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Abstract

The red blood cells (RBCs) are essential to transport oxygen (O,) and nutrients throughout the human body. Changes in the
structure or functioning of the erythrocytes can lead to several deficiencies, such as hemolytic anemias, in which an increase
in reactive oxidative species generation is involved in the pathophysiological process, playing a significant role in the severity
of several clinical manifestations. There are important lines of defense against the damage caused by oxidizing molecules.
Among the antioxidant molecules, the enzyme peroxiredoxin (Prx) has the higher decomposition power of hydrogen perox-
ide, especially in RBCs, standing out because of its abundance. This review aimed to present the recent findings that broke
some paradigms regarding the three isoforms of Prxs found in RBC (Prx1, Prx2, and Prx6), showing that in addition to their
antioxidant activity, these enzymes may have supplementary roles in transducing peroxide signals, as molecular chaperones,
protecting from membrane damage, and maintenance of iron homeostasis, thus contributing to the overall survival of human

RBCs, roles that seen to be disrupted in hemolytic anemia conditions.
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Introduction

The red blood cell

Approximately two million red blood cells (RBCs) are pro-
duced in healthy adults every second through a coordinated
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process that starts with multipotent hematopoietic stem and
progenitor cells (HSPCs) [1, 2] stimulated by the decrease
of oxygen in the circulation detected by the kidney. The kid-
ney then secretes the hormone erythropoietin (EPO), which
enables the proliferation and differentiation of erythrocyte
precursors in hematopoietic tissues, giving rise to a pro-
cess known as erythropoiesis (Fig. 1) [1]. The size of the
cell and the nucleus gradually decreases in the precursors,
and the mature RBC are anucleate and devoid of ribosomes
and mitochondria. Despite these drawbacks, RBCs can
effectively transport oxygen to peripheral tissues for 100 to
120 days while still in circulation [2, 3].

The precise structural organization of the RBC membrane
is crucial for allowing the human RBCs to experience sig-
nificant, quick, and reversible changes as they move through
the microvasculature and travel through the human spleen.
Ankyrin and protein 4.1-based transmembrane protein com-
plexes embedded in the lipid bilayer serve as anchors for
the membrane, which comprises a lipid bilayer attached to
a two-dimensional elastic network of skeletal proteins. The
membrane skeleton and the lipid bilayer are held together
by vertical anchoring links [4, 5].

Moreover, to exert its function, RBCs significantly
increase the accumulation of hemoglobin (Hb), the
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Fig.1 Scheme of the erythropoiesis. Erythropoietin (EPO) stimulates
stem cells to differentiate into proerythroblasts, which undergo various
modifications that result in the formation of basophilic erythroblasts,
polychromatophilic erythroblasts, and orthochromatic/acidophilic eryth-
roblasts, successively. Subsequently, the nucleus is eliminated from the

oxygen-carrying pigment of erythrocytes, during eryth-
ropoiesis [2]. Through Hb switches, mainly mediated by
changes in the expression of the pf-globin genes, the sequen-
tial expression of embryonic, fetal, and adult globin genes
occurs during development [2]. The following globulins are
connected to the Hb molecule, both throughout the embry-
onic stage and after birth: a-, p-, y-, 6-, -, and {-polypeptide
chains. Hb F (a,Yy,) is the standard form of Hb in fetal life.
After 6 months, just a trace amount of Hb F (less than 1%)
and Hb A, (a,0,; less than 3.5%) are present in the circula-
tion, and Hb A (a,f,) is the main one, associated with an
iron-containing porphyrin ring called heme attached to each
subunit to promote efficient transportation of oxygen [6].

In terms of metabolism, due to the loss of mitochondria
during reticulocyte maturation and enucleation, glucose
is the primary metabolic substrate for RBCs. The main
byproducts of glycolysis are 2,3-diphosphoglycerate (2,3-
DPG:; a crucial intermediate that regulates hemoglobin-
oxygen affinity), NADH (an essential cofactor used by
methemoglobin (metHb) reductase for the reduction of
metHb), and ATP (the source of energy for numerous RBC
membrane and metabolic reactions) [3, 7]. Meanwhile,
the production of NADPH by the pentose phosphate route
(PPP), often referred to as the hexose monophosphate
(HMP) shunt, is essential to provide reduction equivalents
in RBC, maintaining reduced glutathione (GSH) levels,
which helps to limit oxidative damage and assure the sur-
vival of healthy RBCs (Fig. 2) [8, 9].
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cell, originating the reticulocytes, which are released into the circulation
and complete their maturation process, thus becoming erythrocytes cells
(The authors created this figure adapting images from Servier Medical Art
Commons Attribution 3.0 Unported License (http:/smart.servier.com))

Understanding the different types of hemolytic anemias

The molecular structure, metabolic pathways, and a proper
Hb are fundamental to maintaining RBC function and via-
bility. Any defects or failures in these erythrocyte compo-
nents may result in function/structural issues or/and protec-
tion against oxidative stress commitment, leading to several
disorders. Hereditary hemolytic diseases are caused by
defects in one or more components of erythrocytes, which
encompasses a heterogeneous group of anemias [8].

Changes in DNA that result in Hb disorders (such as
alterations within globin chains or Hb defects), erythrocyte
membrane disorders (such as structural and permeability
defects), RBCs’ enzymopathies (that impact the intraeryth-
rocytic metabolism), and also other rare genetic disorders
causing ineffective erythropoiesis (causing impaired matura-
tion of erythroid precursors) that lead to hereditary hemo-
lytic anemia are examples of intrinsic defects that results
in decreased RBC survival and increased oxidative stress,
among other manifestations [1, 8]. Early RBC degradation
can occur intravascularly or extravascularly through the
reticuloendothelial system’s macrophages, mainly in the
liver or spleen [1, 8].

Membranopathies

Other cases of erythrocyte disorder that may lead to hemo-
lytic anemia are the ones involving the membrane, which
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are heritable conditions caused by mutations in the genes
encoding for membrane or cytoskeletal proteins (for exam-
ple, hereditary spherocytosis [HS]), as well as for trans-
membrane transporters or channels, which affect volume
and ion homeostasis, resulting in altered cell permeability
and deformability (for instance, Southeast Asian ovalocyto-
sis [SAO]). The erythrocytes are prematurely removed from
the bloodstream and have a shorter half-life due to these
changes (reviewed in [5, 8]). A reduction in membrane sur-
face area is seen when the problem is a lack of adherence
between the membrane skeleton and the lipid bilayer. Prob-
lems in membrane structural stability and further cell rup-
ture are observed when damaged horizontal linkages appear
in the junctional complex’s horizontal linkages, which con-
nect spectrin-spectrin dimers and spectrin-actin-protein

NH, + ¢

Inosine
H,0

Ribose « v
hypoxanthine—+ IMP

H,0+0,

H,0, N Hi0,e v

Uricacid <+ — xanthine

4.1R, which offers control of membrane flexibility and
mechanical coherence [4].

