production of alpha or beta globin mRNA; the pre-mRNA
molecules which are not properly spliced appear to be catabolized rapidly, so that
abnormal mRNA products do not accumulate [37].

In some cases, pre-mRNAs that are not spliced at the proper sites are spliced
elsewhere by activation of “cryptic” sites, resulting in the production of structurally
abnormal, usually non-functioning messenger RNAs [35]. The molecular basis for
variability with which mutations reduce the efficiency of normal splicing, or generate
production of detectable abnormally spliced products, remains poorly understood
and needs to be investigated.

5.5 Activation of cryptic splicing sites

Another class of splicing mutations, one of which produces a very common form
of thalassemia in the Mediterranean region, includes those in which the mutation
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activates a “cryptic” splice site. These mutations are not located within the consensus
sites at either end of introns. Rather, base substitution, small deletions, or small
insertions of DNA, can convert a site within an exon or intron that normally bears
only a slight resemblance to a splice site into one containing much stronger consensus
signal [37, 38]. Depending upon the consequential “strength” of the signals, the splic-
ing apparatus will utilize that site instead of normal site in a greater or lesser percent-
age of the pre-mRNA molecules being spliced. At least two spliced mRNA products
result, accumulating in varying percentages, depending on efficiency with which the
cryptic site is used and the stability of the abnormally spliced product [29, 38].

5.6 Altered mRNA translation and stability

Mutations that create a premature translation termination codon (nonsense
codon) account for the most common forms of thalassemia, in terms of numbers of
patients affected. These mutations create translation stop signals prematurely, so
that the complete beta globin polypeptide is never made. In the most common type
of thalassemia, globin fragments are highly unstable, resulting in the accumulation
of protein synthesized from the mutated gene (i.e., beta (0) thalassemia) [38]. Asa
result, patients homozygous for this defect cannot make any beta chains and suffer
from a severe form of beta thalassemia [27].

Premature translation termination can occur by base substitution or deletion
of bases in an exon, producing so called “frame shift” mutations. The inserted or
deleted stretch of DNA contains a number of bases that is an exact multiple of three,
so “open” translation reading frame is maintained. So, the insertion or deletion will
cause the ribosome to begin reading the codons out of the normal reading frame. One
consequence of this “frame shift” mechanism is that the probability that a UAA, UAG,
or UGA translation termination codon will be encountered with the shifted reading
frame within 50 or so bases downstream [38, 39].

In the normal reading frame, these three bases (UAA, UAG, UGA) are usually
divided among two codons, and thus never “read” as a stop codon by the ribosome. In
the shifted reading frame, the three bases will appear as a single codon and translation
ceases. Thus frame shifting results into premature translation termination. A reason
for occurrences of both alpha and beta thalassemia mutations.

6. Nonsense-mediated decay

The physiologic consequences of translation termination are very clear; functional
globin not synthesized and thalassemia results. Less obvious is the phenomenon that
these prematurely terminated mRNAs accumulate in greatly reduced amounts. The
reason behind impaired accumulation is not clear, since their transcription, process-
ing, and stability elements are intact. Recent research work has shown that there are
normal cell defense mechanisms to eliminate abnormally translated mRNAs. They
probably exist in order to guard against the accumulation of truncated protein prod-
ucts, which have the potential to interact abnormally with other proteins and damage
cells. This protective phenomenon is called nonsense-mediated decay.

Curiously, premature stop codons that occur in the final exon of either the alpha or
beta globin gene accumulate at nearly normal levels. Moreover, the truncated poly-
peptides also accumulate stably and in significant amounts. It appears that the process
of nonsense-mediated decay affects only those mRNAs in which the premature stop
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codon occurs in the first or second exons. This has been found in other gene systems
as well. Indeed, there is increase in substantiation that nonsense-mediated decay and
mRNA splicing are interactive processes [32].

7. Post translational mechanisms

A few, comparatively uncommon, mutations that cause thalassemia by disrupt-
ing the structure of the fully translated globin product. That appears to interfere
with normal folding of the globin peptide to form stable dimers or tetramers. In each
case, the abnormal globin generates inclusion bodies and produces a thalassemia
phenotype. The final common pathway for these mutations is similar to that of the
dominant form of thalassemia due to nonsense codons in the final exon. In all circum-
stances, accumulation and generation of substantial amounts of the abnormal protein
results in formation of inclusion bodies [34, 35, 38].

8. Conclusion

Thalassemia arises from well over 400 mutations that, in the cumulative, affect
every step required for successful production of the large amounts of Hb needed for
normal red cell homeostasis. The mutations accounting for most of the thalassemia
patients around the world are those affecting translation termination and mRNA

splicing. Gene deletions and rearrangements, and defects affecting transcription,
mRNA stability, or Hb assembly are uncommon or occur rarely.
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Abstract

Beta (f)-thalassemia major, a chronic inherited hematological disease, leads to
chronic anemia in affected children. One of the options for treatment is splenectomy.
However, this treatment involves risk of many complications, one of which is portal
vein thrombosis (PVT). The risk factors include exposure of phosphatidyl-serine of
abnormal red blood cells (RBCs), increased activation, aggregation and a number
of platelets and nucleated RBCs after splenectomy, increased endothelial activation,
decreased nitric oxide, organ dysfunction, and thrombophilia. PVT is either complete
or partial obstruction and has fatal complications, especially after splenectomy and
late diagnosis without effective treatment. Diagnosis is typically made with X-ray.
Generally, the incidence of PVT is between 1.7% and 9.2%. Initially, it is asymp-
tomatic; symptoms appear gradually as thrombosis progresses. The easiest way to
differentiate it from other conditions is via imaging study like Doppler ultrasound. It
is usually associated with prolonged prothrombin time (PT). D-dimer and alkaline
phosphatase are generally high. The treatment is the same for both the acute and
chronic forms and includes the treatment of causal factors, prevention of thrombus
extension, and achievement of patency of the portal vein via regular RBC transfusion
and antithrombotic agents.

Keywords: f-thalassemia, portal vein thrombosis (PVT), splenectomy,
thrombocytosis, doppler ultrasound, anticoagulant, transfusion

1. Introduction
1.1 Thalassemia syndrome

Beta (p)-thalassemia disease is one of the common hereditary hemolytic anemias
with high prevalence in the malarial belt areas including the Mediterranean, the Middle
East, Transcaucasia, Africa, South and Southeast Asia, and China. It results from muta-
tions on chromosomes 11 and 16 for cases of p-thalassemia and alpha (x)-thalassemia,
respectively, with more than 150 different mutations [1, 2]. It describes all the inherited
genetic abnormalities that affect the synthesis of a- or p-globin chains and consequently
normal erythropoiesis and oxygen-carrying capacity of blood.
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Thalassemia is an autosomal recessive disorder classified into two main catego-
ries: a- and p-thalassemia. It commonly presents as chronic hemolytic anemia [2].
p-Thalassemia major results from homozygous or compound heterozygous mutations.
It involves early presentation, multi-organ complications, frequent hospitalization,
and lifelong management. Its treatment depends mainly on blood transfusion. The
severe form of p-thalassemia results from defects in two globulin genes and severely
reduced production of p-globulin genes [1]. f-Thalassemia minor is an asymptomatic
condition due to heterozygous mutations, whereas -thalassemia intermedia involves
two defective genes and is characterized by mild-to-moderate reduction in f§ globu-
lin production. It is associated with absence of regular blood transfusion and iron
chelation therapy, and it may lead to serious specific complications like gall and renal
stones, leg ulcer, thrombophilia, and right heart failure [1].

1.2 Pathophysiology

a-Thalassemia occurs when one or more of the four a-globin genes are missing, dam-
aged, or changed. f-Thalassemia occurs when both p-globin genes are affected [2, 3].

p-Thalassemia is characterized by the reduced synthesis or absence of the f-globin
chains in the hemoglobin molecule, resulting in accumulation of unbound a-globin
chains that precipitate in erythroid precursors within bone marrow and mature eryth-
rocytes, ultimately resulting in ineffective erythropoiesis and peripheral hemolysis [3].

Anemia stimulates the production of erythropoietin with consequent intensive
but ineffective expansion of the bone marrow (up to 25-30 times more than normal),
which in turn may cause the typical bone deformities. Prolonged, severe anemia and
increased erythropoietic drive result in hepatosplenomegaly and extramedullary
erythropoiesis [3].

The molecular and pathophysiological mechanisms underlying the disease process
in patients with thalassemia have substantially increased over the past decade. There are
many factors that highlight the pathophysiology of p-thalassemia. These include ineffec-
tive erythropoiesis, chronic anemia/hemolysis, and iron overload, which is secondary to
increased intestinal absorption in thalassemia intermedia and excessive blood transfu-
sion in p-thalassemia major. Thromboembolic events are common in p-thalassemia
intermediate in comparison to p-thalassemia major [3], as shown in Figure 1.

1.3 Iron toxicity

One unit of transfused blood contains 200-250 mg of elemental iron. The body
has no ability to excrete such quantities of iron. Therefore, the development of iron
overload in patients receiving chronic blood transfusion is inevitable. The free or
unbound iron accumulates in various organs, such as the liver, heart, pancreas,
pituitary, and gonads, and causes the catalysis of injurious compounds, such as free
radicals, which will begin to damage cells, leading to fibrosis or organ dysfunction
[3]. Iron is highly reactive and easily alternates between two states-iron III and iron
II-in a method that results in loss and gain of electrons and the generation of unsafe
free radicals. This can damage lipid membranes, organelles, and DNA, ultimately
causing cell death and fibrosis [1]. In a healthy individual, iron is kept safe by binding
to transferrin, whereas in patients with iron overload, the transferrin capacity to bind
iron is exceeded within the cells and in the plasma. This results in the production of
free iron within cells or plasma, damaging many tissues in the body, which can be
fatal unless treated by iron chelation therapy [4], as shown in Figure 2.
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Figure 1.
Pathophysiology of patients with thalassemia.

