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ABSTRACT 

 

Hereditary Spherocytosis (HS) is the most common non-immune hemolytic anemia 

(1/2000) and its hallmarks are anemia, splenomegaly, jaundice, presence of spherocytes 

in peripheral blood smears, reticulocytosis, increased erythrocyte osmotic fragility and 

family history of HS.  

HS is a highly heterogeneous disease in its clinical, biochemical, molecular and 

inheritance patterns. Clinically, HS can range from asymptomatic to a life-threatening 

transfusion-dependent anemia and is classified as mild, moderate and severe, according to 

the degree of hemolysis and the associated symptoms. HS is caused by mutations in either 

one of the genes that encode four erythrocyte membrane proteins – spectrin, ankyrin, 

band 3 or protein 4.2. These molecular defects lead to membrane protein deficiencies 

which, in turn, cause membrane destabilization that will lead to the formation of 

spherocytes, through a process of membrane vesiculation; these cells, more rigid, will 

suffer premature hemolysis in the spleen. Splenectomy, usually corrects the anemia 

experienced by the patients. 

In Portugal, data about this disease is scanty, particularly in what concerns the 

identification and quantification of the protein deficiencies underlying the different forms 

of the disease. The biology of HS and its relation with the clinical outcome of the disease is 

still poorly clarified. 

The aim of this work was to contribute to a better understanding of the biological aspects 

underlying the clinical outcome of HS, and to find potential markers and modifiers of HS 

clinical outcome. 

Our studies included the identification and quantification of membrane protein 

deficiencies, hemogram, the study of erythropoietic activity, iron status, leukocyte 

activation, inflammation and erythrocyte ageing in HS patients from the north region of 

Portugal (splenectomized and unsplenectomized), according to the type and amount of 

protein deficiency and to clinical severity, and in a control group of individuals apparently 

healthy, with normal biochemical and hematologic values, gender and age matched with 

the HS patients. 

We found that, band 3 and ankyrin protein membrane defects account for the majority of 

HS cases. In terms of clinical outcome, an increasing isolated protein deficiency or 

increasing unbalance between combined protein deficiencies seem to underlie HS severity, 

by increasing membrane destabilization.  

The presence of increased amounts of normally cytosolic enzymes (hemoglobin (Hb), 

glyceraldehyde-3-phospate and peroxiredoxin 2) linked to the erythrocyte membrane was 

observed in HS patients, which seems to further enhance membrane destabilization and 
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clinical severity. Moreover, we found that the linkage of peroxiredoxin 2 to the erythrocyte 

membrane is induced by oxidative stress, but what this implies for HS pathophysiology is 

still unclear. 

The conventional clinical criteria for the classification of HS – Hb, reticulocytes and 

bilirubin – showed that bilirubin levels were often higher than expected, when comparing 

with the other two parameters. In fact, we found that this is usually due to the co-

inheritance of Gilbert’s Syndrome; this increase in bilirubinemia was particularly 

pronounced in mild HS patients. We searched for other markers of clinical severity that 

could aid and serve as complementary to the conventional markers for the classification of 

HS clinical outcome; RDW (red blood cell distribution width) and the ratios Hb/MCHC 

(mean cell hemoglobin concentration), Hb/RDW and MCHC/RDW showed to be good 

complementary markers, as they presented significant correlations with HS clinical 

severity. 

HS was associated with an overstimulation of erythropoiesis, which appeared to be related 

to HS clinical outcome, as erythropoietin, soluble transferrin receptor, reticulocytes and 

reticulocyte production index significantly increased with worsening of HS. However, we 

observed an erythropoietic disturbance in the more severe cases of HS, as the 

erythropoietic stimuli by erythropoietin did not correlate with erythropoiesis response, as 

reflected by reticulocyte production; inflammation seems to contribute also to this 

disturbance, particularly, in severe HS patients.  

HS erythrocytes presented oxidative stress/senescence injuries, as suggested by 

membrane bound Hb and IgG, lipoperoxidation and protein carbonylation that were 

increased in HS patients, especially, in splenectomized subjects. Moreover, these features 

seem to increase with HS clinical outcome, suggesting that the membrane destabilization 

of HS erythrocytes may lead to increased oxidative damage that may further contribute to 

the premature removal of these cells.    

Splenectomy corrected the anemia and its improvement seems to be related to the severity 

of HS prior to splenectomy, and, therefore, to influence the patient’s response to 

splenectomy. 

In conclusion, our study provides the larger data about this disease in Portugal, provides 

new insight into the biology of HS and proposes complementary markers for the clinical 

classification of HS.  

 

Keywords: Hereditary Spherocytosis, clinical outcome, erythrocyte membrane proteins, 

erythropoiesis, splenectomy. 
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RESUMO 

 

A Esferocitose Hereditária (EH) é a anemia hemolítica não-imune mais comum (1/2000), 

caracterizada por anemia, esplenomegalia, icterícia, presença de esferócitos em esfregaços 

de sangue periférico, reticulocitose, aumento da fragilidade osmótica dos eritrócitos e 

história familiar de EH. 

A EH tem uma apresentação clínica, bioquímica, molecular e de padrão hereditário muito 

heterogénea. Clinicamente, a EH pode ser desde assintomática a muito grave, associando 

uma anemia severa dependente de transfusões; pode classificar-se como ligeira, moderada 

ou severa, de acordo com o grau de hemólise e os sintomas associados. A EH é causada 

pela mutação de genes que codificam quatro proteínas da membrana eritrocitária – 

espectrina, anquirina, banda 3 e proteína 4.2. Estes defeitos moleculares causam 

deficiências proteicas na membrana, que determinam destabilização da membrana, que, 

por sua vez, leva à formação de esferócitos, por vesiculação da membrana; os esferócitos, 

sendo mais rígidos são removidos prematuramente a nível do baço. A esplenectomia 

corrige a anemia evidenciada pelos doentes. 

Em Portugal há muita pouca informação sobre esta doença, nomeadamente, no tipo e 

valor de deficiências proteicas que estão subjacentes às diferentes formas da doença. Os 

aspectos biológicos da EH e a sua relação com a severidade da doença estão ainda pouco 

elucidados.  

O objectivo deste trabalho foi o de contribuir para um melhor conhecimento dos aspectos 

biológicos da apresentação clínica da EH e, também, avaliar potenciais marcadores ou 

modificadores biológicos da severidade clínica da EH. 

O presente estudo incluiu a identificação e quantificação das deficiências proteicas, o 

hemograma, o estudo da actividade eritropoiética, metabolismo do ferro, activação 

leucocitária, inflamação e envelhecimento eritrocitário, em doentes com EH, provenientes 

da região norte de Portugal (esplenectomizados e não esplenectomizados), de acordo com 

o tipo e valor de deficiência proteica e com a gravidade clínica, e num grupo controlo de 

indivíduos aparentemente saudáveis, com valores hematológicos e bioquímicos normais, 

emparelhados para idade e sexo com os doentes.  

Na população estudada, a maioria dos casos de EH deveu-se a defeitos moleculares em 

banda 3 e anquirina. No que se refere à severidade clínica, um aumento numa deficiência 

proteica isolada ou um aumento do desequilíbrio entre deficiências proteicas combinadas, 

parece determinar a severidade da doença, já que ambos os casos podem levar ao 

agravamento da destabilização da membrana.  

A presença de valores aumentados de proteínas, habitualmente de localização citosólica, 

ligadas à membrana eritrocitária (hemoglobina (Hb), gliceraldeído-3-fosfato 
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desidrogenase e peroxiredoxina 2) nos doentes com EH, sugere que esta ligação à 

membrana determina um acréscimo da desestabilização da membrana do eritrócito e da 

severidade clínica. 

A avaliação dos marcadores convencionais para classificação da EH – Hb, reticulócitos e 

bilirrubina – evidenciou que os valores de bilirrubina eram frequentemente superiores ao 

esperado, quando comparados com os outros dois parâmetros. De facto, verificámos que 

este aumento da hiperbilirrubinémia se devia, habitualmente, à co-existência de Síndrome 

de Gilbert e que este aumento era particularmente elevado nos casos ligeiros. Estudámos 

outros marcadores de severidade clínica que poderiam contribuir e complementar a 

informação fornecida pelos marcadores convencionais; o índice RDW (red blood cell 

distribution width) e as razões Hb/MCHC (mean cell hemoglobin concentration), 

Hb/RDW e MCHC/RDW mostraram ser bons marcadores complementares, pois 

apresentavam correlações significativas com a severidade clínica da EH. 

A EH está associada a uma hiper-estimulação da eritropoiese, que parece estar 

relacionada com a severidade clínica da EH, já que os valores de eritropoietina, de 

receptor solúvel da transferrina, de reticulócitos e do índice de produção de reticulócitos 

aumentavam significativamente com o agravamento da EH. No entanto, para os casos 

mais graves de EH, foi observado um distúrbio na eritropoiese, pois o estímulo 

eritropoiético, pela eritropoietina, não se correlacionou com a resposta eritropoiética 

evidenciada pela produção de reticulócitos; a inflamação pode contribuir também para 

esta perturbação eritropoiética, especialmente no caso dos doentes severos. 

Na EH, os eritrócitos apresentam sinais de lesões devidas a stress oxidativo e senescência, 

como sugerem os valores de Hb e a IgG ligadas à membrana, de lipoperoxidação e 

carbonilação proteica, que estavam aumentados nos doentes com EH, especialmente nos 

doentes esplenectomizados. Estes parâmetros aumentavam também com a severidade 

clínica da EH, sugerindo que a destabilização da membrana dos eritrócitos pode ser 

responsável pelo aumento de lesões oxidativas que, por sua vez, podem contribuir para a 

destruição prematura destas células. 

A esplenectomia corrige a anemia, mas esta correcção parece estar relacionada com a 

severidade da EH antes da esplenectomia e, portanto, influenciar a resposta dos doentes à 

esplenectomia. 

Em conclusão, o nosso estudo contribuiu com uma informação mais alargada sobre a EH 

em Portugal, sugeriu novas perspectivas na biologia da doença e propôs marcadores 

complementares para a classificação clínica da EH.  

 

Palavras-chave: Esferocitose Hereditária, apresentação clínica, proteínas da membrana 

eritrocitária, eritropoiese, esplenectomia.  
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GGeenneerraall  CCoonnssiiddeerraattiioonnss  aabboouutt  AAnneemmiiaa  

 

World Health Organization (WHO) reported anemia as “one of the most common and 

widespread disorders in the world, being a public health problem in both industrialized 

and non-industrialized countries” [1].  

Anemia is functionally defined as a condition in which the erythrocyte mass or their 

oxygen-carrying capacity is insufficient to meet physiologic needs. The red blood cell 

(RBC) mass  varies with age, sex, altitude, smoking and pregnancy status [1-3]. Anemia is 

a manifestation of an underlying problem. Its development is usually associated with 

pallor, fatigue, weakness, dizziness, drowsiness, shortness of breath, headache, lack of 

mental concentration and restlessness [3].  

Hemoglobin (Hb) concentration is the simplest and the most reliable approach to assess 

anemia; the WHO, with basis in a large scale study of world populations, has proposed 

cut-off values of Hb concentration to clinically define anemia (Table 1) [1].  

 

Table 1 – Cut-off values of hemoglobin concentration to clinically define 

anemia, according to age and gender. 
    

  Hb concentration (g/dL) 
    

 0.50-4.99 years  11.0 

Children 5.00-11.99 years  11.5 

 12.00-14.99 years  12.0 

Men >15 years  13.0 

Non-pregnant Women >15 years  12.0 

Pregnant Women   11.0 

         Adapted from McLean et al. (2009) [1]. 

 

Iron deficiency is the most common nutritional deficiency in both developing and 

developed countries and, therefore,  iron deficiency anemia is the most common type of 

anemia worldwide; nonetheless, anemia can have many other causes [1]. In terms of 

morphology, anemia can be classified as microcytic, normocytic or macrocytic and, in 

kinetic terms, as hypoproliferative, hyperproliferative and with maturation defects 

(hemorrhagic/hemolytic) [2]. 
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HHEERREEDDIITTAARRYY  SSPPHHEERROOCCYYTTOOSSIISS  

  

  

The earliest clinical report of Hereditary Spherocytosis (HS) was, probably, in 1871 by 

Vanlair and Masius, describing a family with jaundice and splenomegaly, in which small 

and spheroid erythrocytes on their peripheral smears were observed under a light 

microscope [4]. Later, in 1934 studies by Haden proposed a probable structural 

abnormality of the erythrocyte membrane as the basis for hemolysis [5].  

HS is a heterogeneous inherited erythrocyte membrane disorder and is the most common 

non-immune hemolytic anemia (HA) in individuals from Northern European ancestry, 

affecting 1 in 2000 persons. Although the prevalence is unknown, HS is described in all 

ethnic groups  [6-9].   

HS is caused by molecular defects in either one of the genes that encode four different 

proteins of the erythrocyte membrane, namely, spectrin, ankyrin, band 3 and protein 4.2 

and presents an autosomal dominant inheritance pattern in 75% of the cases; the 

remaining cases are due to non-dominant inheritance (autosomal recessive or de novo 

mutations). These molecular defects sporadic in nature, being specific of one or a very 

small number of families [6-11]. 

HA is characterized by a premature destruction or removal of erythrocytes (hemolysis) 

from circulation, and by a physiologic erythropoietic response, increasing the production 

of new RBCs in the bone marrow (erythropoiesis). Clinically, the individuals present with 

anemia along with an increase in reticulocyte count, reflecting the erythropoietic response, 

and,  reflecting the destruction of erythrocytes, an increase in bilirubin and lactate 

dehydrogenase serum levels and a decrease in serum haptoglobin [2, 6, 9, 12]. 

HAs can be Acquired or Inherited diseases. Acquired HAs usually result from extrinsic 

factors to the erythrocyte and they can be microangiopathic-, immune- or infection-

mediated. Inherited HAs, are intrinsic as they are due to disturbances in erythrocyte 

components, namely, in Hb (hemoglobinopathies), in enzymes (enzymopathies) and in 

membrane constituents (membranopathies) [2, 12].  

The erythrocyte membrane disorders, such as, HS, Hereditary Elliptocytosis, Hereditary 

Pyropoikilocytosis and Southeast Asian Ovalocytosis, present different morphological, 

biochemical, molecular and clinical patterns (Table 2) [8, 11, 13-17]. 
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Table 2 –
 

Disorder Hematological Manifestations

 

Hereditary 

Spherocytosis 

Spherocytes; increased osmotic 

fragility; mostly

 

Hereditary 

Elliptocytosis 

Elliptocytes; 

or

 

Hereditary 

Pyropoikilocytosis 

Microcytosis, poikilocytosis; 

moderate to severe anemia

 

Southeast Asian 

Ovalocytosis 

No hemolysis or 

resistance to malaria infection

Adapted from Kern (2002) [16]. 

 

As any HA, the hallmarks of HS are reticulocytosis, jaundice and splenomegaly. Increased 

osmotic fragility (OF) and family history of this disease are also characteristic of HS

Jaundice (due to hyperbilirubinemia) and increased 

the presence of spherocytes

sequestration and destruction; 

presence of enhanced erythropoiesis. The presence of 

erythrocytes on the peripheral blood smear, the spherocytes

(Figure 1) [6-11].  

 

Figure 1 – Hereditary Spherocytosis 

spherocytes (indicated by arrows).

 

Biological aspects underlying the clinical outcome of Hereditary Spherocytosis 

– Heterogeneity of the erythrocyte membrane disorders.
  