Hereditary spherocytosis (HS) With an incidence of 1:2000—
5000 in the Caucasian population, HS is the most prevalent
inherited membrane condition and causes an architectur-
ally abnormal red cell membrane. HS is caused by a genetic
inheritance of dominant, recessive, or de novo mutations in
the genes encoding the proteins which compose up the red
cell membrane, ankyrin, band 3, a-spectrin, and f-spectrin,
as well as protein 4.2. A primary shortfall in one of these
components may result in secondary deficiencies in other
proteins that interact with that protein [4, 5, 10]. Clinically,
mild to severe hemolytic anemia occurs due to an ongo-
ing decrease of membrane surface area caused by reduced
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cohesion of the lipid bilayer to the spectrin-based membrane
skeleton, which leads to the formation of an increasing num-
ber of spherical cells that have diminished cellular elasticity
that is more prone to removal in the spleen [4, 5].

Southeast Asian ovalocytosis (SAO) Papua New Guinea,
Indonesia, Malaysia, the Philippines, and southern Thailand
populations are particularly predisposed to SAO. The 27
nucleotides deletion in the SLC4A 1 gene (encoding erythro-
cyte anion exchanger 1 [AE1, band 3]), which results in the
loss of protein band 3’s amino acids 400408, is the cause
of SAQO, an autosomal dominant disorder. Patients show dis-
tinctive rounded elliptocytes (ovalocytes) and present lower
in vitro deformability [5, 11]. The red cell membrane con-
tains band 3 as dimers and tetramers; however, SAO band 3
is thought to generate greater oligomers and connect to the
basal erythrocyte cytoskeleton more easily than the wild-
type form, explaining the reported rise in membrane rigidity
in cells with this mutation [11]. Although they are mostly
asymptomatic, hemolytic anemia could appear, especially
in babies. Additionally, when exposed to low temperatures,
SAO erythrocytes exhibit a slight loss of monovalent cations
along with a decrease in anions flux, leading to a more rapid
depletion of ATP; therefore, being categorized as an RBC
membrane’s permeability hereditary disease [5, 11].

Enzymopathies

To date, at least 16 genetic diseases impact intraerythrocytic
metabolism and are classified as RBC enzymopathies. They
are all rare except for glucose-6-phosphate dehydrogenase
(G6PD) deficiency, which is extremely frequent. Nearly all
these enzymopathies exhibit chronic hemolytic anemias,
with a beginning usually in the early stages of life, due
to the lack of a nucleus alongside other organelles in the
RBC, which limits these cells’ ability to endure metabolic
impairment [3, 7].

Glucose-6-phosphate dehydrogenase
(G6PD) deficiency

According to estimates, more than 500 million individuals
globally are thought to be affected with G6PD deficiency,
the most prevalent RBC metabolic disease [3, 7]. It is note-
worthy to mention that anemia is rare in the stable state of
an individual with G6PD deficiency. As a result of oxidiz-
ing compounds like divicine, a fava bean product (favism
phenomenon), after taking specific medications, such as
primaquine, an anti-malarial treatment, or during infection-
related oxidative stress, it might nevertheless result in an
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acute hemolytic crisis [3, 9]. Additionally, a significant
contributing element to the disease is the subtype, which
varies in severity and, in some cases, can result in a sharp
fall in activity, with subtypes that present a half-life of
hours (G6PD-Mediterranean). Acute hemolytic events in
G6PD-deficient individuals result in both extravascular
and intravascular hemolysis since oxidative injury creates
inflexible, nondeformable erythrocytes, which are prone
to degradation [3, 7].

A vital component of defending RBC against oxidative
damage is the HMP/PPP shunt, which metabolizes 5 to 10%
of the glucose to produce NADPH [3]. Given that catalase
(CAT) is shielded from inactivation by bound NADPH in
a state of oxidative stress, G6PD deficiency not only coin-
cides with a decline in NADPH, which lowers red cell GSH,
but also results in a concurrent loss of CAT activity [3, 9].
Moreover, thioredoxin levels are maintained by thioredoxin
reductases (TrxR) which uses NADPH as the electron donor
[9]. This may help further clarify why G6PD-deficient sub-
jects have higher lipid peroxidation levels than carriers
and controls [12]. As a result, the activity of all significant
scavenging mechanisms is decreased, and hemolysis only
ceases when young RBC enters the circulation, and exhibits
increased G6PD activity and NADPH concentration [3, 9].

Pyruvate kinase (PK) deficiency PK deficiency is the most
prevalent and well-studied of the enzyme impairments
impacting glycolysis. This deficiency occurs due to muta-
tions in the PKLR gene; more than 350 have been described.
The incidence is estimated to be 3:1,000,000 to 1:20,000
[13]. One of the two glycolytic reactions that lead to ATP
synthesis is the conversion of phosphoenolpyruvate to pyru-
vate, which PK catalyzes. Decreased utilization of glucose
and a reduced ability to produce ATP are the outcomes of
this deficiency [3, 13]. As an alternative, ATP is produced
by mitochondrial oxidative phosphorylation in PK-deficient
reticulocytes, which presents the benefit of generating ATP
independently of glycolysis. As the cell finalizes its dif-
ferentiation, mitochondria, alongside other organelles, are
removed from the RBC, and consequently, oxidative phos-
phorylation stops and ATP levels decrease [3].

Moreover, the Rapoport-Luebering pathway’s 2,3-DPG,
a crucial intermediate that is known to improve oxygen
unloading from Hb, presents a rise in the concentration up
to three times [3, 13] in RBC due to the metabolic block
brought on by PK deficit, which leads to inhibition of
6-phosphogluconate dehydrogenase (6PGD). Because of the
reduced NADPH production caused by the low HMP/PPP
activity and the reduction in ATP that promotes membrane
abnormalities, PK-deficient RBC may be more susceptible
to oxidative damage and potential hemolysis [7, 9, 13].
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Hemoglobinopathies

According to estimates, 7% of the world’s population has
a DNA mutation that might cause hemoglobinopathies
(300,000 to 400,000 affected infants), making this group
of diseases-genetic disorders related to the manufacture
of Hb-the most prevalent monogenic disorders globally.
DNA variations in or close to the globin genes, which
code for the globin chains of the tetrameric Hb protein, are
the hereditary cause of this illness. Most of the over 1000
hemoglobinopathies that have been reported are asympto-
matic. Major clinical abnormalities, however, were seen in
some of these diseases [6, 14]. These DNA mutations could
modify the synthesis process of the B-globin, for example,
or they could disrupt the basic structure of Hb, resulting
in diseases like beta (f)-thalassemia and sickle cell disease
(SCD), respectively [14].

Beta-thalassemia To various extents, over 300 mutations
that prevent the synthesis of p-globin chains are known
to cause p-thalassemia. More than 95% of such mutations
are nucleotide variations, while only about 5% are dele-
tions of the B-globin gene [14, 15]. Ineffective erythro-
poiesis results from damage and destruction of erythroid
precursors caused by free a-globin molecules’ formation
of insoluble aggregates. These free a-globins engage with
several protein quality control mechanisms, such as ubig-
uitin-mediated proteolysis and autophagy, which remove
some excess chains [1, 15].