The most common complication of f-thalassemia is iron overload, caused either
by recurrent blood transfusion in p-thalassemia major or excessive iron absorption in
p-thalassemia intermedia. Iron overload results in multiple organ damage [5]. Cardiac
complications include cardiomyopathy, arrhythmia, and pericarditis. Liver complica-
tions include liver fibrosis and cirrhosis. Endocrine complications include hypothy-
roidism, pituitary failure, hypoparathyrodism, growth hormone deficiency and sex
organ failure. There is also risk of embolism resulting in portal vein thrombosis and
portal vein hypertension.

1.4 Treatment

Treatment involves early and regular transfusion to maintain hemoglobin (Hb)
levels greater than 9-10 gm/dl. This helps to improve growth and development,
reduce hepatosplenomegaly and bone deformity, improve survival, and decrease
severity of disease and hemolysis (because chronic transfusion may ameliorate inef-
fective erythropoiesis) [1].

Chelation therapy is used to maintain safe levels of body iron at all times [5].

Dosing of the drugs involved in chelation therapy (desferrioxamine, deferasirox,
jadenu, and deferiprone) and treatment require careful monitoring by serum ferritin
and MRI techniques.
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1.5 Portal vein thrombosis

PVT refers to a total or partial obstruction of the blood flow in the portal vein due
to formation of thrombus or clot [6] that blocks the main portal vein going to the liver.
It may result from previous use of an umbilical catheter during the neonatal period, a
clotting disorder, or infection or injury. In 50% of cases, it may be idiopathic [7, 8]. Itis
an important cause of portal hypertension in the pediatric age group with high mor-
bidity rate due to its main complication of upper gastrointestinal bleeding [6].

PVT is a risky disease with potentially fatal complications, mainly post splenec-
tomy, especially if there are delays in diagnosis and treatment. It can be diagnosed
early with advanced X-ray imaging [9].

Risk factors of PVT can be systemic or local [10]. Inherited systemic risk factors
include:

¢ factor V Leiden mutation
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* factor II (prothrombin) mutation

* protein C and S deficiency

Acquired systemic risk factors include:

* myeloproliferative disorder

* paroxysmal nocturnal hemoglobinuria

* hyperhomocysteinemia

Local risk factors for PVT include: focal inflammatory lesion:

* neonatal omphalitis, umbilical vein catheterization, diverticulitis, appendicitis,
pancreatitis, duodenal ulcer, cholecystitis, Crohn disease, ulcerative colitis,
cytomegalovirus hepatitis

* injury to the portal venous system: splenectomy, cholecystectomy, abdominal
trauma, liver transplant, iatrogenic (fine needle aspiration of abdominal mass),
surgical portosystemic shunting

* cirrhosis.
1.6 Clinical presentation of PVT

PVT leads to portal hypertension and can cause growth of new blood vessels called
varices around the blockage. It may connect blood flow from the intestine directly to
the general circulation, bypassing the liver [7].

Portal hypertension can produce an enlarged spleen, low platelet count, and
gastrointestinal bleeding, and may increase production of ammonia, leading to
encephalopathy [7].

1.7 Portal vein thrombosis in thalassemia

PVT is a rare serious complication post splenectomy, especially for thalassemia.

It requires a very high index of suspicion to confirm early diagnosis and administer
urgent therapy to prevent fatal complications such as portal vein hypertension in a
thalassemia patient or bowel infarction [11].

Studies have shown that red blood cells (RBCs) from p-thalassemia major and
B-thalassemia intermedia increase adhesion to endothelial cells (ECs). Also, thalas-
semia patients have low levels of protein C and S compared with healthy people.
Prothrombin fragment 1.2 (F1.2) is a marker of thrombin generation and increases in
thalassemia intermedia patients [3].

There is no role for prothrombotic mutations on the increasing incidence of coagu-
lopathy in thalassemia patients. Studies in Lebanon and Italy show that the presence
of factor V Leiden, prothrombin, and methylene tetrahydrofolate reductase muta-
tions is not related to the increased risk of thrombosis in thalassemia patients [12].

The presence of hepatic, cardiac, or endocrine dysfunction may contribute
to hypercoagulability in thalassemia; when pathologic processes overwhelm the
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regulatory mechanisms of hemostasis, the result is increasing amount of thrombin
formation, which leads to thrombosis [12].

1.8 Incidence

The incidence of PVT in all thalassemia patients is between 1.7% and 9.2%, which
is approximately ten times greater than in the normal population. The incidence is 4.4
times more prevalent in non-transfusion-dependent thalassemia patients (NTDT)
than patients with transfusion-dependent thalassemia (TDT). However, PVT can
occur in patients with either a- or f-thalassemia diseases [2].

Around 4% of p-thalassemia major patients and 9.6% of thalassemia intermedia
patients develop TEE. The same group have shown 6 years later that 1.1% of TM
patients in seven Italian centers had thrombosis [3].

PVT incidence in thalassemia is different in many centers. Some centers have
reported single case reports, whereas others have reported cases in 3.3-6.6% of
patients. Some centers recommend screening those patients referred for blood trans-
fusion due to the risk of thrombosis [12].

Studies in different countries show varying incidence rates, for example, 5.5% in
Al Najaf, Iraq [9], 3.12% in Babol, Iran [12], 3.5% in Ahvas, Iran [13], 3.85% in Italy
[12], and 8.4% in Greece [13].

Different results could be explained by the different methods and cohorts used
in different studies. Some studies included younger patients and used only Doppler
ultrasound for diagnosis of PVT, while other studies used more advanced investiga-
tions in the detection of PVT, including magnetic resonance imaging (MRI), com-
puted tomography (CT) scan, angiography, and Doppler ultrasound, in addition to
using older cohorts [9].

1.9 Pathophysiology

PVT is the combination of abnormalities in different parts of the hemostatic system
[2]. We discuss some of these abnormalities in the paragraphs that follow. Figure 3
shows the pathophysiology of PVT.

Exposure of the external membrane of abnormal RBCs to phosphatidylserine (PS)
results in reduction of normal dissemination of RBC membrane phospholipids. In
addition, free iron stimulates lipid oxidation and increases the level of membrane-
bounded hemichromes and immunoglobulin, leading to changes in the structures
of spectrin and band 3 protein of RBC membrane. This results in aggregation and
adhesion of abnormal RBCs to endothelial cells [2, 3].

In PVT, there is an elevated number of circulating and aggregated platelets, which
are found mostly post splenectomy. The lifespan of these platelets is usually short,
and they have a good response to many agonists like adenosine diphosphate (ADP),
epinephrine, and collagen. PVT patients also have greater levels of plasma beta-
thromboglobulin than the platelets in normal populations [3].

Increased activation of endothelial cells (due to the activation of granulocytes and
monocytes) causes endothelial injury and excess level of endothelial adhesion. This
leads to thromboembolic events [5].

Low nitric oxide (NO) (due to hemolysis secondary to reduced arginine level)
results in pulmonary vasoconstriction and subsequently leads to chronic pulmonary
thromboembolism [2].
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Figure 3.
Factors contributing to a hypercoagulable state and subsequent thrombotic events in thalassemia.

Thrombocytosis and nucleated RBCs (NRBCs) can occur post splenectomy,
especially when the platelet count is more than 600,000/mm’ and the NRBC count is
greater than 300/ mm? [2].

In PVT, iron overload organ failure may develop, such as cardiac siderosis, which is
complicated by cardiac arrhythmia and cardiomyopathy [2].

Deficiencies of proteins C and S and elevated anti-phospholipid antibodies
(i.e., lupus anticoagulant, anticardiolipin, and anti-beta 2-glycoprotein) are seen in
thrombophilia [2].

Excess RBCs with negatively charged phospholipids in combination with increased
cohesiveness and aggregation of RBC results in thrombus formation [2].

Prothrombin mutation is also seen in PVT [2].

1.10 Presentation

PVT presents clinically as acute or chronic. The acute form usually appears within
60 days from hospital investigation and assessment. It may present initially as upper
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gastrointestinal bleeding or bowel ischemia, which is suggested by an increase of
bleeding, abdominal pain, abdominal distention, vomiting, and melena [10].

Initially, PVT may be asymptomatic, but symptoms gradually increase as throm-
bosis progresses. The easiest way to differentiate it is by using imaging study like
Doppler ultrasound (to look for the presence or the absence in significant portal
collateral) or by using CT of abdomen, angiograph, MRI technique [9].

1.11 Acute portal vein thrombosis

Acute PVT is associated with immediate thrombus formation, leading to partial
or total obstruction of the portal vein. The cute form may present with an increase in
body temperature, abdomen pain and distention, diarrhea, vomiting, rectal bleeding,
and anorexia [9, 10].

1.12 Physical examination

Upon physical examination, the abdomen may be distended, guarding against
internal abdominal inflammation, intestinal infarction, and perforation [9, 10].

Splenomegaly is present in 37% of patients. Sepsis may be associated with perfora-
tion, which can lead to peritonitis, shock, and even death. Ascites are rare but may
develop if there is collateral circulation (mild ascites occur because of congestion of
the intestinal venous without liver cirrhosis).

1.13 Chronic portal vein thrombosis

Chronic PVT is usually nearly asymptomatic except if it causes development
of varices and ascites. Typically, those patients with advanced thrombosis do not
remember a previous event or disease [9, 10]. Chronic PVT usually presents in the
first and second decades of life as left upper abdominal pain (due to splenomegaly
or splenic infraction) and recurrent gastrointestinal bleeding (in 20-40% of cases),
which usually occurs in association with liver congestion or swell.

1.14 Physical examination

Splenomegaly is present in 10% of patients, but most cases present with multiple
other signs. Ascites develop in 20% of cases and encephalopathy is unusual and tran-
sient. Cholangitis, obstructive jaundice, and sometimes gallstones or extra hepatic
biliary obstruction occurs in 80% of cases. In addition, hypersplenism complicated by
pancytopenia is common in chronic PVT.

2. Diagnosis of PVT
2.1Laboratory tests

The liver function test is usually normal unless it is associated with cirrhosis or
extrahepatic portal vein obstruction [9].