Hematological Manifestations Proteins Involved Inheritance

  

Spherocytes; increased osmotic 

mostly mild to moderate 

anemia 

Ankyrin (most 

common), band 3, 

spectrin, protein 4.2 

Autosomal 

dominant 

(majority)

  

Elliptocytes; mostly asymptomatic 

or without anemia 

Spectrin (most 

common), protein 4.1 

Autosomal 

dominant

  

Microcytosis, poikilocytosis; 

moderate to severe anemia 

Spectrin (most 

common), protein 4.1 

Autosomal 

recessive

  

No hemolysis or anemia; increased 

resistance to malaria infection 

Band 3 

Autosomal 

dominant

 

, the hallmarks of HS are reticulocytosis, jaundice and splenomegaly. Increased 

and family history of this disease are also characteristic of HS

hyperbilirubinemia) and increased OF are indicative of hemolysis

the presence of spherocytes; splenomegaly (enlarged spleen) is the result of 

tion and destruction; reticulocytosis (elevated reticulocyte number) 

presence of enhanced erythropoiesis. The presence of small, dense and spherical

erythrocytes on the peripheral blood smear, the spherocytes, is another feature of HS

Hereditary Spherocytosis – Peripheral blood smear with

spherocytes (indicated by arrows). Adapted from Kern (2002) [16]. 

 

   5 | 
 

Heterogeneity of the erythrocyte membrane disorders. 
  

Inheritance Treatment 

  

Autosomal 

dominant 

(majority) 

Folic acid; 

splenectomy 

(severe cases) 

  

Autosomal 

dominant 

None in the 

majority of cases 

  

Autosomal 

recessive 
Splenectomy 

  

Autosomal 

dominant 

None 

, the hallmarks of HS are reticulocytosis, jaundice and splenomegaly. Increased 

and family history of this disease are also characteristic of HS. 

are indicative of hemolysis and of 

is the result of increased RBC 

reticulocytosis (elevated reticulocyte number) reflects the 

small, dense and spherical-shaped 

, is another feature of HS 

 

with several clearly visible 
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In this disorder, the presence or absence of anemia, or the extent of anemia, is dependent 

on the rate of increased hemolysis and on the enhanced erythropoietic response to 

counterbalance the hemolysis.  

HS may range from asymptomatic to a transfusion-dependent life-threatening chronic 

anemia [6, 9]. Moreover, HS is a highly heterogeneous disease in its clinical, biochemical 

and molecular presentations, as well as, in its inheritance pattern. 

 

 

EErryytthhrrooccyyttee  MMeemmbbrraannee  

 

During its 120 days of lifespan, the erythrocyte must be able to withstand the constant 

shear and stress forces imposed by blood flow and, still, to be flexible enough to traverse 

microcapillaries with diameters much smaller than its own. Thus, RBCs are required to 

have outstanding abilities of resilience and deformability.  

Normal erythrocytes present a unique biconcave disk shape (discocyte), which allows the 

RBC to undergo marked deformation with a constant surface area. These remarkable 

mechanical properties of the erythrocyte are due to its membrane. The RBC membrane is 

comprised of an asymmetrical lipid bilayer attached to a protein network in the inner side 

of the cell (cytoskeleton) by transmembrane/integral proteins and anchoring/linker 

proteins [7-9, 11, 13, 15, 18-22]. 

RBC membranes contain about 49% (w/w) of proteins, 44% of total lipids (32.5% 

phospholipids and 11% cholesterol), and 7% of total carbohydrates.  The content of total 

lipids is approximately 5.0 x10-10 mg per RBC, in which phospholipids represent 60 %, 

neutral lipids (mainly free cholesterol) 30 % and glycolipids 10% [18]. Phospholipids allow 

the monolayers to coalesce in such a way that their fatty acid chains face one another and 

constitute the hydrophobic core of the lipid bilayer. Their polar heads look towards the 

plasma (outer leaflet) or the cytoplasm (inner leaflet) [7].  

In human erythrocytes, phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

sphingomyelin (SM), and phosphatidylserine (PS) are predominant among phospholipids. 

Small quantities of phosphatidylinositol (PI), PI-monophosphate (PIP), PI-4,5-

bisphosphate (PIP2), phosphatidic acid (PA), lysophosphatidylcholine (lyso-PC) and 

lysophosphatidylethanolamine (lyso-PE) are also found [18]. Glycolipids and unesterified 

cholesterol are intercalated between membrane phospholipids;  cholesterol molecules are 

distributed evenly across the bilayer, and the glycolipids are localized on the outer leaflet 

where they contribute to the structure of the blood group antigens [15, 18]. PS and PE are 
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almost exclusively located in the inner monolayer of the lipid bilayer, while PC and SM are 

predominantly located in the outer leaflet of the bilayer [7, 13, 18, 23]. This asymmetric 

distribution of phospholipids is a dynamic system involving a constant exchange (“flip-

flop”) between the phospholipids of the two bilayer leaflets. Maintenance of normal 

phospholipid asymmetry appears to depend on the activity of a number of proteins:  the 

“flippases” or aminophospholipid translocases, which are responsible for the translocation 

of PS and PE from the outer to the inner leaflet in the presence of magnesium adenosine 

triphosphate (ATP); the “floppases” or phospholipid translocases, which move 

phospholipids from the outer to the inner leaflet; and calcium-dependent phospholipid 

“scramblases”, which facilitate bidirectional movements of phospholipids in the bilayer [7, 

8, 13, 15, 18, 23].   

Mature human RBCs cannot synthesize membrane lipids de novo. Therefore, they depend 

on lipid exchange with plasma lipids for phospholipid repair and renewal. In circulation, 

erythrocyte membrane cholesterol is rapidly exchanged with unesterified cholesterol from 

plasma lipoproteins. The phospholipids of the outer bilayer, PC and SM, are slowly 

exchanged with plasma lipids whereas, PS and PE, mainly located in the inner bilayer, do 

not participate in lipid exchange with plasma. Fatty acid acylation is an ATP-dependent 

process in which fatty acids combine with lysophosphatides (precursors of phospholipids) 

to remake the native phospholipids, renewing damaged or lost fatty acid side-chains [15, 

18].  

Membrane lipids can interact with integral membrane proteins within the lipid bilayer. 

The transmembrane segments of these integral membrane proteins (especially band 3 

protein) maintain multi-component channels and membrane transport pumps through 

stable associations with one another within the lipid bilayer. Spectrin and protein 4.1, 

which are bound to the cytoplasmic side of the bilayer, bind preferentially to anionic PS 

and PI, resulting in a nonrandom topography at the inner leaflet of the bilayer [13, 18]. 

The exact mechanism for this nonrandom topography of phospholipids and proteins is 

still unknown, however, recent studies have reported that spectrin binding to PS enhances 

membrane mechanical stability, while PI binding to protein 4.1 regulates its interaction 

with transmembrane proteins band 3 and glycophorin C [13, 23]. 

Recently, the presence of detergent-resistant plasma membrane microdomains, named as 

“lipid rafts”, has been described [7, 23].  They are enriched in cholesterol, sphingolipids 

and some phospholipids with largely saturated fatty acid residues. They also display a 

higher density in some proteins, such as glycosylphosphatidylinositol-linked proteins [7, 

15, 23]. The precise functions of these specific domains have to be elucidated. 
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The RBC membrane contains about a dozen of major and hundreds of minor proteins [11, 

18, 23]. Membrane proteins may be classified into two groups, according to the ease with 

which they can be removed from the membranes. They are either integral proteins, that 

penetrate or cross the lipid bilayer and interact with the hydrophobic lipid core, or 

peripheral proteins, that interact with integral proteins or with lipids at the inner 

membrane surface [8, 11, 15, 18]. The integral/transmembrane proteins include the 

glycophorins and transport proteins, such as band 3 (AE1, anion exchanger 1), Na+-K+-, 

Ca2+- and Mg2+-ATPases. Several membrane receptors and antigens are present on various 

integral membrane proteins, especially on glycophorins [9, 18, 20, 23]. Peripheral 

membrane proteins include the structural proteins of erythrocyte membrane cytoskeleton 

and enzymes, such as, glyceraldehydes-3-phosphate dehydrogenase (G3PD) [9, 18, 19, 21, 

23]. 

Membrane proteins are also classified into three categories according to their functional 

properties in the membrane ultrastructure [7, 13, 18, 23]. The first include cytoskeletal 

proteins, and typical examples are spectrin (α and β chains), protein 4.1, and actin [19]; 

the second include integral/transmembrane proteins of which the representative proteins 

are band 3 and glycophorins [20]; the third include anchoring/linker proteins, that is, 

ankyrin and protein 4.2 [21]. The latter membrane proteins mediate the attachment of 

cytoskeletal proteins to integral proteins. 

The cytoskeleton is a two-dimensional network of proteins that covers the cytoplasmic 

surface of the RBC membrane and is responsible for its biconcave shape and the 

properties of elasticity and flexibility. It comprises approximately half the membrane 

protein mass and is primarily composed of spectrin (α- and β-chains), protein 4.1(or 

4.1R), and actin [13, 18, 23]. Spectrin α and β chains contain 22 and 17 repeating segments 

of approximately 106 amino acids, respectively; the αβ-Spectrin chains intertwine in an 

antiparallel manner to form 100-nm-long heterodimers [19] . These heterodimers self-

associate with other αβ-spectrin heterodimers to form (αβ)2 heterotetramers, the 

functional spectrin subunit in the erythrocyte. The vertical attachment of the spectrin 

network to the lipid bilayer involves two transmembrane proteins, band 3 and glycophorin 

C, through the interaction of their cytoplasmic domains with ankyrin and with protein 4.1, 

respectively [6-9, 11, 13, 15, 18, 22, 23]. 

The band-3 complex is centered by a band-3 tetramer, although band 3 can also exist as a 

dimmer. Each band-3 monomer consists of a large transmembrane segment, with a 

cytoplasmic domain that anchors ankyrin [7, 8, 11, 13, 18, 23]. Ankyrin also binds to the C-

terminal region of the β-spectrin chain and to protein 4.2 [24]; this protein 4.2 also binds 

to band 3 [25]  and it is believed that this linkage is essential for the stability of this 
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protein complex [26]. Glycophorin A (as a 

Associated with the band 3 co

Rh polypeptides, Rh-associated glycoprotein (RhAG), CD47, glycophorin B and the 

Landsteiner-Wiener glycoprotein.

polypeptides to establish contact with ankyrin. Therefore, Rh complex and the band

complex are thought to form a macrocomplex

In the actin-based junctional complex, protein 4.1 interacts with one end of several 

spectrin tetramers in the β

filaments and an array of actin

adducin, and tropomodulin. Outside the junctional complex, protein 4.1R interacts with 

transmembrane glycophor

A schematic representation of 

topographical localization of proteins 

 

Figure 2 – Schematic representation of the human erythrocyte membrane showing the 

topographical localization of proteins 

an asymmetrical lipid bilayer anchored to an elastic network of cytoskeletal proteins through 

transmembrane proteins. Of particular relevance to the present work is the vertical interaction 

involving the cytoplasmic domain 

glycophorin A; RhAG – Rhesus-associated glycoprotein; GPC 
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. Glycophorin A (as a dimmer) belongs to this complex, as well. 

Associated with the band 3 complex, exists the “Rh complex” which includes 5 proteins: 

associated glycoprotein (RhAG), CD47, glycophorin B and the 

Wiener glycoprotein. CD47 interacts with protein 4.2 and the Rh 

polypeptides to establish contact with ankyrin. Therefore, Rh complex and the band

complex are thought to form a macrocomplex [9, 13, 23].  

based junctional complex, protein 4.1 interacts with one end of several 

n the β-spectrin N-terminal, in a region containing actin short 

filaments and an array of actin-binding proteins, namely, dematin, tropomyosin, β

adducin, and tropomodulin. Outside the junctional complex, protein 4.1R interacts with 

transmembrane glycophorin C and p55 [7-9, 11, 13, 18, 23].  

A schematic representation of the human erythrocyte membrane showing the 

topographical localization of proteins and their interactions can be observed in Figure 2

Schematic representation of the human erythrocyte membrane showing the 

topographical localization of proteins and their interactions. The RBC membrane is comprised of 

an asymmetrical lipid bilayer anchored to an elastic network of cytoskeletal proteins through 

transmembrane proteins. Of particular relevance to the present work is the vertical interaction 

cytoplasmic domain of band 3 and ankyrin, protein 4.2 and spectrin.

associated glycoprotein; GPC – glycophorin C. Adapted from An and Mohandas (2008)
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dimmer) belongs to this complex, as well. 

which includes 5 proteins: 

associated glycoprotein (RhAG), CD47, glycophorin B and the 

CD47 interacts with protein 4.2 and the Rh 

polypeptides to establish contact with ankyrin. Therefore, Rh complex and the band-3 

based junctional complex, protein 4.1 interacts with one end of several 

terminal, in a region containing actin short 

binding proteins, namely, dematin, tropomyosin, β-

adducin, and tropomodulin. Outside the junctional complex, protein 4.1R interacts with 

the human erythrocyte membrane showing the 

their interactions can be observed in Figure 2. 

 

Schematic representation of the human erythrocyte membrane showing the 

The RBC membrane is comprised of 

an asymmetrical lipid bilayer anchored to an elastic network of cytoskeletal proteins through 

transmembrane proteins. Of particular relevance to the present work is the vertical interaction 

of band 3 and ankyrin, protein 4.2 and spectrin. GPA – 

An and Mohandas (2008) [13]. 
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EEttiioollooggyy  aanndd  PPaatthhoopp

 

Mutations in genes encoding for several

their partial or inaccurate assembly to the membrane, caus

stability that, in turn, leads to 

decreased RBC lifespan and the 

involved in the vertical protein–

the spectrin–ankyrin–band 3 linkage or the band 3

disruption of the horizontal interact

spectrin and protein 4.1, cause Hereditary Elliptocytosis 

In HS the vertical linkage between the membrane

leading to microvesiculation, loss of membrane surface area, decreased surface 

area/volume ratio, and spherocytosis. 

surface area: 1) deficiencies in spectrin, ankyrin, or protein 4.2 reduce the density of the 

membrane cytoskeleton, causing 

membrane vesicles containing lipids and 

development of band 3 deficient

and, therefore, the release of 

pathways, ultimately, result in the loss of membrane material

membrane surface area, reduction in the ratio of surface area to

the formation of spherocytes that present a 

ability of these cells to pass through the sinusoids of the spleen and predisposing them to 

splenic entrapment and removal 

 

Figure 3 – Schematic representation of the pathophysiology of HS.

[9]. 
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pphhyyssiioollooggyy  

genes encoding for several membrane and skeletal proteins, may

their partial or inaccurate assembly to the membrane, causing decreased membrane 

stability that, in turn, leads to loss of membrane surface area through vesiculation, 

span and the development of anemia. In fact, deficiencies in proteins 

–protein interactions of the membrane underlie HS

band 3 linkage or the band 3–protein 4.2 interaction

disruption of the horizontal interactions of membrane skeleton proteins, involving 

cause Hereditary Elliptocytosis [7, 11, 13-15, 18]. 

vertical linkage between the membrane skeleton and lipid bilayer

leading to microvesiculation, loss of membrane surface area, decreased surface 

volume ratio, and spherocytosis. Two distinct pathways lead to reduced membrane 

in spectrin, ankyrin, or protein 4.2 reduce the density of the 

causing a weaker linkage to the lipid bilayer, favoring

membrane vesicles containing lipids and band 3; 2) deficiencies in band 3 

band 3 deficient areas with loss of the lipid-stabilizing effect of band 3

 band 3-free microvesicles, from the membrane.

result in the loss of membrane material, with reduction in 

, reduction in the ratio of surface area to cell volume and

that present a reduced deformability, compromising the 

to pass through the sinusoids of the spleen and predisposing them to 

 (Figure 3) [9, 11, 15].  