Aside from that, it has been proposed that too many
unstable a-globin peptide chains bind to and sequester the
molecular chaperone HSP70 in the cytoplasm, destabiliz-
ing GATA1 (an essential regulator of erythroid cell gene
expression and maturation) and affecting gene expres-
sion, subsequently resulting in inefficient erythropoiesis.
Approximately 65% of erythroblasts in individuals with
B-thalassemia die before developing into mature RBCs,
according to erythrokinetic and ferrokinetic studies [1, 15].
Chronic anemia is triggered by a shortage of circulating
RBCs brought on by ineffective erythropoiesis. This inef-
fective erythropoiesis stimulates the synthesis of EPO, pro-
moting more ineffective erythropoiesis. This never-ending
cycle significantly increases erythroblast proliferation
and increased erythroblast cell death [1, 15]. Therefore,
extramedullary hematopoiesis may threaten organ function-
ing, resulting in additional problems such as hepatosple-
nomegaly and metabolic abnormalities. In contrast, exten-
sive erythropoiesis in the bone marrow may trigger bone
alterations that result in osteoporosis. Additionally, mature
circulating RBCs hemolyze from free a-globin [1, 14, 15].

In addition, the free heme released from the excess dena-
tured a-globin chains could catalyze the Fenton reaction,

increasing ROS in the thalassemic erythroblast. Cell death
and loss of function can result from DNA, protein, and lipids
modification or even degradation due to increased ROS lev-
els in these cells [15, 16]. Moreover, non-transferrin-bound
iron (NTBI) and labile plasma iron (LPI) are products of the
disease’s iron overload, brought on by the ongoing hemolytic
process. This labile iron pool plays a crucial part in the onset
of cellular impairment, apoptosis, and ferroptosis, which
catalyzes Fenton and Haber-Weiss reactions and further pro-
duces ROS [16]. Thus, p-thalassemia results in decreased
production and rapid degradation of RBCs, necessitating
both chelation therapy and routine blood transfusions.

Sickle cell disease (SCD) All manifestations of the erratic
hemoglobin S (Hb S), including sickle cell trait (Hb AS),
homozygous sickle cell disease (Hb SS—named sickle
cell anemia, SCA), and a variety of heterozygous hemo-
globinopathies such as Hb SC, SD, and HbS-f-thalassemia,
are together referred to as SCD. The Hb S allele is created
by just one nucleotide modification in the HBB gene. The
mutant protein has an amino acid substitution that, in certain
circumstances, such as deoxygenation, causes it to polymer-
ize and give rise to the sickle-shaped erythrocytes, which
provide the disease’s name [1, 17].

Individuals with sickle cell trait are often asympto-
matic and do not need medical treatment. However, SCA 1is
marked by chronic hemolytic anemia, severe pain events,
and extensive damage to various organs [6, 17]. The
increased autoxidation of Hb S and the overactivation of
several oxidases in the vascular system of SCD patients
results in an increased production of ROS, which may
directly oxidize several subcellular components and result
in the loss of membrane lipid asymmetry. In addition to
creating a condition of chronic anemia and endothelial
dysfunction, this decreases the deformability of RBCs and
increases their fragility and hemolysis [16, 17]. Further-
more, sickled RBCs adhere more readily to one another and
the interior walls of small blood vessels as a result of intrin-
sic rheological changes, secondary impacts on endothelium,
inflammatory cells, and plasma proteins, and this leads to
vaso-occlusion, tissue hypoxia, pain crisis, and numerous
other complications. The lifespan of those who receive the
best care maybe 50 to 60 years [1, 16, 17].

Congenital dyserythropoietic anemias (CDA)

The term CDAs refers to a class of uncommon heteroge-
neous genetic illnesses that impair erythropoiesis and have
various morphologic alterations affecting late erythroblasts
in the bone marrow and erythroid hyperplasia leading to
hemolysis and the formation of frail RBCs [18]. The mani-
festations are vague since they are similar to other more
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widespread hemolytic illnesses, including thalassemia and
RBC membrane disorders (e.g., spherocytosis) [8, 18].

In addition to X-linked dominant mutations in the heme
biosynthetic enzyme gene, ALAS2, this group of diseases
has also been linked to mutations in the CDANI, SEC23B,
KIF23, CI5ORF41, LPIN2, KLF1, or GATAI genes [2, 18].
CDA'’s categorization has been mainly determined according
to bone marrow pathology results utilizing the morphologic
classification, in which three primary forms of CDA were
discovered and categorized according to structure similari-
ties ([8]; extensively reviewed in [18]).

Redox metabolism in RBC: the most noticeable roles
of Prxs so far

The cell’s oxidative status is of utmost importance to cell
survival. Signal transmission, gene transcription, and cell
proliferation are only a few examples of how oxidative sta-
tus affects numerous regular physiological cell processes,
known as redox biology [19]. When the ratio of pro-oxidants
to intracellular antioxidant defenses shifts in favor of the for-
mer, oxidative stress occurs. Pro-oxidants are categorized as
reactive oxygen species (ROS) and nitrogen species (RNS)
and include superoxide radicals (O,~*), hydroxyl radical
(OH®), singlet oxygen ('02), hydrogen peroxide (H,0,),
peroxynitrite (ONOO™), and many others. These oxidants
are hazardous to cells and cause organ damage and cell death
by oxidizing proteins, lipids, and DNA [20, 21]. As a result,
it has been proposed that oxidative stress impacts cell aging
and apoptosis, aggravating the symptoms of numerous dis-
orders such as hemoglobinopathies (SCA and thalassemia),
G6PD deficiency, HS, and CDA. Therefore, although each
of these anemias does not have oxidative stress as the root
cause, it facilitates numerous of their pathologies, including
hemolysis, which exacerbates their symptoms [20].

In hemolytic anemias, RBCs are the primary target of
oxidative stress, and Hb is a prominent generator of ROS
in these cells. It is estimated that 3% of Hb undergoes auto-
oxidation, forming metHb and serving as a constant source
of O,°” generation. In turn, this production leads to H,O,
and oxygen as outcomes of dismutation or O,°~ may interact
with nitric oxide (NO), leading to the formation of ONOO-,
the most reactive RNS that can increase lipid peroxidation
in addition to the oxidation of Hb to MetHb [20, 22]. Auto-
oxidation of unstable Hb can also lead to changes in the
RBC membrane, producing hemicromes (byproducts of the
oxidative denaturation of Hb), dissociation of cytoskeletal
proteins, and also the generation of microparticles (phospho-
lipid microvesicles derived from the cytoplasmic membrane)
[23]. Moreover, in addition to ROS production, oxidative
denaturation of Hb also results in the accumulation of free
heme (which triggers oxidation processes and has a pro-
inflammatory effect by activating NF-kB) and iron (which

@ Springer

functions as a Fenton reagent in the Haber-Weiss reaction
for the synthesis of OH®) [23, 24].