Level of prothrombin and other factors may be low (PT is prolonged), and
D-dimer and alkaline phosphatase are usually high [9].
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Total serum protein is usually low, especially if albumin is decreased with pro-
longed PVT [9].

Liver biopsy shows atrophy and regenerative nodular hyperplasia, which is due to
apoptosis and compensatory arterial vasodilation in the chronic form of PVT [14].

2.2 Other lab tests

There is derangement of proteins in the hemostatic systems of p-thalassemia patients,
including increased aggregation of platelets and coagulation factors (von Willebrand
factor and factor VIII) as well as low levels of proteins C and anti-thrombin [9].

Annual monitoring of thrombin-generation markers by thrombin and anti-
thrombin factor and D-dimer tests is recommended post-splenectomy thalassemia
patients [9].

2.3 Ultrasound

Ultrasound displays hypo echoic, hyper echoic, or isochoric within the portal
vein causing obstruction either completely or partially. It is the most cost-effective
imaging modality, but its specificity and sensitivity vary (80-100%) depending on
the patient and the experience of the administering radiologist. Its accuracy ranges
from 88 to 98% [9].

Contrast-enhanced ultrasound is superior to ultrasound in detecting the patency
of the portal vein [9, 15] and it is more reliable in patients with very low portal vein
velocity [9].

Endoscopic ultrasound has specificity of 93% and sensitivity of 81% and is capable
of diagnosing small and non-occluded thrombi. It is also more efficient than ultra-
sound or CT in detecting portal invasion by tumors [9, 10].

2.4 Computed tomography and magnetic resonance imaging

CT and MRI are more accurate for the detection of thrombus extension with pres-
ence or absence of collaterally vessels (that bypass the obstruction) especially after
splenectomy. PVT appears as isodense to adjacent soft tissue [9]. Following adminis-
tration of intravenous (IV) iodinated contrast, PVT shows a bland thrombus, which is
seen as a low-density, non-enhancing defect within the portal vein. MRI is better than
Doppler ultrasound in diagnosing a partial thrombosis and obstruction of the main
portal venous trunk. In addition, it detects more sufficient portosplenic collaterals and
portal vessels [9, 10]. However, currently used therapeutic methods have an essential
in prolong life expectancy of thalassemia patients [9].

2.5 Treatments

The main goal of management is the same in both acute and chronic PVT.
Treatment depends on causal factors and is used to prevent expansion of the throm-
bus and achieve portal vein patency. However, in chronic thrombosis, the treatment
of complications associated with portal hypertension must be considered [10].

Recently, anticoagulant therapy has become the preferred treatment to obtain
portal vein recanalization or patency. Other modalities of treatment should be used if
there is partial or absent PVT resolution [10].
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Before administering anticoagulant treatment, conditions such as new or old
thrombosis and presence of thrombophilic condition or hepatic disease must be
considered [10, 16].

RBC transfusion is indicated for management of f-thalassemia patients, especially
NTDT patients (who are at risk of thromboembolism or have thromboembolic events
because of transfusion native patients who are more risky to develop this complica-
tion [2]. Hemoglobin should be maintained at a level greater than 9 g/dL. The aim is to
correct hypercoagulopathy and protect against thrombosis [3].

3. Antithrombotic agents
3.1 Antiplatelets

Acetylsalicylic acid (2-5 mg/kg/day) is the most important treatment for the pre-
vention and management of thromboembolism in $-thalassemia patients, especially
those who have undergone splenectomy and who have thrombocytosis (platelet count
greater than 500,000/mm?®) [2]. Resistance to acetyl salicylic acid has been reported
in some thalassemia patients, especially after spleen removal [2].

3.2 Anticoagulants

Anticoagulants are used to reduce risk of embolism, halt clot extension, and
prevent recurrence [1, 17].

3.3 Anticoagulants for acute PVT

There is no randomized controlled trial regarding the use of anticoagulants in
acute PVT. After 6 months of therapy, a complete recanalization has been reported in
about 50% of patients, with good results in the case mesenteric vein involvement and
a low incidence of complications. In contrast, there was 10% of cases of PVT which
are resistant to anticoagulants [10].

Better outcomes are achieved in acute PVT when anticoagulants are given as early
as possible. Rate of recanalization is about 69% if treatment is started within the first
week after diagnosis. Rate of recanalization decreases to 25% when treatment starts
later (e.g., the second week after diagnosis) [10].

Anticoagulant therapy should continue for 3-6 months to complete recanalization [10].

3.4 Anticoagulants for chronic PVT

Anticoagulants are only administered in 30% of chronic PVT chases, which reflects
concerns about their use in the presence of varices and coagulation dysfunction. However,
the number of hemorrhage episodes in chronic PVT patients on anticoagulants has not
shown to increase; however, long-term follow-up may be needed. Anticoagulants have
proven effective in the prevention of new thrombotic events with a low mortality rate [10].

Anticoagulants include vitamin K antagonists (warfarin), low-molecular-weight
heparin (enoxaparin), and unfractionated heparin (standard heparin). Direct oral
anticoagulants include direct oral anti-activated factor X (Xa) (e.g., rivaroxaban)
and direct oral antithrombin (IIa) (e.g., dabigatran). These medications are used to
manage thrombosis in beta-thalassemia patients [2].
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In hemoglobinopathies including thalassemia, rivaroxaban is effective without
increasing the risk of bleeding or thrombosis after 18 years of age [2].

4. Unfractionated standard heparin
4.1 Mechanism of action

Unfractionated standard heparin enhances the rate by which antithrombin
I neutralizes the activity of several coagulation factors including factor Xa and
thrombin [17].

Average half-life when administered intravenously is 60 minutes in adults. Its
half-life is dose dependent (higher dose has more duration in the circulation). It hasa
shorter half-life than normal in patients with thrombotic disease and a longer half-life
than normal in cirrhosis or uremia patients.

Contraindications of unfractionated standard heparin include recent bleeding in
the central nervous system, bleeding from an inaccessible site, malignant hyperten-
sion, bacterial endocarditis, and recent surgery.

Partial thromboplastin time (PTT) may not reflect the correct degree of anti-
coagulation, therefore specific heparin level should be determined (heparin level is
0.35-0.70 U/ml by anti-factor Xa assay or 0.2-0.4 U/ml by protamine sulfate assay).

Protamine sulfate can neutralize heparin immediately. Because of the rapid clear-
ance rate of heparin, stopping the infusion is adequate treatment for most patients
(1 mg of protamine sulfate can neutralize 90-110 units of heparin). In addition,
heparin has rapid metabolic decay and therefore it needs only one-half of a total dose
of protamine.

4.2 Enoxaparin

Enoxaparin is an effective and convenient alternative to standard heparin therapy
[17]. Adult patients rarely need to have their heparin level monitored, but in pediatric
patients there is more diversity of response. Monitoring is critical to ensure that a
therapeutic level is achieved.

PTT cannot be used to monitor heparin levels; a specific assay should be used.
Once therapeutic range is achieved, routine monitoring is not required or is required
infrequently.

When enoxaparin is used for prophylaxis against thrombosis, the dose is 0.5 mg/
kg/12 hr subcutaneously.

4.3 Warfarin

Warfarin is an oral anticoagulant drug that acts to reduce the functional level
of vitamin K-dependent factors II, IV, IX, and X as well as proteins S and C [17].
Warfarin will reduce the level of following factors gradually depending on the half
life, factor VII is firstly as the shortest its half life, followed by factor IX and X and
lastly factor II, it usually needed 4-5 days to decrease all these factors. PT is a clotting
test used to monitor warfarin therapy.

The most adverse effect is hemorrhage, which is related to dose or metabolism
and is treated by discontinuation of the drug along with administration of vitamin K
(vitamin K given is equal to the daily warfarin dose) either orally, subcutaneously, or
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intravenously (not intramuscularly). The parenteral route has a much longer half-life
and may overshoot the correction. Sometimes, warfarin is associated with life-threat-
ening bleeding. When severe hemorrhage develops, 15 ml/kg of fresh frozen plasma
should be given in addition to vitamin K.

5. Dabigatran (Pradaxa)
5.1 Mechanism of action

Dabigatran prevents thrombus development through direct, competitive inhibi-
tion of thrombin (thrombin can convert fibrinogen to fibrin) and can inhibit free and
clot-bound thrombin and thrombin-induced platelet aggregation [18, 19].

Dabigatran can be given when converting from warfarin when international
normalized ratio (INR) is less than 2.0. It can also be used when converting from
parenteral anticoagulant. In this case, give dabigatran 0-2 hours before next dose of
parenteral drug.

When converting from dabigatran to warfarin, starting time of warfarin should be
adjusted based on creatinine clearance.

6. Rivaroxaban (Xarelto)
6.1 Mechanism of action

Rivaroxaban is a factor Xa inhibitor that blocks the active site of factor Xa as well
as prothrombinase activity and clot-associated factor Xa [20]. It also inhibits throm-
bin generation. The drug’s half-life is 6-7 hours.

Rivaroxaban can lead to prolonged PT and activated partial thromboplastin time
(aPTT), but it has no effect on thrombin and antithrombin activity.

It does not require routine monitoring of coagulation, but it may need anti-factor
Xa chromogenic and PT assay to quantify its plasma level. However, it does require
periodic assessment of renal function.

There are limited data on the drug’s use in children 1 year or age or older with
moderate-to-severe renal impairment. There is also no clinical data available in
pediatric patients younger than 1 years old with serum creatinine above the 97.5th
percentile. This drug is not recommended for use in children younger than 6 months.

6.2 Other drugs

Fetal hemoglobin-inducing agents [3, 21] like hydroxycarbamide and decitabine
also appear to reduce plasma markers of thrombin formation. Hydroxycarbamide
may change hypercoagulability in many ways; it may lower phospholipid expression
on the surface of RBCs and platelets, and it reduces RBC adhesion to thrombospon-
din, a thrombin-sensitive protein. It may also reduce white blood cell (WBC) count,
especially monocytes expressing transcription factor.