Schematic representation of the pathophysiology of HS. Adapted from Perrotta 
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may result in 

decreased membrane 

through vesiculation, 

In fact, deficiencies in proteins  

underlie HS, i.e., 

protein 4.2 interaction, whereas 

ions of membrane skeleton proteins, involving 

lipid bilayer is disturbed, 

leading to microvesiculation, loss of membrane surface area, decreased surface 

Two distinct pathways lead to reduced membrane 

in spectrin, ankyrin, or protein 4.2 reduce the density of the 

, favoring the loss of 

band 3 favor the 

stabilizing effect of band 3, 

from the membrane. Both 

with reduction in 

volume and, thus, to 

, compromising the 

to pass through the sinusoids of the spleen and predisposing them to 

Perrotta et al. (2008) 
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Indeed, once trapped in the spleen, the abnormal erythrocytes undergo splenic 

“conditioning”, shown by further loss of surface area and an increase in cell density 

(spherocyte formation). Low pH, low concentrations of glucose and ATP, contact of 

erythrocytes with macrophages and high local concentrations of oxidants contribute to 

splenic “conditioning”. Some conditioned RBCs re-enter the systemic circulation, 

gradually shifting from osmotically normal to osmotically fragile cells during their 

circulation. The “conditioning” effect of the spleen is a cumulative injury, resulting from 

several passages through the organ. Splenic destruction of abnormal erythrocytes with 

decreased deformability is the primary cause of hemolysis experienced by patients with 

HS, as most severely damaged spherocytes are removed from the circulation by 

macrophages [9-11, 14-16]. Therefore, the pathogenesis of HS involves the interplay 

between an intrinsic erythrocyte membrane protein deficiency and an intact spleen that 

selectively retains, damages and, eventually, destroys abnormal HS erythrocytes (Figure 

3). 

The membrane defect in HS leads to a variety of secondary metabolic changes. These 

include increased sodium and potassium flux across the HS membrane, which results in 

increased membrane Na+-K+ ATPase activation,  accelerated ATP breakdown, increased 

glycolytic rate, decreased 2,3-diphosphoglycerate (2,3-DPG) concentration, and lower 

intracellular pH. HS erythrocytes are slightly dehydrated, although the reason for 

decreased RBC water content is not known [10, 11, 14]. These metabolic “stressed” HS 

erythrocytes are less able to tolerate changes in their osmotic environment before they 

swell and lyse. 

 

 

DDiiaaggnnoossiiss  

  

HS is often diagnosed in childhood and young adulthood but it may be diagnosed at any 

age, even in the seventh to ninth decades of life. There is often a family history of HS or a 

family history of anemia, splenectomy, or cholecystectomy [6, 9-11].  

The signs and symptoms of HS are nonspecific, as they are usually observed in other 

chronic hemolytic diseases, and include mild pallor, jaundice, and splenomegaly [6, 8-11, 

14-16, 22].  

The diagnosis of HS is often more difficult in the neonatal period than later in life, since 

splenomegaly is unusual and reticulocytosis is variable and usually not severe. Many HS 

infants have few circulating spherocytes in their peripheral blood smears, whereas 

spherocytes are commonly seen in neonatal blood films in the absence of disease. Because 
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neonatal RBCs are more osmotically resistant than adult cells, the OF test is unreliable. 

For these reasons, unless the need for diagnosis is urgent, the screening tests should be 

postponed until the child is, at least, 6 months of age or older [6, 9, 11].  

Asymptomatic HS may also be uncovered (usually in childhood) after an aplastic crisis, 

particularly when associated with parvovirus B19 or influenza infections. Very mild HS 

may be firstly detected during investigation of asymptomatic relatives of a known case or 

during pregnancy [6].  

  

SSccrreeeenniinngg  TTeessttss  

HS is usually diagnosed based on a combination of clinical and family histories, physical 

examination (for splenomegaly and jaundice), and laboratory data. Fresh and incubated 

erythrocyte OF tests should be performed along with the other analytical studies for the 

diagnosis of HS, which include a complete blood count with peripheral smear, reticulocyte 

count, direct antiglobulin test and serum bilirubin [6, 8, 9, 11, 14-16, 22].  

Erythrocyte morphology is quite variable in HS. In patients with typical disease, 

spherocytes are obvious on blood smear. These cells are dense, spheroid, “hyperchromic” 

and have a reduced mean cell volume (Figure 1). Less frequently, patients present with 

only a few spherocytes on peripheral blood smear or with many small, dense spherocytes, 

and abnormal erythrocyte morphology with anisocytosis and poikilocytosis. Spherocytes 

are observed in other HAs, thus, their identification per se does not establish a diagnosis 

of HS [6, 8-11, 14-16, 22]. 

Neither the mean cell volume (MCV) nor the percentage of microcytic RBCs has any 

diagnostic value. The mean cell hemoglobin concentration (MCHC) is increased, as a 

result of mild cellular dehydration, membrane vesiculation and increased number of 

circulating spherocytes. The increase in RBC distribution width (RDW) is most likely due 

to the increase in the number of circulating reticulocytes and spherocytes, since the RDW 

is a measure of anisocytosis [6, 8-11, 14-16, 22]. It has been reported that the combined 

analysis of MCHC and RDW can lead to a specificity of nearly 100% in HS diagnosis [27]. 

Some automated hematology analyzers measure cell Hb concentration of individual RBCs 

and increased numbers of dense dehydrated cells might identify patients with HS [28, 29]. 

The percentage of “hyperchromic” erythrocytes [30] has been used as a screening test and, 

when combined with a high MCHC [31], may identify nearly all cases of HS. 

Other laboratory studies in HS are for the markers of persisting hemolysis. Reticulocytosis 

and hyperbilirubinemia are the classical features, but high levels of lactate dehydrogenase, 



Biological aspects underlying the clinic

 

urinary and fecal excretion of

an increased erythrocyte production 

In spherocytes, the surface area relative to cell volume is reduced, resulting in the 

increased OF noted in these cells. 

hemolysis when erythrocytes are 

Spherocytes with reduced surface area reach their critical hemolytic volume at higher 

saline concentrations than do healthy erythrocytes and as such are osmotically more 

fragile [6, 8-11, 14-16, 22]

detect circulating “microspherocytes”. Their presence

population of smaller abnormal cells undergo

not affect typical spherocytes and 

 

Figure 4 – Representative o

area is the normal range.  Tail represents very fragile erythrocytes that have been conditioned by 

the spleen and returned to circulation, which are common in HS before splenectomy

Perrotta et al. (2008) [9]. 

 

About 25% of individuals with HS 

erythrocytes [6, 9]. The more sensitive test to detect spherocytes is 

incubation, performed after incubation of RBCs for 24 hours at 37°C

advantage of the observation that all erythrocytes lo

incubation conditions; this

The finding of an increased OF

HA with spherocytosis, namely, autoimmune 

direct Coombs’ test and 

Biological aspects underlying the clinical outcome of Hereditary Spherocytosis 

excretion of urobilinogens and reduced haptoglobin 

an increased erythrocyte production and destruction [6, 9-11, 14, 16].

surface area relative to cell volume is reduced, resulting in the 

noted in these cells. The OF of the RBCs is evaluated by

when erythrocytes are suspended in increasingly hypotonic 

Spherocytes with reduced surface area reach their critical hemolytic volume at higher 

saline concentrations than do healthy erythrocytes and as such are osmotically more 

16, 22]. The fresh OF test, performed with heparinized blood, may also   

detect circulating “microspherocytes”. Their presence appears as a “tail”

abnormal cells undergoes hemolysis at salt concentrations that do 

typical spherocytes and normal RBCs (Figure 4) [9, 11, 15].

 

Representative osmotic fragility curves of both typical and 

area is the normal range.  Tail represents very fragile erythrocytes that have been conditioned by 

the spleen and returned to circulation, which are common in HS before splenectomy

About 25% of individuals with HS present a normal OF for 

The more sensitive test to detect spherocytes is 

incubation, performed after incubation of RBCs for 24 hours at 37°C

advantage of the observation that all erythrocytes loose membrane 

this process is markedly accelerated in HS RBCs.

increased OF test is not specific to HS since it is also 

with spherocytosis, namely, autoimmune HS. The latter can be excluded by a negative 

direct Coombs’ test and by the absence of a family history of HS [6, 8, 9, 11]

 

   13 | 
 

urobilinogens and reduced haptoglobin levels also indicate 

. 

surface area relative to cell volume is reduced, resulting in the 

of the RBCs is evaluated by the extent of 

suspended in increasingly hypotonic saline solutions. 

Spherocytes with reduced surface area reach their critical hemolytic volume at higher 

saline concentrations than do healthy erythrocytes and as such are osmotically more 

, performed with heparinized blood, may also   

appears as a “tail”, as this 

hemolysis at salt concentrations that do 

. 

 

of both typical and severe HS. The shaded 

area is the normal range.  Tail represents very fragile erythrocytes that have been conditioned by 

the spleen and returned to circulation, which are common in HS before splenectomy. Adapted from 

 their freshly drawn 

The more sensitive test to detect spherocytes is the OF test with 

incubation, performed after incubation of RBCs for 24 hours at 37°C. This procedure takes 

se membrane vesicles under these 

HS RBCs.  

is also observed in other 

The latter can be excluded by a negative 

[6, 8, 9, 11].  



Biological aspects underlying the clinical outcome of Hereditary Spherocytosis 

 

   14 | 
 

The OF test has poor sensitivity, as about 10 to 20% of the mild HS cases present normal 

OF values and, thus, are missed [32]. The OF test is also unreliable in patients with small 

numbers of spherocytes (including those who have recently received a blood transfusion), 

in the presence of iron deficiency, obstructive jaundice and during the recovery phase of 

an aplastic crisis when the reticulocyte count is increased [33]. Thus, since a normal OF 

test does not exclude the diagnosis of HS, several other screening tests have been 

developed. The acid glycerol lysis test has a higher detection rate in asymptomatic 

relatives of known affected individuals than has the OF test [34, 35]. Osmotic gradient 

ektacytometry [36], flow cytometry using eosin-5-maleimide binding tests [37-39] and 

hypertonic cryohemolysis [40-43] have a higher predictive value in diagnosing HS, as 

there are no reports of positive results in immune or non-membrane-associated disorders. 

The latter test, which employs glycerol to retard the osmotic swelling of RBCs is easy to 

perform and can be adapted to microsamples. However, these tests continue to be 

nonspecific, detecting other erythrocyte abnormalities, especially those associated with 

abnormal band 3, including congenital dyserythropoietic anemia, and abnormalities of 

erythrocyte hydration and viscosity, including sickle cell disease and cryohydrocytosis [6, 

9, 11]. Recently, Won and Suh (2009) [44] reported a flow cytometric detection test of OF, 

though further studies are necessary for its validation and applicability to HS diagnosis.  

 

CCoonnffiirrmmaattoorryy  TTeessttss  

Because the vast majority of HS individuals have mild or moderate disease and share 

common clinical/laboratory features, additional specialized tests, such as membrane 

protein quantification and genetic analyses, are rarely needed to confirm the diagnosis. 

The analysis of erythrocyte membrane proteins, by electrophoresis on polyacrylamide gel 

in the presence of sodium dodecylsulphate (SDS-PAGE) is the first approach to identify 

the membrane protein deficiency and, therefore, the identification of the underlying 

genetic defect. This type of analysis allows the identification and quantification of the 

major erythrocyte membrane proteins, in search for abnormalities [6, 8-11, 14-16, 22]. 

Very few studies have used this biochemical approach to HS in a large number of patients 

[22, 45-47].   

Mutation screening by polymerase chain reaction (PCR)-based techniques or by direct 

DNA sequencing analyses have been applied to the detection of HS associated mutations 

[6-11, 13, 15, 22]. Because most of the proteins that cause this disease are large and their 

genes contain many exons, this approach is very expensive and time consuming. From a 

clinical diagnosis perspective, a biochemical and molecular analysis might be useful only 

in selected patients. For instance, the characterization of the underlying mutation might 
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be useful in families with unclear heritage (about 25% of the HS cases) [6, 8-11]. Such 

patients could have a genuine recessive pattern of inheritance or an apparently recessive 

one, due to a de novo mutational event causing HS. 

The erythrocyte membrane protein and genetic studies of the HS patients might be 

important to confirm diagnosis and to further characterize the specific membrane protein 

deficiencies that underlie HS in a given population. Moreover, detailed molecular studies 

can be highly informative for the understanding of both the pathogenesis of HS and 

normal membrane structure and function. However, these methods are only available in 

selected research laboratories. 

 

MMoolleeccuullaarr  DDeeffeeccttss  aanndd  AAssssoocciiaatteedd  MMeemmbbrraannee  PPrrootteeiinn  DDeeffiicciieenncciieess  

HS is due to mutations in either one of the genes that encode the 4 erythrocyte membrane 

proteins – spectrin (α- and β- chains), ankyrin, band 3 and protein 4.2 – involved in the 

vertical interaction between membrane and cytoskeleton, i.e. molecular defects in 5 genes 

– SPTA1, SPTB, ANK1, SLC4A1 and EPB42, respectively [6-9, 11, 13, 15, 19-22].  These 

defects result in quantity and/or quality deficient membrane proteins and, consequently, 

in instability of the RBC membrane structure.  

In the majority of affected families (75%), HS is transmitted in an autosomal dominant 

manner. The other 25% of HS patients demonstrate a non-dominant inheritance, and the 

parents of these patients are clinically and hematologically normal. In many of these 

patients, HS is due to a de novo mutation, mostly found in recessive HS associated with 

the ankyrin (ANK1) and β-spectrin (SPTB) genes; the transmission of these mutations to 

the following generations occurs in a dominant fashion. In a few others, it is inherited in 

an autosomal recessive fashion, typically linked to abnormalities in the α-spectrin or 

protein 4.2 genes. As referred previously, most of the reported protein gene mutations in 

HS are ‘private’ or sporadic occurrences, i.e. they are specific to one family or found in a 

few families from different countries. In fact, each kindred of HS has basically a unique 

mutation, which can span over the full gene thus, it appears that no selective advantage to 

mutations exists in HS [6-9, 11, 13, 15, 19-22].  

Development of biochemical techniques has allowed the separation and quantification of 

RBC membrane proteins and the detection of membrane protein abnormalities in many 

hereditary RBC disorders, namely in HS. The major erythrocyte membrane protein 

constituents according to their SDS-PAGE profile are presented in Figure 5 and Table 3; 

the genes encoding for the major erythrocyte membrane proteins and their respective 

chromosomal locations are well-known (Table 3).  
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tropomyosin) [9, 15, 18]. It is important to use both types of techniques, as the analysis of 
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protein components; indeed, Fairbanks

polyacrylamide gel) yields a better resolution for the separation of the high molecular 

weight proteins of the membrane and the Laemmli method (linear gradient

polyacrylamide gel) presents a better resolution for the smaller molecular weight protein, 

as can be observed in Figure 5.  
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Following the development of methods to prepare RBC membranes by hypotonic lysis 

and Fairbanks 

were crucial for the improvement in erythrocyte membrane knowledge. 

 

profile of the erythrocyte membrane according to Laemmli [49] and 

linear (left) and 

and revealed by Coomassie blue staining. P represents HS 

Numerous membrane proteins were separated and identified  and the names of these 

membrane proteins were given in an order based on their molecular sizes (Table 3), i.e.: 

(ankyrin), band 3 (anion exchanger 1-

AE1), band 4.1 (protein 4.1), band 4.2 (protein 4.2), band 5 (actin + tropomodulin), band 6 

G3PD) and band 7 (stomatin + 

. It is important to use both types of techniques, as the analysis of 

both allow a proper identification and quantification of the major erythrocyte membrane 

method (exponential gradient 

polyacrylamide gel) yields a better resolution for the separation of the high molecular 

weight proteins of the membrane and the Laemmli method (linear gradient 

better resolution for the smaller molecular weight protein, 
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Table 3 – Major human erythrocyte membrane proteins and respective encoding genes. 