Since redox homeostasis is considered one of the most
critical aspects of human physiology, RBCs have been pro-
vided with an incredibly efficient redox regulation apparatus
exclusively dedicated to maintaining its structural integrity
and capacities [21, 22]. Superoxide dismutase (SOD) speeds
up the process of turning O,~* into H,O,, which CAT or
glutathione peroxidase (GPX) then reduces to water. The
reduced thiol GSH, which keeps sulfthydryl buffering capa-
bility, is present in millimolar amounts in cells. The PPP’s
oxidative metabolism of glucose-6-phosphate (G6P) con-
verts oxidized NADP* back to NADPH, substantially sup-
porting RBC redox equilibrium by donating an electron to
reductases to reduce back oxidized glutathione (GSSG) and
metHD to its active form (glutathione reductase and meth-
emoglobin reductase, respectively). Thioredoxin (Trx),
an additional antioxidant enzyme found in RBCs, reduces
oxidized proteins and is an electron donor for most perox-
iredoxins (Prx). This latter one works by reducing organic
hydroperoxides (ROOH), peroxidized phospholipids, and
peroxides (such as H,0,) [20, 22, 23] and will be the focus
of this review.

Investigating which genes are involved in the normal
process of erythropoiesis has been an essential goal in
the scientific community [25, 26]. Understanding how the
metabolic pathways triggered during the development of
hemolytic anemia differ from healthy ones and the relation-
ship between the expression of specific proteins and the
severity of these diseases remains a puzzling fact. Identify-
ing these proteins could result in new targets for managing
anemic patients. In RBCs, Prxs are one of the most impor-
tant proteins involved in the defense against ROS, and their
role in erythrocytes has been shown to go far beyond their
antioxidant activity [9, 27].

Mature RBC expresses three Prx isoforms (Prx1, Prx2,
and Prx6). In addition to being anemic, Prx1 knockout
animals have increased oxidative stress and ROS in their
RBC, which leads to protein oxidation, Hb instability, the
formation of Heinz bodies, and a reduction in the lifes-
pan of erythrocytes as a result of membrane damage [28].
Prx2 —/— characteristic features include Heinz body forma-
tion, aberrant RBC morphology, noticeably increased ROS
levels, hemolytic anemia, and several severely oxidized
RBC proteins [29, 30]. The other enzymatic H,0, scav-
engers, such as GPX and CAT, maintained their activity
and expression levels in Prx2~~ RBCs, indicating a non-
redundant function [29]. As for Prx6, according to several
studies, it plays a significant role in the oxidative stress
response [31-34]. At the same time, the absence of Prx6
makes cells more vulnerable to oxidative stress, severe tis-
sue damage, elevated levels of protein oxidation, and cell
death [35]. Furthermore, different antioxidants’ mRNA
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expression levels showed no differences, pointing to a non-
redundant role for this protein [35]. Thus, the aim of this
review was present the recent findings that broke some para-
digms about these three Prxs present in the mature eryth-
rocyte (Prx1, Prx2, and Prx6), showing that in addition to
peroxidase activity, these enzymes may have supplementary
roles in the regulation of cellular adaptation mechanisms for
redox homeostasis and survival of human RBCs disrupted
in hemolytic anemia conditions.

Peroxiredoxins: an overview

Prxs are antioxidant enzymes that exhibit very high per-
oxide reduction rates (10° to 103 M~!*=1)_ using a highly
conserved specialized active site architecture to reduce
peroxides [36, 37]. The high catalytic efficiency and the
abundance of these proteins in the cells make them neces-
sary peroxide scavengers. In humans, six isoforms of Prxs
have been described, being detected in different cellular

1) Typical 2-Cys Prx

SgH  HS
—S.H HS— i

SgH HOS
S,0H HS— i

environments, such as the cytosol (Prx1, Prx2, and Prx6),
mitochondria (Prx3 and Prx5), peroxisome (Prx5), endo-
plasmic reticulum (Prx1 and Prx4), and even in the nuclear
environment (Prx1) [36, 38, 39].

The activity of the Prx depends on a cysteine residue
contained in an active site of the catalytic motif PxxxTxxC
(where P designates Proline, T is Threonine, C is Cysteine,
and x denotes any amino acid) [36, 40]. Studies have shown
that a second cysteine residue is generally present and con-
served near the C-terminal portion, defining Prx classes con-
taining 1 or 2 cysteines [45]. Several classifications have
already been proposed for Prx, considering different aspects
of these enzymes [41-45]. Several studies use a classifica-
tion based on the number of cysteines involved in the cataly-
sis (1-Cys Prx and 2-Cys Prx) and by the type of disulfide
that is formed during the catalysis: inter or intramolecular
(typical or atypical 2-Cys Prx, respectively) [36, 46]. Prx
cysteines can also be classified according to their role in
the catalytic cycle as peroxidase cysteine (CP) or resolution
cysteine (CR) [36] (Fig. 3).
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Fig.3 Reaction mechanisms of Prx. The reaction mechanisms of typical 2-Cys Prx (1), atypical 2-Cys Prx (2), and 1-Cys Prx (3) enzymes are

shown (elaborated by the authors, adapted from [46])
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The catalytic cycle of the Prxs is initiated by an attack of
peroxidase cysteine CP-SH to the H,O,, cleaving the OO
bond of the peroxide and forming sulfenic acid in the CP
residue (CP-SOH). This leads to the release of H,O when
H,0, is reduced or the release of alcohol in the case of lipid
peroxides reduction [47]. The reduction of the sulfenic acid
determines whether the enzyme is a 1-Cys Prx or 2-Cys
Prx. 1-Cys Prxs have only CP, and their oxidized form (CP-
SOH) can be reduced by ascorbic acid or Trx [48, 49]. In the
case of 2-Cys Prx, the sulfenic acid is attacked by a second
cysteine, the CR one, releasing H,O and forming an inter- or
intramolecular disulfide bond [48] (Fig. 3).

In mammals, Prxs are found in the conformation of
antiparallel homodimers, as seen in Fig. 3 [48, 50]. When
typical 2-Cys Prx are exposed to high concentrations of
peroxide, CP is over-oxidized, taking the form of cysteine
sulfinic acid (CP-SO,H) or sulfonic acid (CP-SO;H) after
the attack of sulfenic acid (CP-SOH) by other peroxide mol-
ecules, avoiding disulfide formation with CR [36, 51, 52].
Overoxidation results in the loss of peroxidase function in
these enzymes since Trx cannot reduce the intermediates.
However, another low molecular weight enzyme called
sulfiredoxin (Srx) can reactivate the peroxidase activity of
Prxs. Srx can reduce only the cysteine sulfinic acid (CP-
SO,H); no biological reducer for the CP-SO;H form is
known to date [53].

Recent findings show that in addition to its pivotal
importance in the RBC antioxidant defense, Prxs are
also implicated in many different processes, such as cell
signaling, proliferation, apoptosis, and mitochondrial
permeability [54-56]. Thus, the widespread role of Prxs
is discussed below, considering the newest discover-
ies regarding the known (and suggested) roles of these
enzymes in erythroid cells.