Hydroxyurea is a hemoglobin F stimulating agent. It increases hemoglobin F and
improves the clinical symptoms of p-thalassemia disease and reduces hypercoagu-
lability state due to decreased exposure of phosphatidylserine on the membranes of
RBCs [2, 21].
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6.3 Hematopoietic stem cell transplantation (HSCT)

Hematopoietic stem cell transplantation (HSCT) can normalize abnormal hemo-
static derangement in B-thalassemia patients by increasing natural anticoagulant
proteins and activating platelets in the circulation and reducing microparticles and
Exposure of abnormal RBCs membrane to PS (results in reduction of normal dissemi-
nation of RBC membrane phospholipids) [2].

7. Conclusion

Thrombosis in f-thalassemia patients is the result of several risk factors, a com-
bination of which is often the cause of clinical thromboembolism. Splenectomy,
anemia, and iron overload are increasingly important risk factors for hypercoagula-
bility in p-thalassemia. An individualized approach is highly indicated to create an
optimal strategy for preventing occurrence of this complication through adequate
post-operative monitoring via Doppler ultrasound and blood investigations, includ-
ing D-dimer and PT tests.
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Chapter 7

Congenital Defects with Impaired

Red Blood Cell Deformability —
The Role of Next-Generation
Ektacytometry

Joan-Lluis Vives Corrons and Elena Krishnevskaya

Abstract

The red blood cells (RBCs) carry oxygen from the lungs to the tissues, and for this,
they must be able to deform. Accordingly, an impairment of RBC deformability is the
cause of RBCs trapping and removal by the spleen and haemolysis. The most common
causes for the decline in red cell deformability are the RBC membrane defects
(abnormal shape or ionic transport imbalance), haemoglobinopathies (increased
rigidity), or enzyme deficiencies (decreased anti-oxidant defences or ATP content).
The most common cause of hereditary anaemia in childhood is hereditary
spherocytosis (HS), characterised by a marked RBC deformabiity. A decreased RBC
deformability has been found in hereditary haemolytic anaemias (HHAs) using the
new-generation osmotic gradient ektacytometry (OGE), probably due to a combina-
tion of membrane protein defects and ionic imbalance. Therefore, OGE is currently
considered the gold standard for the measurement of RBC deformability and the most
useful complementary tool for the differential diagnosis of HHAs. Moreover, since
several new forms of treatment are currently developed for hereditary RBC defects,
the clinical interest of OGE is increasing. The aim of this chapter is to provide further
information about the use of RBC deformability in clinical diagnosis and the OGE as a
new challenge to decrease the frequency of undiagnosed rare anaemias.

Keywords: red cell, hereditary, anaemia, deformability, haemolysis, osmotic
gradient, ektacytometry

1. Introduction

The red blood cell (RBC) lives in the bloodstream about 120 days (4 months)
providing oxygen and nutrients to all the tissue cells. A large part of their passage is
through capillaries with a diameter ranging from 3 to 8 pm which is less than its mean
cell diameter, of about 7.5 pm. Accordingly to reach all the cells, the RBCs have to
adapt their shape to the dynamically changing flow conditions especially in microcir-
culation. This is due to its ability to deform and pass through small capillaries and
recover their initial shape [1]. The basis of this extreme deformability is its
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characteristic discoid shape with a biconcave profile (Figure 1a, b). RBC
deformability significantly affects blood viscosity as its decrease elevates the blood
viscosity, the flow resistance and, in turn, the blood pressure [3].

RBC deformability is the result of three cell properties: (a) shape (bi-concave
discocyte) depending on the surface/volume (S/V) ratio, (b) viscosity depending on
intracellular haemoglobin concentration and its physicochemical state and (c) visco-
elasticity largely determined by the cytoskeleton, an actin-spectrin network that
underlies the lipid leafet of the membrane [4]. This structure consists of long twisted
strands of alpha and beta spectrin and actin filaments that form the inner shell of the
RBC and provides the basis of cell deformability (Figure 1c). Spectrin is bound to the
lipid bilayer of the membrane at sites containing the anion exchanger, band 3 via
cytoskeletal proteins, ankyrin and adducin. Some of the transmembrane proteins
(such as glycophorin A) are RBC antigens and contribute to the blood group system
[5]. Due to their discoid form, the normal RBCs have an S/V ratio of about 1.56,
indicating an excess of the surface (membrane) with regard to the volume. This allows
RBCs to change their shape without increasing the surface and, subsequently, to be
highly deformable in the bloodstream and in the spleen. The spleen is a highly

(a) (b) Volume ~90
| \ Surface area ~135 |.|r|12

~8 ym

Figure 1.
Red blood cell (RBC) shape and sizes (a and b). Structure on RBC membrane skeleton (c). Source: [2].
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Figure 2.
Spleen red pulp observed with scanning electron microscope. RBCs trespassing the inter-endothelial slits.

vascularised organ, with a blood flow that represents around 6% of the cardiac flow.
Its vasculature is formed by a complex network of capillaries and sinuses with endo-
thelial cells that are anastomosed together without junction. Under the changes of the
capillary diameter, the inter-endothelial slits (IESs) of about 0.2-0.4 pm of diameter
are created, and the RBCs are obliged to pass through these IESs suffering an extreme,
but reversible, deformation (Figure 2). Only the cells with normal deformability can
overcome the IES, and due to this, this system is considered a particular splenic barrier
for RBC defects [6]. When the S/V ratio for healthy RBCs is beyond the “physical
fitness test” to pass through the IES, the cells are unable to adapt and are easily
trapped and destroyed by the spleen [7].

2. General factors influencing RBC deformability

RBC deformability is the key physical property to ensure suitable tissue oxygena-
tion, and thereby, it has been recognised as a sensitive indicator of RBC functionality.
As shown in Figure 1, it depends on the structural properties of the ‘horizontal’
cytoskeletal components (spectrin-action-band 4.1) and the ‘vertical’ cytoskeletal
proteins (spectrin-ankyrin-band 4.2) and their interaction with the cytosolic domain
of band 3 protein (anion exchanger AE 1) or glycophorin C/D, respectively [8]. This
essential deformability mechanism can, in turn, be affected by various physiological
and pathological factors mainly due to intrinsic defects of cell membrane skeletal
architecture [9-11], haemoglobin defects [12], mechanical damage [13] or normal
RBC ageing [14-16]. There are many factors that can influence RBC deformability,
but in practice, they can be summarised as follows: (a) RBC shape, (b) intracellular
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haemoglobin concentration (MCHC), (c) temperature, (d) osmotic pressure, (e) ATP
depletion, (f) nitric oxide concentration and (g) membrane lipids and/or proteins
abnormalities.

2.1 RBC shape

Due to its deformability, by shearing flow, the biconcave disk form of the RBC
changes to an ellipsoid form, facilitating large reversible elastic transformation into
arbitrary shapes. This enables RBCs’ large deformations in the blood stream exhibiting
diverse morphological features depending on physiological and physiopathological
conditions [8, 14]. As mentioned before, the principal factor that makes possible the
large deformations of normal RBCs is the high surface/volume (S/V) ratio, and when
it changes, the abnormal deformability correlates with the pathogenesis of several
RBC morphological disorders, including spherocytosis, acanthocytosis,
stomatocytosis, schizocytosis and tear drop cells [15]. Since an abnormal RBC shape is
the most important cause of the decreased deformability and haemolysis [16], RBC
morphology examination is very helpful for the differential diagnosis of HHAs. In
normal circumstances, RBC ageing is also an important cause of morphological alter-
ations and decreased S/V ratio, as a consequence of the decrease of cellular ATP
content [17].

2.2 Haemoglobin concentration

Mean cell haemoglobin concentration (MCHC) determines cytoplasmic viscosity,
and it is another crucial factor determining RBC deformability. An increase of MCHC
is always associated with a decrease of RBC deformability, and the two classical
examples of this situation are hereditary spherocytosis (HS) and hereditary
xerocytosis (HX) [1, 4, 18]. Additionally, reduced deformability in aged cells is also
correlated with an increase of MCHC and RBC cytoplasmic viscosity due to cell
dehydration [8].

2.3 Temperature

Waugh and Evans [19] demonstrated that the temperature plays an important role
in RBC deformability. Below 25°C, deformability decreases as temperature decreases,
whereas no apparent change in RBC deformability is observed between 25 and 37°C
[20]. Moreover, body or febril temperature may be particularly important since the
increase of body temperature decreases RBCs’ elasticity and filterability. However,
this has no clinical effect on the pathophysiology of haemolytic anaemia [21].

2.4 Osmotic pressure

Different osmolalities of extracellular medium can bring significant changes on
RBC shape and, in turn, on its deformability. At normal physiological osmotic pres-
sure (295 mOsm/kg H,0), the RBCs maintain their biconcave shape and
deformability, but in a hypotonic medium (< 295 mOsm/kg H,0), they are swollen
due to water intake and lyse (haemolysis). On the contrary, in a hypertonic medium
(>295 mOsm/kg H,0), the RBCs suffer a cell shrinkage and become less deformable.
Although the total number of Hb molecules in RBCs, or the MCHC, does not signifi-
cantly change with osmolality, the value of Hb concentration can considerably change
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due to water influx (Hb dilution) or efflux (Hb concentration). RBCs exhibit their
maximum deformability at physiological osmotic pressure; but under either hyper-
tonic or hypotonic conditions, their deformability decreases [22]. Interestingly, this
has demonstrated that at low shear stress (1-3Pa), the RBC deformability was maxi-
mal in hypotonic conditions (225-250 mOsm/kg H,0), which is lower than the normal
plasma osmolality (290-310 mOsm/kg H,0). This may play an important role in
microcirculation processes [22].

2.5 Adenosine 5'-triphosphate (ATP) depletion

The metabolic dependence of RBC deformability has been described many
years ago by Weed et al. [23], and it has been also demonstrated by techniques
measuring the mechanical properties of ATP-depleted RBCs [24]. Accordingly, the
ATP concentration seems to be crucial for maintaining the biconcave shape of
normal RBCs, and its decrease affects the RBC shape, inducing the change from its
classical biconcave shape to a flattened echinocytic shape with decreased
deformability [25]. When the ATP content of RBC decreases, three factors become
altered: (a) ion handling by pumps and passive transport pathways [26], (b) proteo-
lytic activity of Ca++dependent protease calpain [27] and (c) structural integrity of
the membrane architecture [28].