       

SDS-PAGE 

 gel band 
Protein 

Molecular  

Weight (kDa) 

(gel/calculated) 

Approximate 

 proportion 

(weight %) 

Gene 
Chromosome 

 location 
Exons 

       

1 α-spectrin 240/281 14 SPTA1 1q22-q23 52 

2 β-spectrin 220/246 13 SPTB 14q23-q24.1 32 

2.1 Ankyrin 210/206 6 ANK1 8p11.2 42 

2.9 β-adducin 97/80 <1 ADD2 2p13.3 16 

3 Band 3 (AE1) 90-100/102 29 SLC4A1 17q21 20 

4.1R Protein 4.1 80+78/66 5 EPB41 1p33-p34.2 >23 

4.2 Protein 4.2 72/77 5 EPB42 15q15-q21 13 

4.9 Dematin 

p55 

48+52/43 

46+55/53 
1 

EPN49 

MPP1 

8p21.1 

Xq28 

15 

12 

5 β-actin 

Tropomodulin 

43/42 

43/41 
6 

ACTB 

TMOD 

7pter-q22 

9q22 

6 

9 

6 G3PD 35/36 5 GAPD 12p13 9 

7 Stomatin 

Tropomyosin 

31/32 

27+29/28 
4 

STOM 

TPM3 

9q33.2 

1q31 

7 

13 

PAS*-1 Glycophorin A 36/14 1.6 GYPA 4q31.21 7 

PAS*-2 Glycophorin C 32/14 0.1 GYPC 2q14-q21 4 

PAS*-3 Glycophorin B 

Glycophorin D 

20/8 

23/11 

0.2 

0.02 

GYPB 

GYPD 

4q31.21 

2q14-q21 

5 

4 

SDS-PAGE – sodium dodecylsulphate polyacrylamide gel electrophoresis; AE1 – anion exchange protein; G3PD 

– glyceraldehyde-3-phosphate dehydrogenase;  PAS – periodic acid Schiff reagent; *glycophorins are only 

visible on PAS-stained gels. Glycophorins C and D arise from alternative translation initiation sites.  

Adapted from Perrotta et al. (2008) [9]. 

 

The first biochemical defect recognized in patients with HS was spectrin deficiency and 

the degree of spectrin deficiency was found to correlate with the extent of spherocytosis,  

with the degree of the erythrocytes’ OF test and with the severity of hemolysis [51-53]. 

The densitometric quantification of erythrocyte membrane proteins separated by SDS-

PAGE of patients with HS, allowed the detection of abnormalities of membrane proteins, 

and the mutations of these membrane protein related genes have been identified: 1) 

combined partial deficiencies in spectrin and ankyrin is due to ankyrin gene mutations, 2) 

partial deficiency of band 3 protein is due to band 3 gene mutations, 3) isolated partial 

spectrin deficiency is due to spectrin gene mutations and 4) partial or total deficiency of 

protein 4.2 is due to protein 4.2 gene mutations [9-11].  

In individuals of northern European ancestry, combined partial spectrin and ankyrin 

deficiency is most commonly observed (in approximately 55% of HS patients), followed by 

partial band 3 deficiency (approximately 27%), spectrin anomalies (about 15%) and 
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protein 4.2 deficiency (roughly 3%) [6-9, 11, 13, 15, 19-22]. However, this prevalence of 

membrane protein defects may depend on the studied populations, as Portuguese [46, 54] 

and Italian [45] populations show band 3 deficiency as the major cause of HS, and in 

Japanese individuals protein 4.2 molecular defect is the most common [10, 21, 47].   

Ankyrin provides the linkage between the membrane cytoskeleton and band 3; studies of 

membrane skeleton assembly indicate that ankyrin deficiency leads to decreased 

incorporation of spectrin on the membrane despite normal spectrin synthesis [24, 46, 54-

56]. In fact, a primary deficiency of one protein may be associated with the secondary 

deficiency of other. A decrease in protein 4.2 is recorded as another secondary effect of 

ankyrin deficiency [25, 26, 46, 54, 57].  

HS mutations in the ANK1 gene are the most frequently reported in HS; they display a 

dominant inheritance pattern and, may appear as de novo events. Most ankyrin defects 

are private point mutations in the coding region of the ankyrin gene, associated with 

reduced or absent expression of the mutant allele, i.e., deletion, frameshift or nonsense 

mutations [10, 58, 59]. The ankyrin gene mutations appear to confer more clinical severe 

effects than the band 3 gene mutations [7-10, 15]. The amount of ankyrin must be 

evaluated considering the reticulocyte count, because ankyrin content in these young cells 

is higher. A high reticulocyte count may, indeed, mask a reduction in ankyrin, being only 

observed the secondary protein deficiencies in spectrin and/or protein 4.2 [7, 9, 22, 46, 

60-62].  

Deficiency of band 3 is found in HS patients who present with a phenotype of mild to 

moderate HS, dominantly inherited, with mushroom-shaped or “pincered” RBCs on 

peripheral blood smears. The rare cases of homozygotes or compound heterozygotes for 

band 3 mutations usually exhibit more severe HS [7-10, 15]. Most, if not all, of these 

patients also show a secondary protein 4.2 deficiency, probably as a result of abnormal 

binding of protein 4.2 to the cytoplasmic domain of band 3 [25, 45, 63-65]. More than 50 

different band 3 mutations associated with HS have been reported. These mutations are 

spread throughout band 3 molecule, in both the cytoplasmic and transmembrane 

domains, and include missense (majority), frameshift and nonsense mutations, as well as, 

splicing duplications, in-frame deletion and nucleotide substitution [10, 66]. Alleles have 

been identified that influence band 3 expression and that, when inherited in trans to a 

band 3 mutation, aggravate band 3 deficiency and worsen the clinical severity of disease 

[67-69].  Sometimes band 3 mutations also cause stomatocytosis and cryohydrocytosis, 

distal renal tubular acidosis, southeast Asian ovalocytosis and acanthocytosis [7, 9, 13, 16].  

Spectrin is composed of two subunits, the α-chain and β-chain, which are structurally 

distinct and are encoded by separate genes (SPTA1 and SPTB, respectively). Synthesis of 
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α-spectrin is about three- to fourfold higher than that of β-spectrin. Therefore, β -spectrin 

is rate-limiting in the overall spectrin synthesis, and the excess of α-chains are degraded. 

Clinical abnormalities caused by α-spectrin deficiency are found only in the homozygous 

or compound heterozygous states (recessive HS associated to spectrin deficiency, which is 

rare), as heterozygotes produce sufficient normal α-spectrin to counterbalance β-spectrin 

production and maintain a normal phenotype.  Deficiency of the limiting β-spectrin 

chains, due to β-spectrin defects, is clinically evident in the heterozygous state and is 

associated with dominantly inherited HS. Occasionally, β-spectrin linked mutations arise 

de novo [7-10, 15]. Genomic deletions, exon skipping and frameshift mutations have been 

identified [10, 59].  

HS associated with isolated protein 4.2 deficiency is an autosomal recessive condition that 

is usually found in individuals of Japanese ancestry. In these cases, an almost total 

absence of protein 4.2 from the erythrocyte membranes of homozygous or compound 

heterozygotes patients is detected, while heterozygotes are asymptomatic, with nearly 

normal protein 4.2 content. Few mutations of the protein 4.2 gene have been described, 

mainly null or missense mutations [10, 66]. Clinical severity and RBC morphology are 

variable, with spherocytes, elliptocytes, or sphero-ovalocytes on peripheral smear; a 

moderate, uncompensated hemolysis with moderate reticulocytosis is observed [7-10, 15]. 

In Yawata (2003) [10] and Gallagher (1997, 1998 and 2005) [58, 59, 66] publications, a 

compilation of the mutations associated with HS according to each affected gene can be 

consulted. Also, a list of these mutations, searchable by gene or phenotype, is available at 

the Human Gene Mutation Database, Institute of Medical Genetics in Cardiff 

(http://www.hgmd.cf.ac.uk/). 

 

  

CClliinniiccaall  OOuuttccoommee  

 

HS ranges from asymptomatic to a life-threatening transfusion-dependent anemia.  

Anemia, jaundice, reticulocytosis, splenomegaly, spherocytes on peripheral blood smear, 

increased erythrocyte OF, gallstones and a family history of the disease are the most 

common features observed in typical HS cases. However, signs and symptoms are highly 

variable, both with respect to age of onset and severity [6, 8, 9, 11]. From a clinical 

perspective, it has been useful to classify HS according to the severity of disease. The 

assessment of severity should be made when the patient is in a steady state over a long 

period of time, rather than relying on the clinical and analytical data that drew the patient 

to seek medical attention, which could lead to a false assessment of the severity of HS.  
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HS is classified, according to its clinical severity, as mild, moderate or severe.  Hb and 

bilirubin concentrations, and reticulocyte count are used to define the severity of HS [6, 9, 

11]. HS outcome is also correlated with the spectrin content of the RBC membranes; the 

more severe clinical disease is associated with lower spectrin content. Moreover, spectrin 

content seems to indicate the need for splenectomy and the response to it [51-53]. It is 

important to notice that the determination of spectrin content is rarely used for HS 

clinical classification, as only few specialized laboratories perform this analysis.  

Data presented in Table 4 are the used guidelines for the classification of HS clinical 

outcome [6, 9, 11]. 

 

Table 4 – Clinical classification of HS. 

    

HS Classification Mild Moderate Severe 

    

Hemoglobin (g/dL) 11–15  8–12 6–8 

Reticulocyte Count (%) 3–6 >6 >10 

Bilirubin (µmol/L) 17–34 >34 >51 

Spectrin per Erythrocyte  

(% of normal) 
80–100 50–80 40–60 

Osmotic Fragility 

fresh blood 
Normal or slightly increased Distinctly increased Distinctly increased 

Osmotic Fragility 

incubated blood 
Distinctly increased Distinctly increased Distinctly increased 

Adapted from Bolton-Maggs et al. (2004) [6]. 

 

Mild HS occurs in 20 to 30% of cases of HS [8, 9, 11]. Anemia is absent, as the bone 

marrow is able to fully compensate for the persistent hemolysis; there is mild 

splenomegaly, slight reticulocytosis and minimum spherocytosis; the  OF is usually 

increased only after the blood is pre-incubated at 37°C for 24 h. Because patients in this 

group are usually asymptomatic, they are not diagnosed until later in life. Sometimes, they 

are identified as a result of hemolytic or aplastic episodes triggered by infection (for 

example, parvovirus B19 or influenza). Occasionally, the disease is identified through 

family surveys performed to document the hereditary nature of hemolytic disease in a 

relative. 

Moderate HS accounts for 60 to 75% of all HS cases [8, 9, 11]. This form typically presents 

in childhood and is associated with mild to moderate anemia, jaundice and a positive 

family history. Splenomegaly develops in most patients, with the spleen occasionally 

reaching large dimensions. The reticulocyte count and serum bilirubin levels are elevated 

and patients may require occasional transfusion during intercurrent illness. 

A small group of patients, about 5-10%, have severe HS, which is characterized by severe 

HS, the need for regular transfusions, particularly during infancy and early childhood, 
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and, usually, an incomplete response to splenectomy [8, 9, 11]. Additionally, 

reticulocytosis is higher than in less severe forms (often >10%) and bilirubinemia is more 

pronounced (often >51µmol/L). These often have non-dominant pattern of inheritance. 

Patients might develop iron overload clinical complications, needing continuous chelation 

treatment. Without regular transfusions or splenectomy, or both, these patients might 

have growth retardation, delayed sexual maturation, or extramedullary erythropoiesis 

with hepatosplenomegaly and skeletal changes (for example, thalassaemic faces). 

In most cases, individuals with asymptomatic trait (carriers) of HS show no signs or 

minimal signs of HS. They are clinically healthy and do not have anemia, splenomegaly, 

hyperbilirubinaemia or spherocytes on peripheral blood smears, presenting subtle 

laboratory signs of disease, including slightly increased reticulocyte count (1.5–3.0%), 

minimally abnormal incubated OF and slightly reduced haptoglobin values [8-11]. About 

1% of the population is estimated to be silent carriers [9, 10].  

 

 

AAssssoocciiaatteedd  CCoommpplliiccaattiioonnss  

 

In the neonatal period, jaundice is likely to be the most prominent feature of HS. Thirty to 

fifty percent of adult HS patients report a history of neonatal jaundice, but the presence of 

neonatal symptoms is not strictly predictive of the adult form [9]. The magnitude of 

hyperbilirubinemia may be severe, requiring phototherapy or exchange transfusion. Co-

inheritance of Gilbert’s syndrome (GS), detected by homozygosity for a TATA box 

polymorphism in the promotor of the uridine-diphosphate glucuronosyltransferase 1A1 

(UGT1A1) gene, increases the frequency and severity of hyperbilirubinaemia in neonates 

with HS [70].  

Spherocytes on the peripheral blood smear and reticulocytosis are frequently minimal or 

absent. In most newborns, Hb concentration is within the normal range at birth and then 

decreases sharply during the first three weeks of life, leading to a temporary severe 

anemia. Maturation of splenic filtering appears to increase the rate of hemolysis after 

birth; at the same time, the erythropoietic response to anemia is blunted and often 

erythropoiesis is described as “sluggish” during the first months of life [6, 8, 9, 11, 22]. 

Furthermore, up to three-quarters of these anemic infants need blood transfusions [71]. 

After this period less than 20% of affected subjects require regular transfusion support 

[15]. Administration of recombinant human erythropoietin to infants with HS was shown 

to be beneficial in reducing of the need for blood transfusions [71-73].  
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Unsplenectomized pregnant women with HS do not have clinically significant 

complications except for anemia, which is aggravated by the plasma volume expansion 

that usually occurs in pregnancy and sometimes by increased hemolysis or megaloblastic 

episodes [9, 11]. 

Affected individuals of the same family have, usually, a similar degree of hemolysis; 

however, it is possible that two offspring or a parent and a child to have very 

heterogeneous clinical features, due to additive effects of low-expression alleles occurring 

in trans to the HS allele [67-69, 74-77] or to co-inheritance of other hematological 

disorders. 

Another cause for intrafamilial heterogeneity is the TATA box polymorphism in the 

promoter region of UGT1A1 gene. The product of this gene is involved in bilirubin 

metabolism and its reduced or abnormal expression causes GS, which is believed to affect 

approximately 3-10% of the general population [78, 79].  GS individuals are homozygous 

for a TA duplication in the (TA)nAA motif of the promoter region of UGT1A1 gene [c.-41_-

40dupTA] [78-81] . It has been demonstrated that the presence of this polymorphic 

sequence reduces hepatic UGT1A1 activity to  about 30% of normal [80-82]. The co-

inheritance of this type of polymorphism with HS could account for increased jaundice 

during the neonatal period (as discussed above), and high bilirubin levels during 

adulthood, as well as, increased incidence of gallstones in these patients [60, 83]. 

Furthermore, HS clinical outcome might be modified by iron, vitamin B12 or folic acid 

deficiencies [84], obstructive jaundice [85], β-thalassaemia [86], hemochromatosis [87], 

sickle  cell anemia [88] and pyruvate kinase [89] or glucose-6-phosphate dehydrogenase 

(G6PD) [90] deficiencies. 

The two major complications in HS are episodes of worsening of the anemia and the 

development of gallbladder disease. Cholelithiasis is common in HS, just as in other 

chronic hemolytic disorders, and its prevalence increases with age and with the intensity 

of the hemolytic process [83, 91].  Bilirubinate gallstones may be found in infants and 

young children, but the incidence of gallstones increases markedly with age, being  present 

in 40 to 80% of adults [11]. In patients with mild HS, cholelithiasis may be the initial 

presentation of the disease.  