Multifaceted roles of Prxs: beyond their
antioxidant functions

As aforementioned, Prxs play an undeniably important
role in protecting cells against oxidative stress due to their
antioxidant activity. However, their function is more com-
prehensive than this role, as these proteins participate in a
cascade of peroxide-mediated signaling and interact with
a wide variety of proteins and processes of proliferation,
differentiation, migration, and regulation of gene expres-
sion [57, 58]. The image below (Fig. 4) was generated using
databanks of GeneMANIA on Cytoscape; the interactions
are made using available data from different databases and
demonstrate that the Prxs participate in several pathways
interacting with other proteins.

In addition to peroxidase activity, Prxs interacts with sev-
eral proteins in many cellular compartments. In different
cell types, Prxs were reported to act as modulators of the
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action of several transcription factors. For example, Prx1
interacts with c-Myc, NF-kB, and AR (androgen receptor)
to modulate their activities, thus controlling gene expres-
sion [59-63]. Complementarily, Prx1, 2, and 6 appear to
play essential roles in the erythrocyte through interacting
with proteins such as APEX1, PTEN, ASK1, P66Shc, INK,
HBAI1, and Band 3, which are evidenced in Fig. 4. These
interactions appear to play an essential role in erythrocyte
survival, especially when this cell is exposed to oxidative
stress. The details of such interactions and their importance
for the erythrocyte will be discussed below.

Prx1

Prx1 plays an essential role in acting as an H,O, signal trans-
ducer [64]. This role is associated with the ability to interact
directly with signaling molecules, regulating signaling in
the cell temporally and spatially via oxidizing or phospho-
rylated (i.e., at the Thr90 site, which results in inactivation
of peroxidase activity) forms of Prx1 [65, 66]. This role
involves their subcellular localization, the availability of
Prx1 reducing systems such as thioredoxin Trx and Srx, and
even the regulation of transcription factors activity through
direct interaction with these factors (most often via oxida-
tion of cysteine thiols) [53]. The mechanistic switch of Prx1
from peroxidase to chaperone function has been discussed
in various articles (and previously in topic 2). Briefly, the
conserved N-terminal Cys®! (or CP) can be oxidized by
H,0, to cysteine-sulfenic acid (Cys®'-SOH) and react with
Cys'72-SH of the other subunit, thus producing an intermo-
lecular disulfide that can only be reduced by Trx [67].

These Prx1s can become easily over-oxidized on their
catalytically active cysteine (i.e., can react with a second
H,0, molecule and becomes hyperoxidized to the cysteine
sulfinic acid, CP-SO,H) in conditions of high H,0, [68, 69],
and are eventually recycled through ATP-dependent reduc-
tion by Srx [70] (the same occurs with another isoform, the
Prx2 [71]). This hyperoxidation of CysP, at first, may seem
to limit their role, but in fact demonstrate an additional func-
tion of acting as molecular chaperones and their involve-
ment in propagating peroxide-mediated signals in a spatially
confined location. The first results from structural changes
in which the low molecular weight complexes convert into
high molecular complexes (e.g., oligomeric or decameric
conformation), enabling them to act as chaperones, which
we will explain in more detail below) [69, 70].

The latter is exercised by a small fraction of phospho-
rylated Prx1 associated with lipid rafts, which results in
the inactivation of peroxidase activity. This spatially con-
fined inactivation provides a way to generate H,O, gradi-
ents around sites where signaling proteins are concentrated,
minimizing the overall H,O, accumulation to levels that
would disrupt the cell’s global redox potential and optimizes
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Fig.4 Prx interactome. The image generated by GeneMANIA correlates
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only the input genes/proteins being represented. The connections among
the subjects represent the kind of interactions shown in the legend. Sub-
jects abbreviation: p66SHC (SHC adaptor protein 1); GSS (glutathione
synthetase); JNK1 (c-Jun N-terminal kinase); PTEN (phosphatase and
tensin homologue); HBA1 (hemoglobin subunit alpha 1); ASK1 (Apop-
totic signal-regulating kinase 1); Spectrin (Spectrin); GPX1 (glutathione

cellular signaling by generating H,0O, gradients around sites
where signaling proteins are concentrated (known as the
“floodgate mechanism”), thus facilitating H,0,-dependent
signaling [72, 73]. Moreover, a slower rate of reactivation
of hyperoxidized Prxs (via Srx-dependent reduction) is pro-
posed as a built-in mechanism, allowing sufficient time for
H,0, accumulation and signal propagation [50].

There are different examples of how Prx1 modulates
cell signaling when the cell redox status is altered. For
instance, although the relationship between ROS and tum-
origenesis remains unclear, Neumann et al. [28] were the
first to demonstrate that mice with a deficiency in Prx1
production (knockout) showed viability but had a high
incidence of anemia and increased malignant cancers.
Later, Cao et al. [74] postulated that this relationship was

peroxidase 1); GSTP1 (glutathione S-transferase pi 1); NFKB1 (nuclear
factor kappa B subunit 1); Band3 (Band 3); ANK1 (Ankyrin 1); CAT
(catalase); PRX4 (Peroxiredoxin-4); SOD1 (Superoxide Dismutase 1);
TRX1 (Thioredoxin-1); RHAG (Rh Associated Glycoprotein); PRX5
(Peroxiredoxin-5); PRX2 (Peroxiredoxin-2); PRX1 (Peroxiredoxin-1);
SRX1 (Sulfiredoxin 1); TRXR1 (Thioredoxin Reductase 1); PRX3 (Per-
oxiredoxin-3); PRX6 (Peroxiredoxin-6); APEX1 (Apurinic/Apyrimidinic
Endodeoxyribonuclease 1) (Elaborated by the authors)

related to the ability of Prx1 to bind to PTEN (phosphatase
and tensin homolog), thus protecting against oxidative
degradation. PTEN deficiency is a hallmark of several
tumors [75] since it is a phosphatase with an essential
role in apoptotic regulation and participating in cell migra-
tion, adhesion, differentiation, and angiogenesis [74]. This
was the first phosphatase associated with tumor suppres-
sion, having negative control on one of the most criti-
cal pathways: the PI3K-AKT [76]. H,O, inhibits PTEN
activity [77], so the interaction between Prx1 and PTEN
is essential for preventing the latter loss of function, there-
fore maintaining the regulation of the AKT pathway. It is
worth mentioning that Huo et al. [78] found a relationship
between the absence of PTEN and the consequent imbal-
ance in the expression of several antioxidants, suggesting
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this protein’s important role in maintaining the overall
redox state of cells.

Another exciting example is observed in the hypothesis
elaborated by Nassour et al. [79], in which the authors pro-
posed that Prx1 can partake in the inflammatory response
through its interaction with APEX1. The APEX1 gene is
related to a multifunctional enzyme containing an endonu-
clease domain that plays a central role in the Base Excision
Repair and a redox site. This gene is responsible for acti-
vating several transcription factors, including transcription
factor nuclear factor kappa B (NF-kB), tumor-suppressor
protein p53 (P53), and other genes involved in cellular pro-
cesses, ranging from cell survival and growth signaling to
inflammatory pathways [80—84]. As postulated by Nassour
et al. [79], the interaction of Prx1/APEX1 keeps APEX1 in
the cytoplasm of the cell instead of in the nucleus, preventing
the activation of inflammatory markers such as NF-kB and
IL-8 (a pro-inflammatory chemokine involved in the invasion
and metastasis of tumors) [85, 86]. Therefore, Prx1 interacts
with and blocks the redox factor APEX1 from activating
IL-8 expression, demonstrating a novel anti-inflammatory
function of Prx1.