2.6 Nitric oxide

Nitric oxide (NO) is an important cardiovascular regulator that has an action on
the vascular smooth muscle, but also as a regulatory factor in RBC deformability and
aggregation [29, 30]. It has been demonstrated that the decrease of NO concentration
due to the effect of NO synthase inhibitors is accompanied by a decrease of RBC
deformability [31].

2.7 Disturbances of membrane lipids and/or proteins

The membrane lipids that form the double-layered surface of RBCs (the lipid
bilayer) are classified as phospholipids, glycolipids and cholesterol. An increase in the
cholesterol-to-phospholipid ratio (C/PL) from 1.28 to 2.0 results in a decrease in RBC
filterability due to an increase of membrane rigidity [32, 33]. RBC deformability may
be also affected by abnormalities of the membrane skeletal proteins such as Band 3
and glycophorin, but the most important cause of decreased RBC deformability is the
existence of abnormal RBC membrane cytoskeletal proteins due to genetic defects.
The best example is hereditary spherocytosis (HS), due to the decreased S/V ratio, but
in homozygous hereditary elliptocytosis (HE) and pyropoikilocytosis (HPP), the
deformability changes are closely related to the reduced levels of band 4.1 protein.
This protein participates in the maintenance of normal membrane skeletal equilibrium
and shape [34].

Haemoglobinopathies such as sickle cell disease (SCD) and thalassaemia can also
alter the RBC deformability and decrease the RBC life span. SCD is an autosomal
recessive inherited blood disorder due to a point mutation in p-globin gene that results
in the production of HbS that under deoxygenated conditions becomes self-assembled
and grows to fibres inside RBCs up to a few micrometre lengths. Due to these highly
stiff HbS fibres, RBCs become elongated and sickled (sickle cells) with a significantly
increase of rigidity and a decrease of deformability (Figure 3). After repeated
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Figure 3.
Classical sickle-cell observed in MGG stained blood smear of a patient with sickle-cell disease (SCD).

sicklings, a fraction of RBCs become irreversible sickle cells (ISC), with a static
rigidity that is strongly affected by the haemoglobin concentration [35]. ISCs

exhibit the highest loss in deformability, and they are trapped by the spleen and
retained in the microcirculation leading to severe painful vaso-occlusive crises
(VOCs). Thalassaemia is characterised by a partial or total absence of one of the globin
chains (o, B, ¥ or 8), and when this is associated with an excess of uncoupled free
globin chains, these precipitate leading to RBCs’ inclusions composed of denatured Hb
called Heinz bodies (Figure 4, arrow). The limited synthesis of the globin chain, and
Heinz bodies formation, may result into a local rigidification of RBC membrane [12].

3. Measurement of RBC deformability

The diagnostic procedures for the etiological investigation of HHAs have
experienced a great progress in recent years [2]. The easy accessibility of RBCs from a
single blood sample and the improvement of the methods used for their study have
contributed to bring together the most recent knowledge in disciplines as diverse as
optical and ultrastructural morphology, enzymology, metabolomics, proteomics,
membrane ionic transport and, more recently, rheology or the behaviour of RBCs in
suspension [36, 37]. However, the morphological examination of MGG stained blood
smear still remains the simplest procedure and, in many cases, the most effective
procedure for the diagnosis of HHA [1]. In the general laboratory, the classical RBC
morphology examination is complemented by other simple laboratory tests such as
the RBC osmotic fragility test (OFT) or the RBCs vital staining procedures with new
methylene blue (NMB) for the reticulocyte count and the brilliant cresyl blue (ACB)
for Heinz-bodies examination. Moreover, the incubation of a blood sample with
oxidising agents, such as acetylphenylhydrazine (APH), is a very simple procedure to
assess the RBC oxidant-reducing capacity. In this context, the implementation of the
measure of RBC deformability may become another relatively simple diagnostic
haemolysis tests. Unfortunately, the use of RBCs’ deformability has not yet been
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Figure 4.
Intracellular RBC hemoglobin precipitates (Heing bodies) in a patient with HbH disease.

implemented in the diagnostic laboratories due to the several reasons that we describe
here. One of these reasons is the different procedures that can be used currently to
measure the deformability in both, individual or multiple RBCs.

3.1 Techniques for the measurement of individual cells

The most used procedures for measuring individual RBC deformability are based
on direct measurements of single cells. This includes micropipette aspiration tech-
nique (MAT), atomic force microscopy (AFM), optical tweezers (OT) and quantita-
tive phase imaging (QPI). A further very simple method to measure individual RBC
deformability is the readout of RBC filterability after the passage of RBCs through
cellulose columns [38].

a. The micropipette aspiration technique (MAT) was developed in the early
1980s, and since then it has been extensively used to measure the mechanical
properties of RBC membranes. The measurement system consists of a
micropipette, a manometer system that controls aspiration pressure and a
chamber on a microscope stage from which erythrocytes are aspirated into the
micropipette (Figure 5). By applying negative pressure, the RBC is aspirated
into the micropipette, and the corresponding convexity (L) is visible in the
capillary allowing measurement of the membrane elasticity [39].

b. The atomic force microscopy (AFM) allows viewing high-resolution
topographies of materials at the atomic or molecular scale when a sharp-probe
mounted at the end of a flexible cantilever deflects when interacting with the
surface of a sample [40, 41]. This is detected by photodetectors, which are
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Figure 5.
The micropipette aspiration technique to measure individual RBC deformability. Source: [2].

Atomic Force Microscope

Detector and
Feedback

Electronics

Photodiode
Laser

Cantiliever

& Tip

—

Figure 6.

Using a laser beam and a photodiode, the reflected light generated by scanning a small cantilever over the surface of
the sample is collected and the images processed. Source: S Faith Mokobi. Atomic Force Microscope (AFM)-
Definition, Principle, Parts, Uses. Sagar Aryal and Wikipedia. Created with biorender.com.

associated with the position of a laser beam reflected from the tip and can
provide three-dimensional topographical images and their local mechanical
properties that can be quantitatively determined from force vs. distance curves

(Figure 6).

120



Congenital Defects with Impaired Red Blood Cell Deformability — The Role of Next-Generation...
DOI: http://dx.doi.org/10.5772 /intechopen.109637

c. Optical tweezers (originally called single-beam gradient force trap) use a

highly focused laser beam to hold and move the microscopic and sub-
microscopic objects (nanoparticles and droplets), in a manner similar to
tweezers. Optical tweezers are capable of manipulating nanometre and micron-
sized dielectric particles by exerting extremely small forces via a highly focused
laser beam [42]. RBC deformability can be measured by sending this highly
focused laser bean through a microscope objective, and the light refraction
induces trapping forces that comprise light scattering and gradient forces
caused by the interaction of the light and the RBCs. The trapping forces can be
determined by measuring the refractive indexes of the trapped particles and the
ambient medium, laser power and particle size. When trapped particles are
much smaller than the laser wavelength, the optical force can be determined by
Rayleigh scattering theory; and for larger particles, such as RBCs, the Mie
scattering theory is applied [43].

. Quantitative phase imaging (QPI) is an optical microscopy technique in which

the optical field, consisting of amplitude and phase information, is measured
[44]. Since optical phase information is quantitatively related to the physical
and chemical properties of a sample, QPI enables to directly analyse RBCs and
quantify its size, morphology, cellular behaviour and viscoelasticity. One QPI
technique used to investigate RBC deformability is the diffraction phase
microscopy (DPM), and more recently, the combination of DPM analysis and
mathematical modelling has been used to determine the mechanical properties
of individual RBCs, such as shear modulus, bending modulus, area expansion
modulus and cytoplasmic viscosity [45].

3.2 Techniques for the measurement of multiple cells

In addition to the old microfluidic approaches, some techniques, based on the

measurement of RBC deformability as a function of shear stress, have become
increased popularity to investigate RBC deformability and are potential tools for the
routine RBC deformability measurements in clinical practice. These include the filtra-
tion method, the microfluidic filtration and the laser diffractometry.
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a. The filtration method examines the ability of RBCs to pass through membrane

filters, and it has been the first method used to measure the RBC deformability.
For this, whole blood is passed through holes in a membrane filter by using the
force of gravity or by applying positive or negative pressure [4, 8]. Considering
the dimensions of RBCs, the pore diameters in membrane filters are 3-5 pm
(e.g. Nucleopore; Corning, Acton, MA, USA). Quantification of the process is
achieved either by measuring the time required to pass a certain volume of
RBCs through the filter or by the pressure-flow relationship. Due to the
simplicity of its components and operating principle, the filtration method has
been widely used for the measurement of RBC deformability in clinical practice
[46]. Unfortunately, its reproductibility is limited due to the blockage of the
pores by the more rigid leukocytes or by platelet microaggregates and due to the
inability to standardise the size of the pores.

. The microfluidic filtration can resolve the issue of non-uniform pore size in

membrane filters using a micromachining technique that produces an array of
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parallel microchannels.With this technique, the deformation of whole cells can
be observed and measured with a microscope while they pass through the
microchannels (Figure 7). Therefore, microfluidics filtration represents a
promising, cost-effective and high-throughput method for measuring RBC
deformability, with a minimum amount of blood required for the test [47-49].
The microfluidic device mimics the in vivo capillary blood flow system (with
internal diameters measuring only a few micrometres), and RBC deformability
can be measured by passing a blood sample through a funnel-shaped
microconstriction. It is worth mentioning that microfluidic measurements can
provide both individual RBC and population assessments of cellular
deformability.

c. Laser diffractometry is a technique that uses light diffraction patterns

produced by a laser beam traversing a sheared low haematocrit RBC suspension.
When a laser beam is incident on diluted RBC suspensions, the light is scattered

: REC
; OO0 |
: - -
g S ot
W [=] _‘J
: % Halo .
Syringe pump N, Mmination
PHD Ultra Harvard Apparatus % g
—p 4"
.r—é.__ 4 | "'
“Microdevice
“‘:‘.r B «: s
High-speed i i i
camera O 2 Waste
N [¢]
Ty SA3 8 @
L Photron
PC
71 Olympus
Image Analysis ]
y Inverted microscope
Figure 7.