Because of the high incidence of gallstones, HS patients should be periodically examined 

by ultrasound for their presence, beginning early in childhood. The diagnosis and 

treatment will help to prevent complications of biliary tractdisease, including biliary 

obstruction with pancreatitis, cholecystitis and cholangitis [6]. Once the spleen is 

removed, individuals with HS do not develop bilirubin pigment stones; when splenectomy 
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is scheduled, the concomitant surgical operation of cholecystectomy is often 

recommended [6, 8-11, 15]. 

Hemolytic crisis in asymptomatic patients or worsening of hemolysis, occurs fairly often in 

association with fatigue, flu-like infection, pregnancy, parturition and following the 

administration of some drugs [10]. They are characterized by a transient increase in 

jaundice, splenomegaly, anemia, and reticulocytosis. For most patients, only supportive 

care is needed; RBC transfusions are only needed if the Hb concentrations are severely 

reduced [8, 9, 15]. 

Aplastic crises following virus-induced bone marrow suppression are less common than 

hemolytic crises, but they can lead to severe anemia, requiring treatment at the hospital 

and transfusion; congestive heart failure or even death are other serious complications [6, 

8-11]. With rare exceptions, severe aplastic crises arise only once in life, and the most 

common causative agent is parvovirus B19 [92-94], by selectively infecting erythropoietic 

progenitor cells and inhibiting their proliferation and differentiation. The parvovirus 

infection clinical features are fever, chills, lethargy, nausea, vomiting, abdominal pain with 

occasional diarrhea, respiratory symptoms, muscle and joint pains and a maculopapular 

rash on the face, trunk and extremities [9]. The characteristic laboratory finding is a low 

number of reticulocytes, despite the severe anemia. Aplastic crises usually last for 10–14 

days and, as it is an endemic infection, multiple family members of the HS kindred can be 

infected and develop it at the same time. Infection with parvovirus is a particular danger 

to susceptible pregnant women, because it can infect the fetus, leading to fetal anemia, 

hydrops fetalis, and fetal demise [6, 8-11, 15]. 

Megaloblastic crises, caused by folate deficiency are very rare in developed countries 

where nutrition and prenatal care are good, but they can occur in patients with HS with 

concomitant increased folic acid demands to support erythropoiesis, namely, in pregnant 

women, growing children, elderly or patients recovering from an aplastic crisis [95-98]. 

Folic acid is required to sustain erythropoiesis; the content of a normal diet in folate may 

be inadequate for children and adults with chronic HA. For this reason, to HS patients is 

recommended to take supplementary folic acid, to prevent or to treat megaloblastic crises. 

Folate replacement is only required as a routine for children with severe hemolysis and in 

pregnancy, whatever the severity of the HS. Before starting a lifelong medication, the 

socio-economic environment and the diet of the patient should be considered, as folate 

deficiency is more likely to occur in association with poverty [6, 11]. 

Extramedullar erythropoiesis might be associated with hematopoietic tumors in HS 

patients [99-101]; these tumors often arise in unsplenectomized patients with mild disease 
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and are the first manifestation of HS. These masses stop growing and undergo fatty 

metamorphosis after splenectomy, but they do not shrink in size. 

Hematological malignant diseases, namely, multiple myeloma [102], leukemia [103] and 

myeloproliferative disorders [101, 104], have been reported in patients with HS, leading to 

the postulation that prolonged hematopoietic stress is a predisposing factor [99]. 

However, cause and effect have not been proven. 

Growth failure may occur in severe HS cases, as well as, leg ulcers or skeletal 

abnormalities resulting from bone marrow expansion [15, 105]. 

 

 

SSpplleenneeccttoommyy  aanndd  CClliinniiccaall  MMaannaaggeemmeenntt  

 

Splenic sequestration is the main determinant of erythrocyte survival in patients with HS. 

Splenectomy is very effective in reducing hemolysis, leading to a significant increase in the 

erythrocyte lifespan, although not to normal [106]. The clinical manifestations and 

complications (anemia and gallstones) are greatly reduced in severe HS and abolished in 

milder cases, but at the price of an increased risk of life-threatening sepsis from bacteria, 

particularly Streptococcus pneumoniae. After splenectomy, spherocytes and the altered 

OF persist, but the tail of the fresh OF curve, created by splenic “conditioning”, disappears 

[6, 9-11, 14-16]. 

Early complications of splenectomy include local infection, bleeding, and pancreatitis 

[107]. A post-splenectomy mortality rate of 0.05–0.30 per 100 person/year of follow-up 

has been reported [108]. Immunization against pneumococcus, Haemophilus influenzae 

type b and meningococcus, as well as, the use of prophylactic penicillin after splenectomy 

or the promotion of early antibiotic treatment for febrile illnesses after splenectomy, or 

even both, have reduced but not eliminated post-splenectomy sepsis. However, the use 

and duration of antibiotic prophylaxis is controversial, especially since the worldwide 

emergence of penicillin-resistant pneumococci [109].  

Because the risk of post-splenectomy sepsis is very high in infancy and early childhood, 

splenectomy should be delayed until 6–9 years of age if possible, and should not be done 

before 3 years of age, even if chronic transfusion is needed in between [6, 9-11, 14-16].  

Risks and benefits should be assessed carefully before performing a splenectomy. A 

multitude of factors affect that decision, including the risk of post-splenectomy infection 

and the increased risk, later in life, of ischaemic heart disease, cerebral stroke, pulmonary 

hypertension and thrombosis [107, 108, 110-112]. After consideration of the risks and 
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benefits, a reasonable approach would be to perform splenectomy in children with severe 

HS, to consider surgery in those who have moderate disease, and should not be performed 

in those with mild disease; splenectomy should be considered in all HS individuals who 

have symptomatic HA and/or the associated complications – gallstones, growth 

retardation, skeletal changes, leg ulcers or extramedullary hematopoietic tumors [6, 9-11, 

14-16].  

Laparoscopic splenectomy is the surgical method of choice because it results in less 

postoperative discomfort, a quicker recovery time, shorter hospital stay, decreased costs 

and smaller scars than does open splenectomy [113, 114]. Partial or near-total splenectomy 

has been advocated for infants and young children with substantial anemia associated 

with HS, as it would allow the reduction of hemolysis and anemia, while maintaining 

residual splenic immune function; however, splenic re-growth needing new intervention 

has been a concern [115, 116]. The procedure seems to reduce the severity of the disease by 

about one grade and, thus, can be recommended for children with severe HS between 3 

and 5 years of age. A second total splenectomy might be done after 5–6 years of age if the 

results are not completely satisfactory [116].  

Reliene et al. (2002) reported some evidence that the nature of the erythrocyte membrane 

deficiency (whether spectrin/ankyrin or band 3) can influence the response to 

splenectomy [117].  

A close observation of infants with HS is necessary; Hb concentration and reticulocyte 

count should be monitored at least once a month during the first 6 months of age to detect 

and treat late anemia. The finer period of observation in children with mild and moderate 

disease can be increased to 6–8 weeks, after 6 months of life, and to 3–4 months in the 

second year of life. In childhood, each patient should have Hb and bilirubin 

concentrations and reticulocyte count checked every 6–12 months up to the age of 5 years, 

and roughly every year, thereafter. After the neonatal stage, the criteria for RBC 

transfusion is a Hb concentration of less than 5.0–6.0 g/dL in the absence of other 

concomitant factors, namely, fever and viral illness.  In adults, the value of an annual visit 

in those with mild disease is debatable. There is some benefit in a regular annual review 

for those with moderate disease (and to monitor by ultrasound examination for the 

development of gallstones) or for those who have had splenectomy, at least, to discuss 

current views about post-splenectomy management (revaccination, antibiotic prophylaxis) 

[6, 9].  
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TTHHEE  EERRYYTTHHRROOCCYYTTEE  

 

 

Normal erythrocytes have a lifespan of approximately 120 days. The RBC’s longevity and 

ability to carry out its proper function is critically dependent on membrane structure and 

metabolism. In the human adult, erythrocyte concentration is maintained by the balance 

of two processes: the destruction of old RBCs, mainly in the spleen, and the production of 

new RBCs within the bone marrow by the process of erythropoiesis [118-120]. 

Erythrocytes are simple cells that perform an essential function: the exchange of 

respiratory gases. They lack nucleus, ribosomes and other cellular organelles and have 

poor protein synthesis or repair capability. They carry oxygen, but cannot use it in the 

process of energy generation like other cells of the body. They must maintain a high 

internal concentration of potassium and a low internal concentration of sodium, against 

the concentration gradient for both ions, which requires energy. Furthermore, they must 

be flexible to squeeze through small capillaries, and must withstand the shear stresses of 

blood flow at high arterial pressures [119, 120]. 

 

 

  EErryytthhrrooppooiieessiiss  

 

Hematopoiesis is the process from which all the cellular constituents of the blood are 

prodoced; erythropoiesis specifically refers to the formation of erythrocytes. These 

processes take place in the bone marrow, where the hematopoietic stem cells, with the 

proper stimuli of specific growth factors and in the presence of adequate nutrients,  

undergoe differentiation, proliferation and maturation of the different cell lines 

(erythrocytes, leukocytes and thrombocytes) [118, 121]. In Figures 6 and 7, schematic 

representations of hemato- and erythropoiesis are presented.  

For the average adult, the bone marrow produces aproximatly 1011 cells per day. All blood 

cells derive from pluripotent hematopoietic stem cells capable of self-renewal; they are 

rare in the bone marrow (~1 per 1000 to 2000 marrow cells) and cannot be recognized 

morphologically. Pluripotent hematopoietic stem cells give rise to committed progenitor 

cells in a multistep process in which the cells become sequentially more committed to a 

specific lineage. These committed progenitor cells are given various names, such as 

colony-forming unit (CFU) and burst-forming unit (BFU). The initial differentiation step 
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each committed progenitor cell gives rise to a thousand or more mature blood cells, their 

production is highly regulated and balanced

 

Figure 6 – The various b

from Ciesla (2007) [118]. 

 

Hematopoietic growth factors 

and differentiation of hematopoietic precursors. They act on specific cell surface receptors 

on hematopoietic precursor cells and may either stimulate or inhibit cell proliferation and 

differentiation. A large number of growth factors have been identified, including 
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GEMM (GEMM = granulocytes, erythrocytes, monocytes/macrophages, 

and megakaryocytes) or CFU-L (L = lymphoid). The CFU-GEMM gives rise to the 

macrophage), BFU-E (erythroid) and CFU-Mk 

progenitor cell gives rise to a thousand or more mature blood cells, their 

roduction is highly regulated and balanced (Figure 6) [118, 121, 122]

The various blood cell lines, from stem cells to mature cells (hematopoiesis)

Hematopoietic growth factors are proteins or glycoproteins that regulate the production 

and differentiation of hematopoietic precursors. They act on specific cell surface receptors 

on hematopoietic precursor cells and may either stimulate or inhibit cell proliferation and 

ion. A large number of growth factors have been identified, including 
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 (megakaryocyte).  As 

progenitor cell gives rise to a thousand or more mature blood cells, their 

[118, 121, 122].  

 

from stem cells to mature cells (hematopoiesis). Adapted 

are proteins or glycoproteins that regulate the production 

and differentiation of hematopoietic precursors. They act on specific cell surface receptors 

on hematopoietic precursor cells and may either stimulate or inhibit cell proliferation and 

ion. A large number of growth factors have been identified, including several 
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interleukins and lymphokines, colony

is produced within the marrow and act locally; erythropoietin (EPO) and thrombopoietin 

are produced outside the marrow and reach the marrow through the blood. Growth factors 

may affect multiple cell lines and act at multiple stages; a few are relatively lineage specific 

(for example, EPO is primarily limited to erythroid precursors) 

complex interactions between different growth factors in the differentiation of different 

cell types. They can also have effects on mature cells and several growth factors are 

available for therapeutic use and are widely used in cancer treatment 

transplantation. 

A series of progressive structural and biochemical changes occur during the differentiation 

of RBC precursors into mature erythrocytes. The most important of these changes include: 

synthesis and cytoplasmic accumulation of 

mitochondria; chromatin condensation, contraction, and extrusion of the nucleus; loss of 

expression of cell-surface membrane receptors; changes in membrane cholesterol and 

phospholipid levels and changes in se

[119, 122, 123]. The morphological characteristics of the erythrocyte precursors reflect 

these events (Figure 7). 

 

Figure 7 – Maturation along the erythroid lineage

In erythropoiesis, progression of progenitor

mature cells is characterized, not only by acquiring phenotypic markers (namely, 
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colony-stimulating factors (CSFs), and others. The majority 

is produced within the marrow and act locally; erythropoietin (EPO) and thrombopoietin 

re produced outside the marrow and reach the marrow through the blood. Growth factors 

may affect multiple cell lines and act at multiple stages; a few are relatively lineage specific 

(for example, EPO is primarily limited to erythroid precursors) [118, 121-123]

complex interactions between different growth factors in the differentiation of different 

cell types. They can also have effects on mature cells and several growth factors are 

available for therapeutic use and are widely used in cancer treatment and bone marrow 

A series of progressive structural and biochemical changes occur during the differentiation 

of RBC precursors into mature erythrocytes. The most important of these changes include: 

synthesis and cytoplasmic accumulation of Hb; loss of protein-synthesizing apparatus and 

mitochondria; chromatin condensation, contraction, and extrusion of the nucleus; loss of 

surface membrane receptors; changes in membrane cholesterol and 

phospholipid levels and changes in several intracellular enzyme levels, including G6PD

The morphological characteristics of the erythrocyte precursors reflect 

Maturation along the erythroid lineage. Adapted from Riley et al. (2001)

 

In erythropoiesis, progression of progenitor and precursors to completely differentiated 

mature cells is characterized, not only by acquiring phenotypic markers (namely, 
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is produced within the marrow and act locally; erythropoietin (EPO) and thrombopoietin 

re produced outside the marrow and reach the marrow through the blood. Growth factors 

may affect multiple cell lines and act at multiple stages; a few are relatively lineage specific 

123]. There are 

complex interactions between different growth factors in the differentiation of different 

cell types. They can also have effects on mature cells and several growth factors are 

and bone marrow 

A series of progressive structural and biochemical changes occur during the differentiation 

of RBC precursors into mature erythrocytes. The most important of these changes include: 

synthesizing apparatus and 

mitochondria; chromatin condensation, contraction, and extrusion of the nucleus; loss of 

surface membrane receptors; changes in membrane cholesterol and 

veral intracellular enzyme levels, including G6PD 

The morphological characteristics of the erythrocyte precursors reflect 

 

(2001)  [123]. 

to completely differentiated 
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morphological changes), but also by the acquisition of specific responses to growth factors 

(expression of different cell surface receptors). The most active of these, on early erythroid 

progenitors, are interleukin (IL)-3, granulocyte-monocyte colony-stimulating factor (GM-

CSF) and, on later progenitors and precursors, EPO [119, 121-123]. 

The earliest committed progenitor in the erythroid lineage is the BFU-E. This cell cannot 

be identified morphologically and is defined as a cell which produces large, burst colonies 

of erythroid cells in semi-solid culture; BFU-E express receptors for stem cell factor (SCF), 

IL-3 and GM-CSF, and very low levels of EPO receptors.  The next cell in the erythroid 

maturation pathway is the colony forming unit-erythroid CFU-E which also cannot be 

defined morphologically, but generates small compact colonies of erythroid cells; CFU-E 

express fewer receptors for SCF, IL-3 and GM-CSF, and more EPO receptors, as the 

lineage becomes increasingly dependent on EPO for maturation. In fact, CFU-E is the 

most EPO-sensitive cell, carrying the highest density of EPO receptors on its surface, and 

is absolutely dependent on EPO for its survival. Beyond the CFU-E stage, erythroid cells 

become morphologically recognizable and maturation is clearly associated with these 

morphological changes [119, 121-123].  