Recent studies by our group observed a similar Prx1/
APEX1 interaction [87, 88]. Our data showed diminished
expression of Prx1 in peripheral blood samples of patients
with p-thalassemia major, as well as the protein levels of
APEX1, as opposed to the high levels of its mRNA. We
hypothesize that with the decrease of Prx1 observed in
patients with beta-thalassemia major, the produced APEX1
protein would migrate to the nucleus during RCB cell for-
mation (still in the bone marrow), where new mRNA mol-
ecules were being formed. However, with the extrusion of
the nucleus at the end of the differentiation process, APEX1
proteins would go along with the nucleus, evidencing this
imbalance between the APEX1 protein and its mRNA.

More recently, our group also proposed an exciting role
of Prx1 involving the propagation of the peroxide-mediated
signal in K562 cells induced to erythroid differentiation sub-
mitted to H,O,-oxidative stress. Our hypothesis consists of
an interaction between Prx1 with the transcription factor
FoxO3. This role is suggested to be a part of a more com-
plex regulatory mechanism that influences the subcellular
location of this transcription factor as a part of an adaptive
response to low-intensity oxidative stress [89]. Thus, despite
being unable to verify this hypothesis, Bernardo et al.’s pro-
posed role of Prx1 is of great importance since FoxO3 is
a known key regulator of distinct stages of erythroid cell
differentiation and maturation [90, 91]. Hopkins et al. previ-
ously described the association of FoxO3 and Prx1 in other
cell types [92], and different authors described a modulatory
mechanism by which Prx1 is involved in cell signaling via
interacting signaling molecules and transcription factors [61,
65, 93, 94], which reinforces the need for further studies
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in this field, demonstrating that Prx1’s role as a chaperone
may be more crucial for the erythroid redox signaling than
previously thought.

Several studies in different cell types have demonstrated
that in parallel to the peroxidase activity, Prx1 and its physi-
ological reductant, Trx1, have anti-apoptotic functions in
the cytoplasm through direct or indirect interaction with
important apoptotic regulators induced by oxidative stress,
such as ASK1 (Apoptosis Signal-Regulating Kinase 1), INK
(Jun N-terminal Kinase), and p66shc [95-97]. Under normal
conditions, Prx1 assists in suppressing ASK1-JNK signal-
ing, controlling ROS levels and other antioxidant enzymes,
while ASK1 remains linked to its physiological inhibitor,
Trx1. However, under oxidative stress conditions, Trx1 dis-
connects from ASK1 and is replaced by Prx1 in its oxidized
form. This exchange is a mechanism that aims to keep ASK1
inactive and thereby prevent it from triggering the activa-
tion of apoptotic signaling pathways [96]. This enzyme also
inhibits the activation of JNK through an indirect interac-
tion mediated by GSTpi (glutathione-S-transferase pi) [98,
99]. Prx1 and Trx1 have been identified as negative modu-
lators of p66Shc activation, which plays a prominent role in
apoptosis caused by oxidative stress, inducing respiratory
collapse and mitochondrial rupture in many cell types and
erythroid precursors (Fig. 5) [99-101].

A recent study by our research group showed signifi-
cantly elevated levels of Prx1 and Trx1 in reticulocytes and
erythrocytes of pB-thalassemia intermedia patients, which
suggests a possible cellular mechanism to maintain the path-
ways mentioned above inactive, thus increasing cell survival
and consequently reducing the impacts of ROS-mediated
ineffective erythropoiesis [87]. The increased apoptosis of
the erythroid precursors is one factor contributing to the
inefficient erythropoiesis found in B-thalassemia; neverthe-
less, the degree of apoptosis is unexpectedly varied and has
been shown both ex vivo in bone marrow samples as well as
in vitro in erythroblast culture techniques [102—-104]. Centis
et al. further elucidated the extent of the ineffective erythro-
poiesis, demonstrating that thalassemic bone marrow con-
tains about 5- to sixfold more erythroid precursors, which
resulted in an absolute rise in erythroid precursor apoptosis
of roughly 15-fold above healthy controls [102].

Another disease with high rates of apoptosis is CDA.
Bone marrow flow cytometry studies identified that eryth-
roid precursors were arrested in the S phase of the cell cycle,
and ultrastructural morphological evaluation revealed altera-
tions in cells going through apoptosis, despite the increased
erythropoiesis, which was indicated by an elevated amount
of bone marrow erythroid burst-forming units and also
by serum EPO [105]. Additionally, in SEC23B-deficient
animals, CDA type II caused by germline homozygous
or compound-heterozygous SEC23B mutations result in
secretory organ deterioration due to endoplasmic reticulum
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(ER)-stress-associated apoptosis. The extent and duration of
the stress stimuli have a significant role in determining the
cell’s fate, and failing to respond to ER stress will eventually
stimulate apoptotic pathways [106]. Prx1 has recently been
shown to be a key regulator of ER stress-induced UPR sign-
aling and apoptosis. The fraction of apoptotic cells was 23%
lower in Prx1-overexpressed cells than in control follow-
ing 24 h of treatment with thapsigargin (Tg), a recognized
ER stress inducer. Additionally, Prx1-overexpressed cells
had a 40% reduction in ER stress-induced ROS production,
demonstrating that Prx1 plays a role in the regulation of
ROS production during ER stress, which helped prevent ER
stress-induced apoptosis [107]. Therefore, Prx1 might be
an interesting target for new studies on diseases with pro-
nounced apoptosis.

Prx2

Prx2 is the most studied isoform among those described in
this review, probably because this is the third most abundant

ety
C@@g@@

Under high stress conditions,
p66Shc is separated from the
complex and generates ROS

p66Shc is separated from the complex under high oxidative stress due
to Prx1 decamerization. Then, p66Shc translocates to the mitochon-
dria, producing ROS and inducing apoptosis (The authors created this
figure by adapting images from Servier Medical Art Commons Attri-
bution 3.0 Unported License (http://smart.servier.com))

erythrocyte protein [108]. As previously mentioned, this is a
vital antioxidant in the RBC, mainly responsible for remov-
ing H,0O, formed endogenously by Hb autoxidation. Many
authors have identified Prx2 oligomers associated with the
erythrocyte membrane [109—-112] through binding to band
3 without losing its peroxidase activity [113, 114]. It has
been speculated that these membrane-bound Prx2 may be
involved in the protection against membrane lipid peroxi-
dation and the membrane proteins from oxidative damage
(e.g., band 3) [115, 116]. In SCD human and mouse eryth-
rocytes, phosphorylation of Prx2 by activated Syk kinase
was reported, with the latter being associated with mem-
brane translocation of not only Tyr-phosphorylated Prx2
but also of active Syk, which favors band 3 clusterization,
erythrocyte membrane rearrangement, and even the release
of erythroid microparticles [117].