Inverted microscopiy with an array of parallel microchanes to measure the RBC deformability by microfluidic
filtration technique. Source: [47].
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Figure 8.
Ektacytometers are using the same laser-diffraction principle but different shearing geometries: (a) concentric
cylinders, (b) cone and plate, (c) parallel disks, and (d) Poiseullie slit flow.

by the RBCs population and creates a single image or diffraction pattern. The
shape of the diffraction pattern reflects the average shape of hundreds or
thousands of cells analysed. Due to the shape analysis of the laser diffraction
pattern, laser diffractometry is also known as ektacytometry. Currently, laser
diffractometry has become the primary method for testing RBC deformability,
and three commercially available ektacytometers exist, using the same laser-
diffraction principle but different shearing geometries [2, 50] (Figure 8). With
these instruments, a whole blood RBC suspension in a high viscous medium is
subjected to varying shear stresses that deform RBCs and different diffraction
parameters are obtained. The most important diffraction parameter is the
elongation index (EI) that measures the RBC deformability [50].

Due to its precision, sensitivity and convenience, laser diffractometry has become
the primary method for testing RBC deformability in clinical practice and currently is
represented by a new generation ektacytometer called ‘Laser-assisted Optical Rota-
tional Cell Analyser (LoRRca) MaxSis (RR Mechatronics)’ (Figure 9). Through its
Osmoscan module, which measures the RBC deformability under an osmotic gradient
(OGE), the LoRRca allows to obtain a well-standardised measure of RBC
deformability depending on both the shape and the position along the osmolality axis
[51]. For this test, 200 pl of whole blood is needed, and four RBC parameters are
defined: 1. Deformability (EImax), 2. Osmotic fragility (Omin), 3. Cellular hydration
(Ohyper) and 4. Area under the curve (AUC) (Figure 10).

1.Elmax is the maximum elongation index and represents the maximal RBC
deformability at a physiological value of osmolality (Omax). EImax value is an
expression of RBC membrane shape and rigidity.

2.Omin is the value of osmolality at which the EI is minimal and corresponds to the
50% lysis point as determined by the classical osmotical fragility test (OFT).
Omin reflects cellular surface-to-volume ratio (S/V).

3.Ohyper is the value of osmolality in the hypertonic region that corresponds to the
50% of the EImax and reflects the cellular hydration status or intracellular
viscosity. Ohyper correlates with the reciprocal function of the MCHC, and
during normal RBC ageing, increased MCHC correlates with decreased RBC
deformability.

4.AUC is the area under the curve (AUC) with a starting point in the hypo-osmolar
region (Omin) and an ending point in the hyper-osmolar region (500 mOsm/kg).

123



The Erythrocyte - A Unique Cell

Figure 9.
Laser-assisted Optical Rotation Cell Analyzer (LoRRca MaxSis, Mechatronics, Hoorn, The Netherlands) to
measure the osmotic gradient ektacytometry (OGE) parameters in heveditary hemolytic anemias.
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Osmotic Gradient Ektacytometry (OGE) curve provides information on RBCs deformability (EI), osmotic fragility

(Omin) and cell hydration (Ohyper). EI values and also the membrane rigidity are depending on both the RBCs
shape and their position along the osmolality axis.
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4. Congenital defects and decreased RBC deformability

The congenital defects associated with a decreased RBC deformability are an
important group of rare diseases (RDs) with anaemia as their most relevant
clinical manifestation. For this reason, this group of RDs are also called rare
anaemias (RAs) and have been largely studied in the context of the European
Network for Rare and Congenital Anemias (ENERCA). ENERCA was launched in
2002 by the European Commission (EC) to create a multidisciplinary approach for
the diagnosis and clinical follow-up of patients with RAs [52]. After 2017, ENERCA
has become a member of the Independent Advisory Board (IAB) of the European
Reference Network (ERN) for rare haematological diseases or EuroBloodNet. Five
years later, in 2022, the Thalassemia International Federation (TIF) has launched the
Rare Anemias International Network (RAIN), a global community-based
organisation of patient advocacy groups and industry partners which aims to
advocate for the rights of people living with rare and ultra-rare anaemias worldwide.
RAIN will work to raise RAs awareness through education and collaboration and to
enable timely diagnosis, access to basic treatment and advanced therapies, develop-
ment of specific healthcare policies and exchange best practices through more
targeted and personalised services for patients with RAs (https://thalassaemia.org.cy/
projects/rain/).

The most important causes of HHAs are the defects of RBC structural components:
haemoglobin (haemoglobinopathies), membrane (membranopathies) and enzymes
(enzymopathies). Haemoglobinopathies and enzymopathies are, in general, easily
diagnosed by conventional laboratory tests such as electrophoresis, high-performance
liquid chromatography (HPLC) and RBC enzyme activity measurements, respec-
tively. On the contrary, membranopathies, despite the morphological examination of
stained blood smear, allow the diagnosis in a relatively important number of cases; it is
frequently hampered by several interferences. Examples of these interferences are the
following: (a) the coinheritance of more than one RBC defect [18], (b) the existence of
de novo mutations [53-57], (c) the overlapping of clinical variability and (d), the
degree of reticulocytosis and/or to the frequent blood transfusion requirements espe-
cially in newborns and children [58-60].

According to British Committee for Standards guidelines [61], in a high percentage
of cases, the consideration of patient’s family history of HHA associated with typical
clinical and laboratory features allows an accurate phenotypic diagnosis of RBC
membranopathies. However, the recent implementation of next-generation sequenc-
ing (NGS) has drastically changed the diagnostic workflow of HHA and significantly
decreased the frequency of undiagnosed cases [62-64].

From the clinical point of view, the RAs are classified into two categories: heredi-
tary and acquired, but according to their pathophysiology, they can be classified into
five groups: 1. Bone marrow (erythropoietic) defects, 2. RBC defects, 3. Iron metabo-
lism (sideroblastic and non-sideroblastic anaemia), 4. Blood plasma discrasias (auto-
immune haemolytic anaemia and related syndromes) and 5. Microcirculation diseases
(haemolytic uremic syndrome and other microangiopathic disorders).

RBC deformability is affected in the RAs dealing with hereditary abnormalities of
RBC components (membrane, haemoglobin or enzymes), and the acquired abnor-
malities are mainly due to the presence of abnormal plasma components that act on
the RBC membrane (i.e. autoantibodies, crioagglutinins, plasma complement in PNH,
bacteria or parasites such as plasmodium falciparum in malaria infection), to blood
vessels or cardiac abnormalities (mechanic haemolysis) or to microcirculation and
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capillary defects (microangiopathic haemolysis). The anaemia due to haemolysis is
always accompanied by a compensatory increase of bone marrow erythropoiesis and
of circulating reticulocytes. If the haemolysis is fair, the increase of bone marrow
erythropoiesis can maintain the haemoglobin concentration within the normal range,
and there is no anaemia (compensated haemolysis). However, when bone marrow
erythropoiesis is unable to compensate the intensity of the haemolysis, a typical
haemolytic syndrome appears, characterised by anaemia and reticulocytosis, associ-
ated in most cases with jaundice and splenomegaly [18].

4.1 Haemoglobinopathies (structural)

These are the most frequent RBC defects when compared with membranopathies
and enzymopathies and are the consequence of globin gene mutations that can alter
the synthesis (thalassaemias) or the structure of haemoglobin molecule (structural
haemoglobinopathies). The most frequent worldwide haemoglobinopathy is sickle cell
disease (SCD), characterised by the presence of circulating sickle cells (Figure 3). In
its homozygous form (HbSS), or combined with other haemoglobinopathies (HbSC,
HbSD, HbSthal, etc.), SCD is characterised by a haemolytic syndrome of variable
intensity associated with severe painful vaso-occlusive crises (VOCs) as the conse-
quence of multiple organ micro-infarcts [65]. These VOCs are triggered by hypoxia
that decreases HbS solubility, disrupts the RBC shape (sickle cells) and increases their
rigidity facilitating the obliteraction of small vessels (capillaries), local intravascular
haemolysis and VOC.

Haemoglobinopathies have a worldwide prevalence of about 300 million carriers,
and in Europe, there are populations at risk, especially for thalassaemia, which are
located in the geographical regions surrounding the Mediterranean basin (Mediterra-
nean anaemia). HbS is not present in Caucasian individuals, but its presence in Europe
is the consequence of the migration impact from people coming from Asia or African
Sub-Saharan geographical regions [66]. Due to this, SCD has become one of the most
important health problems in Europe and has promoted the wide implementation of
neonatal screening programmes for its early detection in almost all European coun-
tries. These programmes allow to start the treatment since the first years of life,
decreasing the morbidity and the mortality during early childhood [67]. Earlier stud-
ies using filtration techniques and primitive ektacytometers reported decreased
deformability of sickle RBCs even under oxygenated conditions, and quantitative
phase microscopy measurements demonstrated decreased membrane fluctuations on
sickle RBCs [68, 69]. Recently, using membrane fluctuations, measurements of four
important mechanical properties of sickle RBCs have been retrieved, and interest-
ingly, it has been observed that in individuals with sickle cell trait (with only one
abnormal allele of the Hb beta gene), their RBCs also exhibit decreased deformability
when compared with healthy RBCs [70, 71].