The first recognizable RBC precursor is the proerythroblast, a large cell with a high 

nucleus to cytoplasm ratio; it has a basophilic cytoplasm due to a high concentration of 

ribosomes; it is the first precursor to express transferrin receptors (TfRs), as Hb synthesis 

begins in this cell. Basophilic erythroblast is the next stage along the pathway – this cell is 

smaller, the condensation of chromatin (formation of heterochromatin) begins in this 

stage and the ribosomes reach their maximum number; as a consequence, the cytoplasm is 

extremely basophilic, even more so than in the proerythroblast. The color change of the 

cytoplasm during the subsequent stages reflects the increasing cytoplasmic concentration 

of acidophilic Hb, and the decreasing number with eventual disappearance of ribosomal 

RNA. The following precursor, the polychromatic erythroblast develops a pinkish tinge as 

Hb levels rise and dilute the ribosome-induced basophilia. Orthochromatic erythroblast 

appears with the nucleus undergoing pyknotic degeneration: the chromatin becomes 

greatly condensed and the nucleus shrinks; this cell is also characterized by an 

increasingly pink cytoplasm. The eccentric nucleus of these cells are then extruded along 

with reduction in cell size, forming the reticulocytes which enter the circulation and 

continue to mature for another 24–48 h, until complete Hb synthesis [119, 121-123]. 

The reticulocyte is an anucleated RBC, which is slightly larger than the mature RBC 

(approximately 20%). They contain certain cytoplasmic organelles, such as ribosomes, 

mitochondria, and the Golgi complex, and have special staining characteristics (methyl 

alcohol or similar fixative agents used in staining cause a uniform precipitation of the 
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ribosomal RNA). Early reticulocytes continue to synthesize Hb, and approximately 20–

30% of the total Hb of the mature erythrocyte is synthesized at this stage of development 

[123]. However, Hb synthesis gradually decreases as cellular organelles are progressively 

lost and the reticulocyte becomes a mature RBC. Changes in the surface membrane of the 

reticulocyte, including the loss of the TfR, also occur during its maturation. After about 2 

days in the bone marrow, the reticulocytes are released into the peripheral blood and 

undergo final maturation. The reticulocyte may be sequestered for 1 to 2 days in the 

spleen, where the additional maturation may occur, and the composition of the membrane 

lipids may be altered, as well as, the cell shape to a discocyte, due to splenic “conditioning” 

[121-123].  

The enumeration of peripheral blood reticulocytes is often performed to obtain 

information about the functional integrity of the bone marrow, since it reflects the 

erythropoietic activity of the bone marrow [119, 122-124]. The determination of the 

reticulocyte production index (RPI) is also useful when reticulocytes are prematurely 

released from the bone marrow, under an increased erythropoietic stimulus, as it is 

observed in HS. Indeed. To know the effective production of reticulocytes, the reticulocyte 

count needs to be corrected for both changes in hematocrit (degree of anemia) and in 

period of maturation in peripheral blood circulation [123, 124]. 

  

MMeemmbbrraannee  PPrrootteeiinn  BBiiooggeenneessiiss    

By enucleating, erythrocytes off-load 40 pg/cell of nuclear material [123]. This facilitates 

flexibility of the cell by converting a rigid, spheroid cell into a supple biconcave disc. To 

accommodate these morphological changes, the cytoskeleton of erythroblasts alters as 

they mature into erythrocytes. The biogenesis of the membrane cytoskeleton during 

erythropoiesis is an early stage asynchronous process; however, the events controlling 

membrane synthesis and assembly are still poorly understood. This problem has proved 

hindering to the elucidation of the pathogenesis of erythrocyte membrane disorders, 

especially HS, Hereditary Elliptocytosis and Hereditary Stomatocytosis, in which 

abnormal RBC shapes are hallmarks of these disorders [8, 15, 22, 125-127]. 

There is in vitro evidence suggesting that the synthesis of spectrin, ankyrin, protein 4.1 

and glycophorins is initiated well before that of band 3, and that spectrin and ankyrin are 

assembled onto the membrane in only small amounts until band 3 is synthesized and 

introduced into the bilayer, providing an attachment site for ankyrin, spectrin and the 

other skeletal proteins in sequence. Protein 4.2 appears at the latest stage of erythroblast 

differentiation [125-127].  
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Hanspal and Palek (1992) [125] proposed the presence of three rate-limiting steps in 

spectrin-ankyrin-band 3 membrane assembly. In the first step, α-spectrin is synthesized in 

a three-four times greater excess than β-spectrin. Therefore, the synthesis of β-spectrin is 

rate-limiting for the formation of the spectrin dimer. In the second step, the spectrin 

heterodimer is tightly and specifically bound to ankyrin. Finally, the ankyrin molecule, 

already bound to spectrin, specifically binds to band 3, and protein 4.2 will bind after the 

membrane ultrastructure is virtually completed, strengthening this vertical protein 

interaction. It is, however, noteworthy that it has been reported that protein 4.2 can be 

assembled to the membrane in the absence of band 3 [127]. 

In late erythroblasts, the amounts of spectrin, ankyrin, and band 3 synthesized are clearly 

reduced, as compared with those in early erythroblasts. On the contrary, the biosynthetic 

rate of protein 4.1 is increased in late erythroblasts. This protein, that fortifies the 

cytoskeletal network, is synthesized in excess, considering the amount actually 

incorporated into the membrane skeleton. The proteins that are not incorporated into the 

membrane are rapidly degraded and lost [125-127]. 

  

EErryytthhrrooppooiieettiinn  

EPO is the principal regulator of RBC production, controlling the proliferation, 

differentiation and survival of the erythroid progenitor cells. EPO is a glycoprotein 

hormone (34–39 kDa) produced almost exclusively by the kidney, in response to reduced 

renal oxygen tension [128]. Glycosylation of the hormonal peptide is absolutely necessary 

for its in vivo activity. Kidneys are the main site of EPO synthesis in adults, as they are 

capable of sensing the O2 tension in blood, and around 10% of the circulating EPO is 

produced by the liver. The EPO-producing cells are found in the interstitium of the renal 

parenchyma. The number of the interstitial renal EPO-producing cells increases in 

response to anemia, indicating that increased demands for EPO are met by an increase in 

the number of EPO-producing cells rather than by an increased synthesis of EPO by a 

preset number of cells [128-130].  

EPO production is regulated by tissue hypoxia that leads to an increase of the level of 

gene transcription. Control of EPO hypoxia-inducible gene expression involves complex 

interactions between DNA and nuclear proteins. The EPO gene contains sequences that 

are oxygen sensitive and are involved in the regulation of EPO gene expression, which are 

located at the region flanking the 3′ end of the gene. These confer to the cells the ability to 

respond to hypoxia by an increase of the protein encoded by the reporter gene. In the 

same area of the EPO gene, an oxygen-sensitive enhancer has been identified, as well as, 

the ligand for this enhancer which is as a protein termed hypoxia-inducible factor 1 (HIF-
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1). This DNA-binding protein is tightly regulated by the oxygen tension and is considered 

to be the physiologic regulator of EPO transcription [128-130]. 

In the presence of EPO, cell death (apoptosis) is avoided and the erythroid cells are 

allowed to differentiate and form erythrocytes. The hormone promotes erythroid 

differentiation simply by allowing cell survival, which is a prerequisite for both cell 

proliferation and maturation. EPO stimulation is followed by a series of biochemical 

events, including increase in Ca2+ uptake, internalization of the hormone, increase in total 

RNA synthesis, glucose and iron uptake, rate of transcription of the α- and β-globin gene, 

expression of TfRs and, eventually, increase of Hb synthesis, as well as, of membrane 

structural proteins (bands 3 and 4.1) [128-130].  

EPO binding shifts and stabilizes an active receptor conformation that brings the two 

EPO-Rs in closer contact (dimerization). Tyrosine phosphorylation of the EPO-R is the 

first observable event after EPO binding. The tyrosine protein kinase JAK2, a member of 

the Janus family of kinases, which is associated with each receptor undergoes 

autophosphorylation and activates subsequent signaling pathways leading to inhibition of 

apoptosis through suppression of caspases (cysteine proteases with aspartate specificity) 

[128-130].  

 

EErryytthhrrooppooiieettiicc  NNuuttrriieennttss  

The normal proliferation and differentiation of erythroid progenitor cells require several 

essential nutrients, such as iron, folic acid and vitamin B12; the interaction of erythroid 

cells with the stromal cells in the bone marrow and the stimulation by EPO are also 

crucial.  

Deficiency in folic acid and/or vitamin B12 is the cause for most of the megaloblastic 

anemias [84, 131, 132]. These two vitamins are important co-factors in DNA synthesis and 

the end result of their deficiency appears to be an arrest at various stages of interphase in 

hematopoietic precursors [131, 132].  

Iron is required for Hb synthesis and is also present in myoglobin, cytochrome oxidase 

and several other enzymes. Deficiency of iron results in anemia, a weakened immune 

system and impaired physical and intellectual performance [133]. Iron is a two-edged 

sword, it is both necessary for life and potentially life threatening; thus, body iron status is 

thinly regulated by limiting absorption. Iron absorption occurs in the proximal small 

intestine, predominantly in the duodenum. Inside the intestinal epithelial cell, iron may 

either remain in the cell for use or storage, or be exported across the basolateral 

membrane of the enterocyte into the circulation. Iron released into the circulation binds to 
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transferrin and is transported to sites of use (namely, erythroid precursors in the bone 

marrow) and storage (bone marrow, liver and macrophages of the reticuloendothelial 

system (RES), as ferritin). Most of the erythropoiesis iron requirements are not derived 

from daily intestinal absorption, but rather, from recycling of iron already present, mainly, 

through the macrophages of the RES, since they are responsible for 

destruction/catabolism (erythrophagocytosis) of old RBCs [133-138].  

In the erythroid precursors, the expression of TfR1 is regulated reciprocally through iron 

regulatory protein (IRP)1 and IRP2. In addition, there is evidence that EPO activates IRP1, 

leading to up-regulation of TfR1 expression, and also reduces iron retention in 

macrophages [133-138]. Furthermore, hepcidin is a 25-aminoacid peptide which is 

regulated by a number of factors, such as liver iron levels, inflammation, hypoxia and 

anemia, and it has been proposed as the central regulator of iron homeostasis [139-141].  

An increased erythropoietic stimulus provided by EPO leads to an enhanced 

erythropoietic activity that, not only increases the number of RBC progenitors in the bone 

marrow, it also up-regulates small intestine iron absorption and macrophage iron release, 

in order to insure effective erythropoiesis; however, when this process fails ineffective 

erythropoiesis occurs. Ultimately, this results in anemia. 

There are several reasons for the failure of erythropoiesis, namely, impairment of the 

production and action of EPO upon erythroid precursors, inhibition of the proliferation 

and differentiation of erythroid cells or the erythroblasts iron requirements are not met, 

independently of iron stores being depleted or adequate. In fact, anemia is a frequent 

complication of chronic inflammatory diseases, sepsis and chronic renal failure, due to 

impaired mobilization of iron storage which, has severe consequences for erythropoiesis. 

It is known from in vitro and in vivo studies of chronic diseases that the release of 

cytokines affects erythropoiesis, either by interfering with EPO and erythroid progenitors 

[IL-1, tumor necrosis factor (TNF)-α and interferon (IFN)-γ] and/or affecting iron 

availability to the erythroid precursors [IFN-γ, TNF-1, IL-1, IL-6 and IL-10] [128, 129, 134, 

137-145].  

A truncated form of the TfR can be detected in human plasma. The serum concentration of 

this soluble transferrin receptor (sTfR) is proportional to the total amount of TfR on the 

erythroblast surface. Increased sTfR concentration can reflect iron deficiency, either 

absolute or functional, as, in both cases, bone marrow cells are not provided with 

sufficient iron for normal erythropoiesis. Also, in the presence of adequate and available 

iron stores, increased sTfR indicates enhanced erythropoietic activity without iron 

deficiency. Lower sTfR concentrations may reflect decreased numbers of erythroid 

progenitors [146-148]. 
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Figure 8 – Erythrocyte metabolic pathways. 
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for the cell in the form of NADPH, the reduced form of nicotinamide adenine dinucleotide 

phosphate (NADP). An additional, and unique accessory pathway of the Embden-

Meyerhof pathway is the Rapoport-Luebering shunt, which generates 2,3-DPG, the 

primary physiologic regulator of the oxygen affinity of Hb (Figure 8) [118, 120, 136]. 

In the normal functional state of Hb, the iron atoms are in the ferrous (Fe2+) state. The 

iron atom can be oxidized to the ferric (Fe3+) state with the production of methemoglobin 

(metHb) and superoxide anion (O2
-). MetHb is reduced back to Hb by the metHb 

reductase enzyme system, which requires NADH and/or NADPH (generated by glycolysis) 

and cytochrome b5 as electron carriers (Figure 8) [118, 120, 136].  

 

CCyyttoossoolliicc  aanndd  MMeemmbbrraannee  PPrrootteeiinnss  

The erythrocyte is remarkable for its ability to maintain membrane integrity, exhibiting an 

extreme deformability under normal physiologic circumstances. Without undergoing 

extensive remodeling, the erythrocyte membrane withstands high shear stress, rapid 

elongation, folding and deformation, in the microcirculation, as the erythrocyte passes 

through the small fenestrations of the spleen. Cell deformability depends on both the 

membrane composition and cytoplasm viscosity; the cytoplasm of normal erythrocytes 

acts as an ideal liquid, as at physiologic concentration, has very low viscosity. Thus, it is 

the elasticity and viscosity of the membrane that are crucial for deformability [118-120]. 

Hb represents more than 90% of the cytoplasmic proteins [149]. The rest include those 

enzymes required for energy production and for the maintenance of Hb in a functional, 

reduced state [119, 120].  

The erythrocyte membrane expresses a surprising number of proteins that perform 

functions associated with other cells, including a variety of transport proteins, adhesion 

molecules and receptors [150]. The external erythrocyte surface is defined by its antigenic 

structure. Over 300 antigens have been identified and many of these contribute to the 

genetic blood group systems. These antigens are composed of oligosaccharide prosthetic 

groups linked to integral membrane proteins and to complex glycolipids; the majority of 

these antigens are located on glycophorins, namely, the Rh, Kell and Duffy antigens [18, 

20, 150]. Coating of RBC surface-antigens with antibodies in cases of acquired 

autoimmunity interferes with the membrane functional integrity and facilitates 

phagocytosis by the macrophages of the RES in the spleen [18, 20, 118].  

In general, the RBC membrane acts as a partial barrier to penetration of all solutes. Non-

polar substances diffuse through the membrane at a rate proportional to their solubility in 

organic solvents. Polar solutes appear to cross the membrane at specific sites. The 

erythrocyte membrane has a number of specialized transport proteins, including the anion 
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transporter (band 3), several cation transporters, a glucose transporter, an urea 

transporter, and a water channel protein, aquaporin-1 [18, 120].  