A significant correlation was found between the binding
level of Prx2 to the membrane and the potassium efflux,
with a binding rate below 1% capable of initiating the efflux
[110]. The fraction of erythrocyte membrane-associated
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Prx2 was shown to be altered in hemolytic anemias, with
most of the studies reporting an augmented Prx2 binding
to the membrane, such as SCA [118, 119], HS [10, 120],
and SAO [11], all in response to oxidative stress conditions.
Concerning the hemolytic anemias for SCD, another study
reported increased binding of Prx2 to the membrane during
dense cell formation through activating the Ca**-dependent
K* channel [121]. Additionally, Biondani et al. suggested
that the Prx2 increased membrane binding indicates that the
severe membrane damage promotes Prx2 dimerization to
protect radically sensitive proteins [119]. For the HS, it is
suggested that the increased Prx2 membrane binding could
be a protection mechanism to maintain membrane integrity
by regulating membrane lipid peroxidation [10]. In SAO
RBCs, the increase in Prx2 membrane-biding and the large
amounts of accumulated misfolded band 3 may cause oxida-
tive damage in these cells [11].

However, other authors reported that the amount of Prx2
bound to the membrane was reduced in some conditions,
such as (i) in mouse models of B-thalassemia, in which the
authors suggest that the Prx2 membrane displacement pos-
sibly occurs because of the membrane-bound hemichromes
that masks the Prx2 docking sites. This hypothesis provides
a possible mechanism for the increased membrane damage
in p-thalassemia RBCs [122]; (ii) in sickle cell SAD mice
exposed to hypoxia, which the authors suggests is a reflec-
tion that either more damaged red cells are already removed
from circulation or that a higher amount of Prx2 is required
as free form in red cell cytoplasm [119]; and (iii) when the
cells were treated with H,0O,, Bayer et al. found a decrease in
Prx2 binding to the erythrocyte membrane in oxidative stress
conditions. Similar to the previous study, their result sug-
gested an association between the hemichromes and Prx2.
The authors propose that the hemichromes competed with
Prx2 and decreased their binding to the membrane [123].

Prx2 can also stabilize the Hb by acting as a chaperone
(reduced Prx2 in its decameric form binds to Hb through
a domain in its N-terminal region [30]). Prx2 interacts
with the Hb a, §, and y subunits [124], thus protecting
Hb against H,O,-induced aggregation (i.e., may act as a
chaperone for the denatured metHb [120, 125]). Addition-
ally, in hemolysates from Prx2~'~ mice, Hb H,0,-induced
aggregation and Heinz body formation were more prone to
occur, and the addition of recombinant human Prx2 (rhPrx2)
restored the aggregation level to wild-type hemolysates [30,
125, 126]. All these findings suggest that Prx2 plays an
important role in preventing hemolytic anemia (through its
performance in stabilizing Hb under high oxidative stress
conditions), with their interaction being severely impaired
in RBCs of patients with thalassemia and SCA [30].

Several studies demonstrated that Prx2 is modulated
throughout normal erythroid development, especially in
the stages of synthesizes of Hb, and that it is overexpressed
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during erythropoiesis in p-thalassemia [9, 122, 127, 128]. De
Franceschi et al. demonstrated that in early p-thal erythroid
precursors characterized by high levels of ROS and heme,
Prx2 targets both ROS and heme to reduce oxidative stress
suggesting a novel multifunctional cytoprotective role of
Prx2 [129]. Matte et al. aiming to better understand the role
of this enzyme in the context described above, evaluated
B-thalassemic mice knockout for Prx2, showed a worsen-
ing in the hematological phenotype of the animals, ampli-
fication of ineffective erythropoiesis and increased levels
of ROS in erythroid precursors when compared to healthy
or B-thalassemic mice with preserved Prx2. In addition,
the absence of Prx2 resulted in greater activation of Nrf2.
In contrast, administration of recombinant Prx2 in mice
reduced ineffective erythropoiesis, ROS levels, and apopto-
sis. These findings suggest that Prx2 and Nrf2 collaborate
to reduce oxidative cell damage during pathological eryth-
ropoiesis in B-thalassemia [130]. Recently, Prx2 deficiency
was associated with dyserythropoiesis and decreased eryth-
rocyte lifespan in patients with CDA. The authors were to
describe a case of anemia in humans related to PRX2 muta-
tion, with the variant causing a loss of enzyme function and
increased oxidative stress [131].

Interestingly, Prx2 was found to be resistant to hyper-
oxidation [132], likely because the Srx level in these cells
is much lower than that in other cell types [133]. Thus, it
has been hypothesized that hyperoxidation does not occur
easily in erythrocytes because it is unlikely that the RBC
utilizes the “floodgate mechanism” for signal transduction
[14]. Nevertheless, transcription-independent self-sustained
oscillations of hyperoxidized Prx2 were detected in human
erythrocytes, indicating that H,O, produced from Hb autoxi-
dation is the primary source of Prx2 hyperoxidation [134].
These oscillations were hypothesized to be connected with
the peroxidation-enhanced chaperone function [133].

Additionally, it has been reported that hyperoxidation of
Prx2 occurs more easily in more oxidizing conditions. For
example, it was augmented by the inhibition of CAT, indi-
cating that CAT protects Prx2 against higher levels of H,0,
[71] and in pathological conditions, such as (-thalassemia
[87]. The situation is aggravated in G6PD deficiency since
it is a condition where inefficient recycling of Prx2 in
erythrocytes is reported due to the compromised NADPH
production (limited via the pentose phosphate pathway).
Cheah et al. reported that G6PD-deficient erythrocytes
were severely compromised in their ability to recycle Prx2
oxidized, and its accumulation in the erythrocytes suggests
that impaired antioxidant activity of Prx2 could contribute
to the hemolysis and other complications associated with
the condition [69].

Lastly, Prx2 also regulates iron homeostasis, which is
highly relevant in hemolytic anemia since iron overload
is an important factor aggravating the clinical outcome of
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fB-thalassemia [135, 136]. Iron homeostasis is a complex pro-
cess regulated by the interaction of hepcidin, a hormone pro-
duced in the liver that the presence of high levels of iron can
induce. Ferroportin is a protein responsible for iron absorp-
tion, storage, and concentration in the plasma. Hypoxia, a
common factor in hemolytic anemias, stimulates the begin-
ning of new erythropoiesis cycles to account for the loss of
red cells, which suppress hepcidin, leading to an iron over-
load that aggravates the clinical outcome of patients [137].

Transcription factors sensitive to redox changes present in
the liver, such as STAT3 (signal transducers and activators of
transcription), can activate hepcidin expression in response
to iron overload and oxidative stress. Not long ago, STAT3
activation was related to Prx2 (i.e., Prx2-dependent STAT3
oxidation as part of a redox relay of a highly organized mem-
brane signaling domain), establishing a possible connection
between a transcription factor and a protein responsible for
protection against oxidative stress [138—140]. A recent study
evaluated the effects of iron overload in Prx2~~ mice to
explore the role of Prx2 in iron homeostasis. The obtained
data showed that the absence of this enzyme failed hepci-
din induction in response to the administration of high iron
levels. This effect was due to the loss of STAT3 activation.
This demonstrated that Prx2 acts as an essential regulator of
iron homeostasis through the activation of STAT3 and the
consequent induction of hepcidin and can be explored as a
future therapeutic strategy [139].