The osmoscan curves from patients with different haemoglobinopathies are shown
in Figure 11. They have in common a left shift of both curve tails, suggesting the
existence of a different degree of RBCs dehydration depending on the type of
haemoglobinopathy [72]. The most severe decrease of EImax and left shift of the
osmoscan curve is observed in patients with Hb SS and HbSC, all associated with
severe vase-occlusive crises. Despite the osmoscan module not considering the oxy-
genation of the sample, the possible deoxygenation during the analytical process may
explain a partial Hb S polymerisation and, in turn, the increase of red cells dehydra-
tion and rigidity [73]. The AUC, which is an important marker of decreased
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Osmoscan curve profile of different hemoglobinopathies. They have in common a left shift of both curve tails,
suggesting the existence of different degree of RBCs dehydration. Patients with Hb SS and HbSC, were associated

with severe anemia and vase-occlusive crises.

deformability in RBC membranopathies [72], is also decreased in all the haemoglobi-
nopathies studied by us. Carriers for Hb S, Hb C and p-thal show a similar osmoscan
profile with an intermediate left shift of the curve and a less decrease of EImax

(deformability) at normal osmotic value, suggesting the existence of a less degree of
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dehydration when compared with Hb SS and HbSC. Moreover, Hb D and Hb E show
an almost normal osmoscan profile with a slight decrease of EImax and Ohyper in
accordance with their low or absent clinical expression. In addition to SCD, HbD,
HbC, HbE and HbO-Arab, other structural haemoglobinopathies such as the unstable
haemoglobins with intracellular haemoglobin precipitates or Heinz bodies exhibit a
CNSHA of variable severity, but unlike SCD, the inheritance has an autosomal dom-
inant pattern [72]. Interestingly, we have recently described one patient with the
hyperunstable haemoglobin Bristol-Alesha, associated with severe haemolytic anae-
mia that exhibited the same OGE profile as f-thalassaemia [74].

4.2 Thalassaemia

Thalassaemia is the consequence of a decrease in the synthesis of a globin chain
(alpha or beta) with normal Hb molecule. It is caused by the absence, decrease or
defective translation of specific messenger RNA (mRNA) due to deletions or point
mutations of the globin genes. While point mutations predominate in beta genes, large
deletions are more frequent in alpha genes. According to the type of mutation and the
severity of the decrease of globin chain, the clinical phenotype can be more or less
severe [75]. In beta thalassaemia, the milder forms consist of a slight or moderate
hypochromic and microcytic anaemia (thalassaemia trait), whereas the more severe
clinical forms can be classified as ‘thalassaemia major’ or ‘thalassaemia intermedia’,
depending on the periodicity of transfusion requirement. In alpha thalassaemia, as the
genetic cluster has two genes, the mutation of a single allele, relatively common in
Southern Europe, is characterised by a moderate microcytosis (MCV of about 80 fI)
without anaemia (alpha thalassaemia trait), whereas if more than one allele is
affected, more severe forms of alpha-thalassaemia appear like the haemoglobinopathy
H (HbH) due to the formation of beta globin tetramers (f4) as result of the excess or
imbalance of beta chains. HbH has a similar clinical phenotype to the intermediate
beta thalassaemia, but with the presence of HbH that due to its instability is some-
times undetectable. The complete loss of the four alleles (homozygous alpha-
thalassaemia) is not compatible with life, leading to hydrops faetalis, abortion and
death.

The differential diagnosis of thalassaemia is based on the CBC and the study of
haemoglobins by electrophoresis or high-performance liquid chromatography
(HPLC). In beta thalassaemia trait, there is always a characteristic increase of HbA2
fraction except in patients with concomitant iron deficiency because this condition
decreases HbA?2. In alpha thalassaemia trait, the haemoglobin profile is normal, and a
genetic study is required for the diagnosis [75]. Concerning treatment, for the most
severe cases of p-thalassaemia, it has been historically based on blood transfusions and
iron chelation therapy. The only curative therapy available is allogeneic
haematopoietic stem cell transplant (HSCT) from suitable donors. However, with the
limited pool of donors, HSCT remains unavailable for many thalassaemic patients who
may instead benefit from globin gene therapy and other modalities, which exploit
recent advances in understanding of globin gene regulation [76].

RBC deformability in thalassaemia is not well known. Recently, we have demon-
strated that beta-thalassaemia (p-thal and 8B-thal) shows a characteristic left shift of
osmoscan curve that is different from iron deficiency anaemia [77, 78]. Probably, the
decrease of one globin chain synthesis may lead to the imbalance of the o/p chains
equilibrium and to the overproduction of the normal chain that may increase RBC
dehydration and rigidity [8, 78, 79].
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4.3 Membranopathies

Membranopathies are due to structural or functional defects of the RBC membrane
proteins. In general, they are inherited as autosomal dominant pattern but transmitted
with a recessive character [80-82].

Hereditary spherocytosis (HS) is the most frequent cause of HHA in
Caucasians, and the most frequent proteins affected in HS are beta-spectrin (SPTB-1)
Ankyrin (ANK) and Band 3 (Anion exchanger 1, AE1). Haemolysis occurs almost
exclusively in the spleen, leading to splenomegaly, intermittent jaundice and choleli-
thiasis [57, 83]. In some patients, several complications can occur: transient
erythroblastopenia crisis due to parvovirus B19 infection, severe folic acid deficiency
and torpid malleolar ulcers [7, 18]. Newborns with HS and fewer can develop hazard-
ous hyperbilirubinaemia and jaundice (neonatal icterus) associated or not with a
severe anaemia. The early suspicion is essential for a prompt diagnosis and treatment,
and using anticipatory guidance, adverse outcomes can be prevented [82-84]. The
diagnosis of HS is based on the triad: (1) anaemia and jaundice, (2) splenomegaly and
(3) spherocytosis, easily demonstrated by the peripheral blood morphological exami-
nation (Figure 12). The implementation of the automated haematological analysers,
which perform a direct measure of the MCHC, has facilitated the use of this parameter
in HS when it is increased in the presence of a high reticulocyte count. Moreover, the
classical measurements of RBC osmotic fragility and criohaemolysis have been
replaced by two new tests based on the measure of RBC deformability by
ektacytometry and on the measure of the fluorescence intensity in RBCs after
incubation with the fluorochrome, eosin-5- maleimide (EMA) by flow cytometry

Figure 12.
Classical spherocytes observed in MGG stained blood smear from a patient with hereditary spherocytosis (HS).
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(EMA-binding test). EMA binds specifically to the anion transporter (Band 3) and
decreases when Band 3 decreases.

The measurement of RBC deformability using the osmoscan module of the new
generation LoRRca Osmoscan from Mechatronics (Figure 9) has become the most
sensible, accurate and reproductible method for the diagnosis of hereditary
membranopathies [63]. Accordingly, when used together with the EMA-binding test,
the OGE has become a reference procedure for the diagnosis of HS and an extremely
useful tool for other membranopathies (Figure 13).

Hereditary elliptocytosis (HE) has a milder clinical expression and is
characterised by the presence of more than 30% of circulating elliptocytes in
peripheral blood (Figure 14). HE is due to a skeletal protein defect, mainly alpha-
Spectrin (SPTA-1) and Band 4.1 that alters the elasticity of the membrane preventing
its recovery after elongation [8, 34]. Due to this, the resulting OGE profile is
characterised by a trapezoidal curve that differs from HS (Figure 13). However, in
about 20% of patients with HE, the curve falls in the area covered by HS, making not
possible to differentiate HE from HS by Osmoscan only. In the most severe clinical
form of HE called hereditary pyropoikilocytosis (HPP), the SPTA-1 gene mutation in
heterozygous state is associated ‘in trans’ with an SPTA-1 ‘Lely’ mutation leading to
severe HHA with decreased heat stability and markedly abnormal RBC morphology
(Figure 15).

‘ Hereditary Spherocytosis ‘ Hereditary Elliptocytosis

Hereditary Pyropoikylocytosis Hereditary Xerocytosis

Figure 13.

Osmoscan curve profile of different membranopathies. A clear distinction between normal control (green line),
hereditary spherocytosis (HS), hereditary elliptocytosis (HE), hereditary pyropoikylocytosis (HPP) and hereditary
xerocytosis (HX) can be observed.
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Figure 14.
Classical elliptocytes observed in MMG stained blood smear from a patient with hereditary elliptocytosis (HS).

Figure 15.
Marked anisopoikilocytosis in a newborn with neonatal hemolytic anemia and jaundice due to hereditary
pyropoikilocytosis (HPP).

Hereditary stomatocytosis (HSt) is an ultra-rare membranopathy where RBCs
show an elongated central pallor instead of a round, and due to this they are called
stomatocytes (Figure 16). The genuine form of HSt is the overhydrated
stomatocytosis (OHSt) or hereditary hydrocytosis with chronic haemolysis and a large
number of stomatocytes on peripheral blood smear. The genetic and molecular mech-
anism of HSt is poorly understood, but it is known that in all forms there is a disorder
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Figure 16.
Classical stomatocytes observed in MGG stained blood smear from a patient with heveditary stomatocytosis (HSt).

of the permeability to sodium and/or potassium ions associated with a markedly
increased sodium permeability of about 10-40 times of normal leading to a significant
increase of total mono-valent cation and water content [85, 86]. There is a variant of
HSt known as cryohydrocytosis in which patient’s RBCs exhibit minimal to mild
changes in cation leak at physiologic temperatures, but a marked increase in monova-
lent cation permeability at low temperature. RBCs demonstrate a sphero-stomatocytic
morphology and in some patients, heterozygous missense mutations in band 3, the
anion exchanger (SLC4A1) [8, 87].

Since many years, it has been considered the existence of a second variant of HSt
called dehydrated stomatocytosis (DHSt) or hereditary xerocytosis (HX). HX is the
most common primary disorders of RBC ionic transport and the most clinically hetero-
geneous. In this disease, RBCs are dehydrated due to a cation leak, primarily of potas-
sium, and since it is not accompanied by a proportional net gain of sodium and water, a
cellular dehydration appears. Peripheral blood cell morphology is not characteristic, but
few target cells and occasional erythrocytes with haemoglobin puddled to one side
(eccentrocytes) can be observed [88]. When RBCs are observed in glutaraldehyde
suspension, few xerocytes with the classical horse saddle shape can be seen (Figure 17).
In HX, as in HS, the MCHC is almost always increased (34-38 g/dL), and RBC osmotic
fragility decreased, reflecting cellular dehydration. OGE (LoRRca Osmoscan module)
reflects a characteristic pattern of mixed reduced deformability index (decreased
Elmax) and dehydration (increased Ohyper) given by a leftward shift of the minimal
osmolality point (Figure 13). The most frequent genetic mutation identified in HX
affects PIEZO1 [89, 90]. but in a few HX patients, mutations in the Gardos channel,
encoded by the KCNN4 gene, have been observed Clinically, HX patients with KCNN4
mutations exhibit a variable degree of anaemia associated with a higher RBC dehydra-
tion when compared with the patients with PIEZO1 gene mutations [91].