Anions appear to cross the membrane by one of two discrete pathways [120]. The first 

represents an exchange reaction in which an internal anion is exchanged for an external 

anion. This rapid exchange is mediated by the band 3 anion-exchange protein that plays 

an important role in the chloride–bicarbonate exchanges that occur as the RBC moves 

between the lungs and tissues. The second anion pathway represents a considerably 

slower ionic diffusion pathway, accounting for net loss or gain of anions. Glucose enters 

the erythrocyte by facilitated diffusion, mediated by the transmembrane protein 4.5, the 

glucose transporter, which accounts for about 5% of the erythrocyte membrane proteins 

[120]. The transport of glucose into the erythrocyte provides the energy substrate for 

anaerobic glycolysis; however, the energy requirement of the erythrocyte appears to be 

relatively low, and the efficiency of glucose transport is relatively high. The erythrocyte 

membrane is only slightly permeable to the major monovalent cations, sodium and 

potassium, and their movement depends mostly on an energy-requiring transport 

mechanism. Within the human erythrocyte, potassium is the predominant cation and 

sodium is a relatively minor constituent, whereas the relationship is reversed in plasma 

[118, 120, 136]. The steady-state cation concentrations within the erythrocyte is the result 

of the equilibrium between passive diffusion and active transport (ATP dependent). Active 

Na+ and K+ transport depends on the activity of the membrane protein Na+-K+ ATPase. 

The erythrocyte also has a urea transporter that transports urea rapidly across the 

membrane and helps to preserve the RBC osmotic stability and deformability [18, 120].  

At least 50 enzymes are either integral membrane proteins or are bound to the erythrocyte 

membrane; certain enzymes are both free in the cytoplasm and linked to the membrane. 

These enzymes may function as transporters of a variety of molecules or may play 

important roles in producing and using energy from glucose metabolism [18, 120]. 

Some erythrocyte enzymes are externally oriented and, therefore, can react with 

substrates in the RBC environment. Certain hydrolytic enzymes, including glycosidases 

and acid phosphatases, are among the externally oriented enzymes, such as, 

acetylcholinesterase [120].   

There are three enzymes that are thought to form a membrane-bound enzyme complex: 

aldolase, G3PD, and phosphoglycerate kinase. These enzymes are involved in the 

production of ATP. G3PD is the enzyme present in larger amount in the membrane  and 

corresponds to band 6 in SDS-PAGE gels; it  is also found in the erythrocyte cytoplasm, 

however, in steady-state RBCs, about 90% of total erythrocyte G3PD is bound to a 

cytoplasmic segment of band 3 in its inactive state  [151-154]. ATP is not only generated by 
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membrane-bound enzymes, but is also used by membrane-bound molecules, among 

which are adenylyl cyclase, which catalyzes the conversion of ATP to cyclic AMP (cAMP), 

protein kinases and ATPases [120]. 

Phosphorylation is a major step in the regulation of a variety of target molecules, including 

structural (membrane) proteins and enzymes. Erythrocytes contain numerous protein 

kinases, including both cytosolic and membrane-bound cAMP-dependent kinases, 

cytosolic and membrane-bound cAMP-independent protein kinases, protein kinase C and 

a calcium-regulated protein kinase [120].  

 

HHeemmoogglloobbiinn  

The specialized function of RBCs is the transport of O2 from pulmonary capillaries to 

tissue capillaries, where it is exchanged for CO2. The importance of Hb to O2 transfer is 

amazing; if O2 was just dissolved in solution, only 5 ml/min could be delivered, in adults, 

whereas, with Hb it is possible to transport to the tissues 50 times that [120]. 

Hb is comprised of two components: a protein chain (globin) and a heme molecule; heme 

consists of a protoporphyrin ring into which a ferrous iron atom has been inserted which 

is essential for gaseous transport. The Hb molecule is a tetramer composed of four globin 

chains, each of which contains a heme ring. The four globins consist of two α-chains and 

two non-α chains (either β, δ or γ); in the major adult Hb, Hgb A, the tetramer consists of 

two α-β dimers. Each molecule of Hb can carry four oxygen molecules [120, 149]. 

An essential feature of O2 transport is that Hb must reversibly bind O2. To achieve this, the 

binding of O2 by the Hb tetramer is co-operative, i.e. the first O2 binds weakly to 

deoxyhemoglobin, but the initial association causes the Hb molecule to undergo 

conformational changes that affect the binding of oxygen to other heme sites, enhancing 

the binding of more O2 by the other subunits. The affinity of Hb for oxygen is regulated by 

several factors, the most important of which are 2,3-DPG, pH, temperature. The primary 

regulator of oxygen affinity is the intracellular concentration of 2,3-DPG, which is 

generated by the Rapoport-Luebering shunt. An increase in the concentration of 

deoxyhemoglobin leads to an increase in the concentration of 2,3-DPG; this decreases the 

affinity of Hb for O2 and increases O2 delivery to tissues. The change in O2 affinity with pH 

is known as the Bohr effect; Hb oxygen affinity is reduced as the acidity increases. Increase 

in temperature decreases the O2 affinity of Hb [120, 136, 149]. 

Transport of CO2 by RBCs, unlike that of oxygen, does not occur by direct binding to 

heme. Tissue’s carbon dioxide diffuses freely and rapidly into the erythrocyte, where the 

enzyme carbonic anhydrase (the second most abundant RBC cytoplasmic protein) readily 
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converts it to carbonic acid, a process facilitated by the Bohr effect. The bicarbonate 

formed is exchanged with plasma Cl-, trough the anion exchanger 1 (band 3). The 

bicarbonate is carried in plasma to the lungs, where the reversal of these reactions, within 

the RBC, take place and excretion of CO2 occurs. Approximately 10% of CO2 is bound to 

deoxyhemoglobin Hb, forming carbaminohemoglobin [120, 149]. 

Hb seems to be also involved in nitric oxide (NO) transport and/or clearance [120]; as NO 

is an important vasodilator, its transport by Hb through the organism might be another 

important function for erythrocytes. 

 

OOxxiiddaattiivvee  DDaammaaggee  aanndd  AAnnttiiooxxiiddaanntt  DDeeffeennsseess  

Oxyhemoglobin in solution gradually undergoes auto-oxidation, becoming metHb 

(HbFe3+) and producing O2
-. MetHb formation may also occur, in vivo, in normal cells, at 

the rate of about 0.5 to 3% per day [155]. MetHb, in which iron atoms are in the ferric 

state, is nonfunctional as an oxygen carrier. Unless it is reduced back to Hb and oxidative 

denaturation continues, metHb is converted to derivatives known as hemichromes. These 

end products of continued oxidative injury are precipitates of heme-free globin (hemim). 

In erythrocytes, these precipitates take the form of globular inclusions, known as Heinz 

bodies, which are not visible with Wright staining but can be seen easily after supravital 

staining with crystal violet or brilliant cresyl blue. Hemichromes and Heinz bodies attach 

to the cell membrane and, if present in sufficient quantity, can cause damage to the 

erythrocyte, as they are pitted from the cell in sinusoids of the spleen, or may induce the 

sequestration and removal of the cell [119, 120, 149]. 

In order to prevent or reverse oxidative denaturation of Hb, the erythrocytes have an 

assorted variety of antioxidant defenses, ranging from non-enzymatic to enzymatic 

antioxidants. 

Hb auto-oxidation generates superoxide anion that is a potent oxidizing agent and will 

damage the erythrocyte unless it is converted to H2O2, which is less reactive, by the 

enzyme superoxide dismutase (SOD), through a process known as dismutation [120, 156, 

157].  

H2O2 is itself an oxidizing agent and, in turn, can be neutralized by reduced glutathione 

(GSH) (the principal reducing agent in erythrocytes), yielding oxidized glutathione (GSSG) 

and water. GSH is regenerated by the enzyme GSH reductase, which requires NADPH, 

generated by the hexose monophosphate shunt [120, 156, 157]. In fact, under conditions of 

oxidative stress, the pentose-phosphate pathway may account for up to 90% of glucose 
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consumption, a self-protecting mechanism of the erythrocyte, as it increases the 

production of NADPH to be used by GSH metabolism [120].   

Once H2O2 is formed, three enzymes catalyze its decomposition in erythrocytes – catalase, 

glutathione peroxidase (GSHPx) and peroxiredoxin 2 (Prx2). Catalase converts H2O2 to 

water and molecular oxygen, and GSHPx decomposes it to water, while simultaneously 

oxidizing GSH (that, in turn, is regenerated by GSH reductase) [120, 156, 157]. In recent 

years, human erythrocyte Prx2, which is the third most abundant RBC protein, has 

emerged as an erythrocyte oxidant defense. Prx2 is a typical 2-cys peroxiredoxin, with a 

thiol-dependent H2O2 scavenger activity regulated by the thioredoxin (Trx)/Trx 

reductase/NADPH reducing system [158-160].   In the erythrocyte, GSHPx and Prx2 

compete with catalase for H2O2 and are thought to be the major sources of protection 

against low levels of oxidative stress (endogenous); catalase intervenes when the activity of 

the former is overwhelmed by high H2O2 concentrations (usually, from exogenous origin). 

Moreover, GSHPx and Prx2 are more versatile than catalase, since they are also capable of 

scavenging hydroxyl radicals and hydroperoxides originated from lipoperoxidation (LPO) 

[120, 156, 158-161]. 

 

 

EErryytthhrrooccyyttee  SSeenneesscceennccee  aanndd  RReemmoovvaall  

 

CCeellll  AAggeeiinngg//DDaammaaggee    

The mature erythrocyte lacks the organelles that make protein synthesis possible, and thus 

it is incapable of self-repair. Its lifespan is finite and is shortened further when the cell’s 

environment becomes hostile or when the cell’s ability to cope with damage is 

overwhelmed. However, the mechanisms that determine RBC senescence and cell death 

remain elusive. In attempting to identify the changes that occur during erythrocyte ageing, 

the typical approach has been to separate young and old RBCs. One of the problems with 

this approach is that it has been common to assume that any observed change thought to 

be due to age will continue to worsen and will ultimately be the cause of death of the 

erythrocyte; however, this assumption may not be correct. Another major issue has been 

the difficulty in isolating pure populations of old erythrocytes [162].  

Contrary to long-held concepts, erythrocyte death is probably not due to enzyme or energy 

depletion, as at the end of RBC lifespan, its enzyme activities, ATP and other crucial 

metabolites (namely, calcium), are still present in sufficient amounts [163-165].  
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Studies have shown that PS exposure increases during normal erythrocyte ageing and, 

thus, may be the signal for RBC senescence [15, 18, 162, 166-168]. Phospholipids are 

asymmetrically distributed in the two leaflets of the membrane of all eukaryotic cells and 

loss of phospholipid asymmetry with externalization of PS, in dense old RBCs, favors 

complement activation and macrophage attachment to erythrocytes, marking them for 

destruction. However, this hypothesis has some flaws, as vesiculation itself is independent 

of cell age and is associated to the development of PS externalization [169, 170]. Also, 

treatment of erythrocytes with oxidants may induce phagocytosis but does not induce PS 

exposure [166, 167]. Moreover, PS exposure was found to be increased in some patients 

with β-thalassemia, sickle cell anemia and diabetes but not in patients with other types of 

HA [168], namely HS, which is reported to present a normal bilayer phospholipid 

distribution [171].  

The role of the erythrocyte as an oxygen-carrying device repeatedly exposes it to the risk of 

oxidative injury. The products of oxidative damage have been reported in high-density 

RBCs, as well as, similarities between aged cells and those exposed to oxidants in vitro. 

During the binding of oxygen to form oxyhemoglobin, one electron from iron is shared 

with the bound oxygen, forming a ferric-superoxide anion complex. The shared electron 

usually returns to the iron when oxygen is released during deoxygenation. However, that 

electron may remain and transform oxygen into a superoxide anion radical. In this 

process, iron is left in the ferric state and Hb is transformed into metHb. Under normal 

conditions, spontaneous production of metHb or autoxidation of Hb occurs and metHb is 

converted back to its normal functional state by metHb reductases; however, with cell 

ageing or in pathological conditions associated with oxidative stress or impaired 

antioxidant defences, metHb will accumulate within the cell.  In addition to this process, 

metHb may be generated by endogenous oxidants derived from granulocytes/monocytes 

or endothelial cells, such as H2O2, NO and hydroxyl radicals. Exogenous oxidants, such as 

drugs or food components may also produce metHb [156, 157, 162, 172] . 

Superoxide anion can undergo spontaneous dismutation yielding H2O2 and oxygen. In 

addition, in the presence of catalytic quantities of transition metals (such as iron), 

superoxide anion and H2O2 may react to form the highly reactive hydroxyl radical (via 

“Fenton” reaction). Iron is bound tightly to Hb but may be released from heme under 

oxidant insult, yielding free, reactive iron that, most likely, increases the oxidant activity of 

free heme and hemichromes against membrane components, by enhancing the formation 

of hydroxyl radicals [156, 157, 162, 172]. 

Nitric oxide is an abundant reactive radical that acts as an important oxidative biological 

signaling molecule and is synthesized enzymatically by NO-synthase and regulates a 
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number of cellular functions. It is also a strong oxidant, particularly when it reacts with 

superoxide anion to produce peroxynitrite [156, 157, 162, 172].  

Hemichrome formation depends on the amount of metHb formed and is accelerated by 

oxidants, such as, superoxide anion or H2O2. The damaging activity of hemichromes 

derives from their potential role as generators of hydroxyl radical, which will react with 

most biomolecules, causing damage. For example, in the cell membrane, hydroxyl radical 

may abstract hydrogen from unsaturated fatty acids and start LPO and, in turn,  secondary 

LPO products [malondialdehyde (MDA) and 4-hydroxynonenal (HNE)] exert a number of 

detrimental effects, namely, attacking membrane skeletal proteins [173]. In fact, it has 

been proposed by many authors that the hydroxyl radical represents the major species 

responsible for the oxidation of proteins. Damage to proteins involves the introduction of 

carbonyl groups and the formation of protein-centred alkylperoxyl radicals [156, 157, 162, 

172]. 

The external RBC surface is non-immunogenic and non-adhesive to avoid adhesion to 

endothelia and phagocytosis by splenic, liver and bone marrow macrophages, which 

readily phagocyte any cell showing even subtle membrane alterations. Thus, a large set of 

data support the hypothesis that a common mechanism involving the appearance of a neo-

antigenic feature on cell surface and the natural occurring antibodies in circulation, 

determine RBC removal in different physiological and pathological situations [162, 166, 

167, 172, 174-176].  

After the publications of Kay et al. [177-180], it has become generally accepted knowledge 

that the binding of natural occuring autoantibodies to senescent erythrocytes is triggered 

by changes in band 3, the main integral membrane protein and anion exchanger of the 

erythrocyte. The cytoplasmic domain of band 3 provides the main anchorage site for the 

cytoskeleton through ankyrin-mediated binding of the spectrin-based network. Band 3 

also provides high-affinity binding sites for enzymes of the glycolysis, namely, G3PD, 

inhibiting its activity and thereby controlling the rate of ATP production. The cytoplasmic 

domain has a high affinity for deoxyhemoglobin, especially, denaturated Hb. There is still 

controversy about the specific nature of the epitope(s) recognized by autologous 

antibodies; some authors claim that it resides in polysaccharide residues of the 

carbohydrate chains of band 3 [181, 182],  and others postulate alteration in the C-

terminal aminoacids of the protein [183, 184]. Nontheless, it is of general consensus that 

band 3 clustering plays an essential part in RBC antigenecity.  

Changes in band 3 that are associated with binding of immunoglobulin G (IgG) and with 

pathological/increased erythrocyte removal, have also been associated with band 3 

aggregation and binding of Hb to the membrane [174]. In this context, the high-affinity 
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It is also known that, the anti-band 3 antibody binds to high-density but not to low-

density RBC which implies that, in pathological situations, the RBCs marked for death are 

not necessarily chronologically old cells but instead altered/damaged erythrocytes 

(immunologically and biologically “old” cells); this could explain the hemolysis 

experienced by patients with different HAs, such as, HS, β-thalassemia and G6PD 

deficiency [166, 167, 172, 174-176]. 