Prx6

The deleterious effects found on erythrocytes of mice geneti-
cally deleted for Prx1 and 2 were not described for Prx6
mutants; these biological models remain viable and fertile and
display no gross morphological defects [35, 141]. However,
it is noteworthy that among all the isoforms of human per-
oxiredoxins, Prx6 is the most differentiated since it is the
only 1-Cys Prx and has phospholipase A, activity. Cysteine
oxidation does not affect this activity and contributes to the
repair of oxidized phospholipids by cleavage of oxidized
fatty acids [142].

Despite this phospholipase A, activity never being
reported in red cells, the importance of Prx6 to RBC is
suggested in a study by Cho et al. [143]. The authors ana-
lyzed the abundance of some antioxidant enzymes in the
erythrocyte lysate of individuals with SCA, both treated and
not treated with hydroxyurea. They reported a significant
reduction in Prx6 levels in both sickle groups compared
to healthy individuals. This finding suggests that, due to
its unique phospholipase A, activity, the Prx6 may have a
nonredundant role in the erythrocyte associated with the
ability to repair cell membranes, which may be impaired in
the sickle cells, contributing to their greater susceptibility
to hemolysis. Nonetheless, the mechanisms underlying the

reduction of Prx6 in erythrocytes of individuals with SCA
remain unknown [143].

Possibly due to its lower concentration in the erythrocyte,
there are very few studies involving this isoform. However,
its presence in the RBC may be more important than the sci-
entific community believes. In other cell types, that similarly
to the erythrocytes is highly submitted to oxidative stress,
a decline in Prx6 expression was linked to a progressive
increase in oxidative load, and Prx6 was even a prerequisite
for sulforaphane (SFN)-mediated cytoprotection [144]. This
phytochemical compound is a known Nrf2 agonist that ame-
liorated SCD pathology in a murine model by promoting the
elimination of heme released by hemolysis from lysed sickle
cells [145]. Additionally, another study reported that Prx6 is
a bona fide negative regulator of ferroptotic cell death [146].

Thus, by demonstrating the essential role of Prx6 in
protecting cells against ferroptosis, the authors provided
a potential target for novel studies in the RBC since fer-
roptosis was revealed to be linked with the pathogenesis of
thalassemia-associated bone diseases (i.e., iron overload sig-
nificantly increases the death of osteoblasts, resulting in a
decrease in mineralization capacity. Thus there is increased
bone resorption due to ferroptosis) [147]. Additionally,
Stuhlmeyer et al. showed that Prx6 binds to the conserved
cysteine 47 of heme, having even a higher affinity to it than
for Hb. This binding prevented spontaneous and ascorbic
acid-induced metHb formation. These results allowed the
authors to propose that since heme is the prosthetic group of
several proteins and enzymes, Prx6 may also protect these
other proteins [148].

Lastly, in other cell types, the loss of Prx6 was associ-
ated with down cell division, metabolism alteration, and
mitochondrial function, suggesting that Prx6 is a key factor
that connects redox homeostasis, proliferation, and apopto-
sis (i.e., Prx6 interacts with multiple signaling pathways)
[149, 150], which could be another promising field of study,
mainly when dealing with hemolytic diseases with ineffec-
tive erythropoiesis such as thalassemias.

Figure 6 summarizes some of the additional Prx1, 2, and
6 roles covered in this article. Prx1 has an essential role in
cellular redox signaling, evidenced by interaction with pro-
teins such as JNK, GSTpi, p66Shc, and ASK1, which inhib-
its apoptotic signaling pathways. Meanwhile, the interaction
of Prx1 with APEX1 prevents the activation of the inflam-
matory cascade and, with PTEN, leads to cell survival and
inhibition of tumorigenesis. Regarding Prx2, we reported the
important interaction with the cytoplasmatic portion of band
3 protein that prevents its degradation. Prx2 also binds to
free heme preventing oxidative damage caused by its accu-
mulation. More importantly, Prx2 can also form decamers
or oligomers of high molecular weight and interact with Hb,
inhibiting its denaturation and aggregation. Lastly, Prx6 is
hypothesized to repair oxidized phospholipids, consequently
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Fig.6 Schematic representation of Prx1, Prx2, and Prx6 roles and
peroxidase activity in anemic erythrocytes/precursors. The events
shown in the figure are as follows: 1, Binding of Prx2 to protein band
3 preventing its oxidation; 2, Prx2 binding to free heme group to pre-
vent its oxidative actions to the membrane and other proteins, and
participating to iron homeostasis; 3, Oligomerization of Prx2 form-
ing decamer that act as chaperone, binding to hemoglobin, preventing
denaturation and aggregation of hemoglobin; 4, Prx6 phospholipase
A, activity repairing oxidized phospholipids; 5, Interaction of Prx1

preventing membrane damage through phospholipase A,
activity. These additional activities are essential to cell sur-
vival, especially in hemolytic anemia, which is frequently
exposed to high doses of ROS.

Conclusions and future perspectives

This review aimed to demonstrate that the framework for
Prxs biology implicates a widespread role that goes far
beyond their antioxidant activity. For that, we discussed the
newest discoveries regarding the known (and suggested)
roles of these enzymes in the erythroid cells, such as (i)
selectively transducing peroxide signals to generate appro-
priate signaling responses, (ii) molecular chaperone; (iii)
contribution to cell survival, (iv) protection of membrane
damage, and (v) maintenance of iron homeostasis. We also
highlighted the role of these enzymes in the context of
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with JNK, GSTpi, p66Shc and ASK1 inhibiting apoptotic signal path-
ways; 6, Interaction of Prx1 with PTEN, inhibiting the interaction of
PL3K and AKT which prevent tumorigenesis; 7, Prx1 regulation of
phagocytosis and removal of damaged RBC from peripheral circula-
tion; 8, Prx1 interaction with APEX1 which inhibits its interaction
with NF-Kb thus inhibiting inflammatory pathways (The authors cre-
ated this figure adapting images from Servier Medical Art Commons
Attribution 3.0 Unported License (http://smart.servier.com))

hemolytic anemias, in which they may represent redox sen-
sors able to differentiate systems operating in a healthy state
from pathological conditions where cells are affected by oxi-
dative stress induced by ROS production. Therefore, com-
prehending the different mechanisms involved in erythrocyte
protection by these three proteins can better understand dis-
ease pathologies and strategies for developing future thera-
peutic targets. However, as demonstrated by this review, the
knowledge regarding Prxs in the RBC is still evolving, with
many unanswered questions, especially concerning Prx6, the
lesser studied among the isoforms. These gaps within Prxs’
role in healthy erythroid cells and pathological conditions,
such as the hemolytic anemias addressed in this review,
comprise a promising field for further research studies.
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