Treatment of HHA due to RBC membrane defects is always palliative, depending
on the severity of anaemia. Whereas in HS and HE, splenectomy is followed by a full
and partial recovery, respectively, in HX, but also in OHS, splenectomy is not
recommended due to an unexplained association with thrombophilia [91].
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Figure 17.
RBCs in suspension with glutaraldehyde observed with optical microscopy. A xerocyte (arrow) can be observed
with its classical horse ridder shape.

4.4 Erythroenzymopathies

Hereditary red blood cell (RBC) enzyme defects (erythroenzymopathies) are, in
general, enzyme deficiencies, which are associated with a metabolic defect leading to
CNSHA or acute haemolytic crisis with anaemia of variable severity. Some ultra-rare
erythroenzymopathies are associated with neonatal cyanosis, erythrocytosis, neuro-
logical disease and myopathy.

In the circulation, RBC lifespan depends on two main metabolic pathways: 1.The
anaerobic glycolysis (Embden-Meyerhof Pathway) that uses glucose to generate ATP,
necessary to meet energy requirements and 2. Hexose Monophosphate Shunt (HMS)
that uses NADH and NADPH to generate reduced glutathione (GSH) necessary to
detoxify hydrogen peroxide (Figure 18). The most frequent erythroenzymopathy is
glucose 6 phosphate dehydrogenase (G6PD) deficiency, followed by pyruvate kinase
deficiency (PKD) and glucose-6-phosphate isomerase (GPI) deficiency. The normal RBC
contains about 40 different enzymes from which 14 make up the erythrocyte metabo-
lism. Since the mature RBCs lack mitochondria, the production of energy, in form of
ATP, is entirely dependent on the anaerobic glycolysis. Accordingly, the vast majority of
RBC enzyme defects described so far pertain to this metabolic pathway (Table 1). G6PD
deficiency is in most cases asymptomatic until the patient suffers an oxidative stress
induced by the ingestion of certain drugs or fava beans (favism), by infections and by
other stressing clinical situations. This generates an acute haemolytic crisis with anaemia
after the oxidative stress, and only few ultra-rare cases of G6PD deficiency present a life-
long CNSHA as is the case of PKD and GPI. Other ultra-rare enzymopathies such as TP,
PGK and PFK exhibit a concomitant neurological impairment or myopathy, respectively.

ATP is involved in many RBC functions requiring energy, and therefore, it is
essential for RBC deformability regulation [94-96]. Accordingly, RBC decreased via-
bility in PKD and other enzymopathies pertaining to the glycolytic pathway have been
suggested to depend on the decreased RBC deformability due to the decreased ATP
content [8, 97]. However, the OGE profile has been found to be normal in erythroen-
zymopathies [98, 99] exception made of GPI deficiency where the osmoscan curve
displays a significant shift to the right side and increased Ohyper.

133



The Erythrocyte - A Unique Cell

Embden-Meyerhof pathway Hexose monophosphate shunt
Glutathione

Slets e

ATP :
ADP <4 "OKNe  \ADpt  NADPH

[glucose-6-phosphate] | 6-phosphogluconate |
|
isomerase
|fructose-6-phosphatel

ATP :
ADP phospholfructokinase

| tructose-1, 6-diphosphate
l aldolase

| glyceraldehydé-a-phosphate]

HbFe2+ NAD* Shycoraldetiyde 3 phosphate
HbFe3+ NADH-~¢ dehydrogenase
[ 1,3-bisphosphoglycerate }2‘3’bﬁph°sphogiycerare mutase
ADP e
J kinase g | 2.3-bisphosphoglycerate |

ATP
23 -
[3-phosphoglycerale | —meirospioglycerate phosphatase

3-phosphoglycerate
¥ mutase

| 2-phosphoglycerate |

enolase

[ phosphoenolpyruvate |
ADP J :
ATP
NADH lactate

Figure 18.
RBC Metabolic pathways, Anaerobic glycolysis (Embden-Meyerhof Pathway) and the Hexose Monophosphate
Shunt (HMS). Source: [92].

The study of the OGE parameters in 14 patients with RBC enzymopathies is shown
in Figure 19. Three patients had asymptomatic G6PD deficiency (Figure 19a), five
patients with homozygous PKD associated with CNSHA (Figure 19b), and six
patients had GPI deficiency (Figure 19¢). Interestingly, all the six cases with GPI

134



Congenital Defects with Impaired Red Blood Cell Deformability — The Role of Next-Generation...

DOI: http://dx.doi.org/10.5772 /intechopen.109637

Enzyme RBC pathway  Clinical Genetic Reported
manifestations Transmission cases
(mutations)
Adenosine deaminase, Nucleotide Chronic Haemolytic AD 3 families
hyperactivity (ADA) metabolism Anaemia (No genetic
data)
Adenylate kinase (AK) Nucleotide Chronic Haemolytic AR 12 families,
metabolism Anaemia 7
mutations)
Aldolase (Ald) Glycolysis Chronic Haemolytic AR 6 cases. (4
Anaemia mutations)
Neurological disease
Myopathy
Phosphofructokinase (PFK) Glycolysis Chronic Haemolytic AR 50-100
Anaemia cases (17
Myopathy mutations)
Phosphoglycerate kinase (PGK) ~ Glycolysis Chronic Haemolytic  X-linked 40 cases. 19
Anaemia mutations
Neurological disease
Myopathy
Glucose phosphate isomerase Glycolysis Chronic Haemolytic AR >50 families
(GPI) Anaemia (31
tati
Mild neurological mutations)
disease
Glucose-6-phosphate Hexose Acute Haemolytic X-linked >400
dehydrogenase (G6PD) monophosphate Anaemia crisis million
shunt triggered by oxidant people (>70
drugs, mutations)
Infection and fava
beans (Favism)
Chronic Haemolytic
Anaemia (Very rare)
6- Hexose Chronic Haemolytic AR 5 cases (No
Phosphogluconatedehydrogenase  monophosphate Anaemia genetic
6PGD, hunt t
( ) shun Episodic Haemolytic data)
Events
Glutathione reductase (GR) Glutathione Acute Haemolytic AR 2 families, (3
metabolism Anaemia crisis mutations)
triggered by oxidant
drugs, infection and
fava beans (Favism)
Cataracts
Glutathione synthetase (GS) Glutathione Chronic Haemolytic AR >50 families
metabolism Anaemia. (32
Neurological disease mutations)
Hexokinase (HK) Glycolysis Chronic Haemolytic AR 20 cases (5
Anaemia mutations)
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Enzyme RBC pathway  Clinical Genetic Reported
manifestations Transmission cases
(mutations)
Pyrimidine-5'-nucleotidase Nucleotide ¢ Chronic Haemolytic AR >60
(P5'N) metabolism Anaemia families. (26
mutations)
Pyruvate kinase (PK) Glycolysis * Chronic Haemolytic AR >500
Anaemia families
(>200
mutations)
Triosephosphate Isomerase Glycolysis ¢ Chronic Haemolytic AR 50-100
(TPI) Anaemia families (10
mutations)

* Severe Neurological
Disease

AR: Autosomic recessive AD: Autosomic dominant. Source: [93].

Table 1.
Red blood cell enzymopathies with clinical manifestations.

a) Glucose-6-Phosphate Dehydrogenase (G6PD) b) Pyruvate kinase (PK) Deficiency (5 cases)
o8 | Deficiency (3 cases) 9
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c) Glucose Phosphate Isomerase (GPI) Deficiency d) Glucose Phosphate Isomerase (GP1) Deficiency
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Figure 19.
Osmoscan curve profiles in three RBC enzymopathies: G6PD deficiency (a), PKD (b), GPI deficiency (c) and the
comparison of the OGE of GPI deficiency with overhydrated HHA (membranopathies).
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deficiency exhibit an increased Ohyper that is significantly higher in homozygous or
double-heterozygous patients than in heterozygous carriers.

The finding of RBC overhydration in GPI deficiency, but not in PKD, despite both
enzymes pertaining to the same glycolytic pathway is intriguing. In a previous study
of a cohort of 37 patients, clinically and phenotypically diagnosed as
membranopathies, we observed a particular group of six patients with a characteristic
overhydrated osmoscan curve profile [100]. Three of these patients were HS type 2,
according to our previous classification [63], and two patients were HHA without
membranopathy phenotype but with SPTB and ANK mutations, respectively. The
remaining patient was an HHA without apparent mutations and of unknown origin. In
principle, our patient with GPI deficiency may be included within this group, whereas
in all the patients with overhydrated HHA, the opened osmoscan profile shows an
enlargement of the curve with deviation of its both sides, in GPI deficiency this
enlargement affects the right side of the curve, only (Figure 19d). This means that in
GPI deficiency, Omin and RBC osmotic fragility test (OFT) are normal but, as previ-
ously suggested [101], the membranopathies with overhydrated RBC profile are
probably the associated with a concomitant unknown cannelopathy that may disturb
the RBC ionic homeostasis.

In addition to haemolytic anaemia, GPI deficiency has been associated with neu-
romuscular dysfunction [18] because in human cells, the monomeric form of this
enzyme is identical to neuroleukin (NLK), an important autocrine motility factor
(AMF) AMF has an effect on the cell endoplasmic reticulum (ER) and intracellular Ca
++ homeostasis [102], and since the mature RBCs are devoid of ER, the deficient
AMF/GPI protein may activate some unknown membrane ionic channel leading to
overhydration. Further studies are necessary to confirm this hypothesis.
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