 

EExxttrraavvaassccuullllaarr  aanndd  IInnttrraavvaassccuullaarr  HHeemmoollyyssiiss  

As RBCs age, their membranes become rigid, the cell becomes smaller and denser and, 

eventually, is removed from circulation; nearly all of the constituents from catabolized Hb 

are regenerated, except for bilirubin. Under normal conditions approximately 80 to 90% 

of senescent erythrocytes are removed by the macrophages in the spleen and, to a lesser 

extent, in the liver and bone marrow (extravascular hemolysis). Only 10 to 20% of RBC 

destruction occurs intravascularly, in circulation (intravascular hemolysis) [136, 149, 162]. 

The Hb is broken down into the heme ring and the globin proteins. The iron is removed 

from the heme ring and either returns to the bone marrow to be inserted into new 

erythrocytes or enters the iron storage pool in macrophages or in hepatocytes. The 

tetrapyrrole ring of the heme molecule is opened, with release of one molecule of carbon 

monoxide and production of biliverdin. The biliverdin is transformed to bilirubin, which is 

transported to the liver bound to albumin (unconjugated or indirect bilirubin). In 

hepatocytes, bilirubin is conjugated with glucuronic acid and excreted into the bile. The 

majority of bilirubin is excreted in stools, but a small amount is absorbed in the ileum and 

returns to the liver via the portal vein; this is the source of conjugated (direct) bilirubin in 

plasma [149, 162]. 

Intravascular hemolysis usually occurs by RBC fragmentation as a result of erythrocyte 

interactions with altered endothelium, fibrin deposition, or increased shear stresses [149, 

162]. Fragmentation also occurs within the spleen when the erythrocyte is pitted of RBC 

inclusions, such hemichromes or Heinz bodies. Actually, it has been proposed that the 

removal of denatured Hb inclusions, through this process in the spleen, is a mechanism of 

RBC self-protection [166, 167, 169, 170].  

When intravascular breakdown of erythrocytes occurs Hb is discharged directly into the 

circulation. Free Hb in plasma readily complexes with a plasma protein called haptoglobin 

or oxidizes to metHb that dissociates easily and nonenzymatically into hemim and globin. 

The Hb–haptoglobin complex is removed from the circulation and metabolized in the 

liver. Subsequently, iron is stored in the liver or released and transported back to the bone 
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marrow for synthesis of new Hb. Hemim can complex with other plasma proteins, 

hemopexin and albumin, as hemine-hemopexin or methemalbumin , that will be cleared 

from the circulation by hepatocytes [149, 162]. 
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Hereditary Spherocytosis is a highly heterogeneous disease in its molecular, biochemical 

and clinical presentations. The etiological defect in HS is erythrocyte membrane 

destabilization, due to membrane protein deficiencies; however, the type and amount of 

erythrocyte membrane protein deficiencies do not correlate with the clinical severity of 

HS. Therefore, the clinical outcome of HS seems to be dependent on other factors, namely, 

secondary modifications imposed by the underlying protein deficiencies and/or 

erythropoietic modifications due to the chronic anemic state.  

The aim of this work was to contribute to a better understanding of the biological aspects 

underlying the clinical outcome of HS, and to find potential markers and modifiers of HS 

clinical outcome. 

To accomplish this task, we studied systemic changes associated with HS in patients from 

the north region of Portugal, and in a control group with normal hematological and 

biochemical values, gender and age matched with the patients. 

 

 The identification and quantification of the RBC membrane protein deficiencies by 

standard SDS-PAGE techniques allow the pin-point of the most likely molecular defect 

that underlies each case of HS. In a previous study, reported by our group, we found 

that an unbalance between primary and secondary protein deficiencies may account for 

membrane destabilization and, that this appeared to be related to the clinical outcome 

of HS. Moreover, it is known that cytosolic active proteins bind to the erythrocyte 

membrane, namely, G-3-phosphate dehydrogenase and peroxiredoxin 2, but what this 

implies for membrane integrity is still elusive.  

We started by evaluating in our Portuguese HS population, the prevalence of the 

membrane protein deficiencies underlying HS, to further analyze the unbalance 

between primary and secondary protein deficiencies and its relation with the clinical 

outcome of HS. We also evaluated the role of some membrane proteins and membrane-

linked proteins in membrane destabilization and in the clinical outcome of the disease.  

These studies are presented in Papers I and II:  

I – Erythrocyte membrane protein destabilization versus clinical outcome in 160 

Portuguese Hereditary Spherocytosis patients. Br J Haematol 149:785-794; 2010 

II – Presence of cytosolic peroxiredoxin 2 in the erythrocyte membrane of patients with 

Hereditary Spherocytosis. Blood Cells Mol Dis 41:5-9; 2008 
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 Peroxiredoxin 2 is a H2O2 scavenger apparently essential for erythrocyte antioxidant 

defenses and one of the most abundant cytoplasmic proteins of the RBC, however the 

way it integrates into the erythrocyte antioxidant systems is not clear. Although Prx2 is 

a preferential cytosolic protein, its association to the erythrocyte membrane has been 

reported previously by others, though the role of this linkage is still unclear.  

We figured as important to search for the presence of Prx2 linked to the erythrocyte 

membrane in our HS patients and to clarify its role by searching for a relation with the 

clinical outcome of HS and/or with the type of membrane protein deficiencies 

underlying the disease and/or with oxidative stress.   

These studies are reported in Papers II and III: 

II – Presence of cytosolic peroxiredoxin 2 in the erythrocyte membrane of patients with 

Hereditary Spherocytosis. Blood Cells Mol Dis 41:5-9; 2008  

III – Linkage of cytosolic peroxiredoxin 2 to the erythrocyte membrane imposed by 

hydrogen peroxide-induced oxidative stress. Blood Cells Mol and Dis 43:68-73; 2009 

 

 The conventional analytical criteria used for diagnosis and classification of HS 

mainly focus on features resulting from the fragility and splenic removal of spherocytes 

and from the enhanced erythropoiesis to counterbalance hemolysis. HS classification 

can be difficult when these analytical criteria are not in agreement with each other. The 

search for better diagnostic and classification tools for HS is still ongoing. Thus, we 

evaluated the importance of some laboratory routine parameters/tests, which have 

been related with HS pathogenesis, and may provide to be good markers of the clinical 

outcome of HS.  

Bilirubin is often discrepant with the other features used for the clinical classification of 

HS. As this could be due to a co-inheritance of Gilbert’s Syndrome, which increases 

hyperbilirubimenia in HS patients; we studied this hypothesis.  

These studies are presented in Papers IV and V:  

IV – Complementary markers for the clinical severity classification of Hereditary 

Spherocytosis”.  

V – Hereditary Spherocytosis and the (TA)nTAA polymorphism of UGT1A1 gene 

promoter  region – A comparison of the bilirubin plasmatic levels in the different 

clinical forms. Blood Cells Mol and Dis 44:117-119; 2010 
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 In a previous study of our group, we reported HS as a disease linked to an 

overproduction of erythropoietin, in accordance with the severity of HS; however, the 

high levels of EPO were unable to induce a proportional reticulocyte production in the 

more severe HS cases, suggesting an erythropoietic disturbance with worsening of the 

disease. Some cytokines, such as TNF-α, IFN-γ, IL-1 and IL-6 are known to impair 

erythropoiesis either by affecting EPO production/action or by affecting iron 

availability. In that way, we studied the relationship between erythropoiesis and 

inflammation in the clinical outcome of HS. 

These studies are presented in Paper VI:  

Erythropoiesis versus inflammation in Hereditary Spherocytosis clinical outcome.  

 

 The HS erythrocyte is a metabolically “stressed” cell due to the abnormal membrane 

structure that leads to an increasing membrane loss and increasing cell viscosity and 

rigidity. We wondered if this metabolic stress could not lead to depletion of antioxidant 

defenses and, therefore, to premature erythrocyte ageing/damage that could further 

enhance the clinical severity of HS. To study this hypothesis we evaluated several 

markers of oxidative stress and of erythrocyte senescence in HS patients. 

These studies are presented in Paper VII:  

Study of oxidative stress and senescence markers in Hereditary Spherocytosis patients.  

 

 Splenectomy is the method of choice in the management of the more clinically severe 

cases of HS, but the removal of the spleen carries risks and imposes systemic 

modifications. Splenectomy cures most of the HS patients, by correcting the anemia. 

Indeed, splenectomy improves most (but not all) of the HS clinical features, by 

increasing the life span of the erythrocytes; however, as splenectomy does not correct 

the intrinsic erythrocyte membrane protein deficiency that underlies HS, the lifespan of 

the erythrocytes is still lower than that of the normal RBCs. Therefore, we figured as 

important to study how anemia, erythropoiesis, iron metabolism and inflammation are 

affected in HS patients i) after splenectomy, and ii) in accordance with the severity of 

HS presented by patients prior to splenectomy, to ascertain if the patient’s 

improvement could be related to the clinical severity experienced before spleen 

removal or with splenic “conditioning”. 

These studies are presented in Paper VIII:     

Does splenectomy improve the clinical outcome according to the severity of Hereditary 

Spherocytosis? 
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Paper I       

   

EErryytthhrrooccyyttee  mmeemmbbrraannee  pprrootteeiinn  ddeessttaabbiilliizzaattiioonn  vveerrssuuss  

cclliinniiccaall  oouuttccoommee  iinn  116600  PPoorrttuugguueessee  HHeerreeddiittaarryy  

SSpphheerrooccyyttoossiiss  ppaattiieennttss..  

Br J Haematol 149:785-794; 2010 

 

  



 



Erythrocyte membrane protein destabilization versus clinical
outcome in 160 Portuguese Hereditary Spherocytosis patients

Hereditary Spherocytosis (HS) is a common red blood cell

(RBC) membrane disorder affecting about one in 2000

individuals of Northern European ancestry (Delaunay, 2007;

Perrotta et al, 2008). Clinically, HS can range from asymp-

tomatic to a life-threatening anaemia. It is classified as mild,

moderate and severe, according to the degree of the haemolytic

anaemia and the associated symptoms (Bolton-Maggs et al,

2004; Perrotta et al, 2008). HS is caused by membrane protein

deficiencies in spectrin, ankyrin, band 3 or protein 4Æ2 that lead

to membrane destabilization and vesiculation, changing the

RBCs into denser and more rigid cells (spherocytes), which are

removed by the spleen, leading to the development of a

haemolytic anaemia. Familial private mutations in several

genes, SPTA1, SPTB, ANK1, SLC4A1 and EPB42 cause

a-spectrin, b-spectrin, ankyrin, band 3 or protein 4Æ2 protein

deficiencies respectively. Although the majority of HS cases

present an autosomal dominant inheritance pattern (75%),

about one quarter of the patients arise from autosomal

recessive or de novo mutations (Bolton-Maggs et al, 2004;

Delaunay, 2007; Perrotta et al, 2008).

The molecular defect in one of the proteins underlying HS

causes a primary deficiency in that protein; however, in some

cases more than one protein is deficient (although only one

protein molecular defect exists), as the primary protein

deficiency triggers secondary proteins deficiencies in proteins

with which that protein interacts (Delaunay, 2007; An &

Mohandas, 2008; Perrotta et al, 2008). Molecular defects in the

SLC4A1 gene (that cause band 3 protein deficiency) have been
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Summary

Hereditary Spherocytosis (HS) is a haemolytic anaemia caused by erythrocyte

protein membrane defects – spectrin, ankyrin, band 3 or protein 4Æ2 – that

lead to membrane destabilization. This study aimed to evaluate the

prevalence of protein deficiencies and the role of membrane proteins or

membrane-linked proteins in membrane disturbance and in HS clinical

outcome. A total of 215 Portuguese individuals were studied – 203 from 71

families plus 12 individual unrelated subjects; 160 of them were diagnosed

with HS. They were classified as presenting mild, moderate or severe forms of

HS according to the degree of haemolytic anaemia. Standardized

electrophoretic erythrocyte membrane protein analysis was used to identify

and quantify protein deficiencies. Band 3 and ankyrin were found to account

for the majority of the erythrocyte protein defects underlying HS. Increasing

isolated protein deficiency or increasing imbalance between combined

protein deficiencies seemed to underlie HS severity, by increasing

membrane destabilization. There was an increased membrane linkage of

the cytosolic proteins, glyceraldehyde-3-phosphate dehydrogenase and

peroxiredoxin 2, and of denatured haemoglobin, suggesting that this

linkage could interfere with membrane structure. Our data suggest that the

quantification and the analysis of RBC membrane proteins may be helpful in

predicting the clinical outcome of HS.

Keywords: Hereditary Spherocytosis, erythrocyte membrane proteins, pro-

tein defects, glyceraldehyde-3-phosphate dehydrogenase, clinical severity.
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associated with a secondary protein deficiency in protein 4Æ2
(Inoue et al, 1994; Delaunay, 2007; Mariani et al, 2008);

mutations in the gene encoding ankyrin (ANK1) were

associated with secondary protein deficiencies in spectrin

and/or protein 4Æ2. Actually, reticulocytosis can mask the

primary protein deficiency in ankyrin, and only the secondary

protein deficiencies in spectrin and/or in protein 4Æ2 reflect this

primary deficiency (Hanspal et al, 1991; Lanciotti et al, 1997;

Miraglia del Giudice et al, 1997; Delaunay, 2007).

Peroxiredoxin 2 (Prx2) is one of the most abundant

cytoplasmatic proteins of the erythrocyte (Moore et al, 1991;

Rabilloud et al, 1995; Schroder et al, 2000) and is a typical

2-cys peroxiredoxin, with a thiol-dependent H2O2 scavenger

activity that plays a role in the antioxidant systems within the

RBC (Wood et al, 2003; Low et al, 2007, 2008). The associ-

ation of Prx2 with the erythrocyte membrane (Moore et al,

1997; Cha et al, 2000; Murphy et al, 2004; Rocha et al, 2008)

has been described and it is not the only cytosolic protein

interacting with the membrane; it is known that when

haemoglobin (Hb) is denatured, under oxidative stress con-

ditions, it binds to the cytoplasmatic domain of band 3

(Murthy et al, 1984; Walder et al, 1984; Premachandra, 1986).

Furthermore, though glyceraldehyde-3-phosphate dehydro-

genase (G3PD) exerts its activity in the cytoplasm, the majority

(90%) of erythrocyte G3PD is bound to the RBC membrane in

its inactive form, becoming active when released into the

cytoplasm after band 3 phosphorylation (Tsai et al, 1982;

Rogalski et al, 1989; Mallozzi et al, 1995).

In a previous study involving 51 HS patients (Rocha et al,

2005), we reported that an imbalance between primary and

secondary protein deficiencies may account for the enhance-

ment in membrane destabilization and that the level of the

imbalance appeared to be related to the clinical outcome of

HS. Recently, we reported the detection of Prx2 in the RBC

membrane of some HS patients, as well as, the linkage of

increased amounts of Hb and G3PD (Rocha et al, 2008).

Our aims were to evaluate, in a large Portuguese HS

population, the prevalence of the membrane primary and

secondary protein deficiencies and to study the role of

membrane proteins and membrane-linked proteins, in mem-

brane RBC destabilization and in the clinical outcome of HS.

Materials and methods

Subjects

This study was approved by the Ethics Committees of the

participant Hospitals (Hospital Maria Pia and Hospital Santo

António from Centro Hospitalar do Porto and Hospital S.

João). All subjects gave their informed consent to participate in

the study.

We studied 215 individuals from the north region of

Portugal with a suggestive family and/or clinical history of HS

– 203 individuals from 71 families and 12 unrelated subjects, as

only the propositus was available for study. Out of the 215

studied individuals, 160 were diagnosed with HS, according to

haematological and biochemical data and to clinical/family

history. The patients were classified as presenting mild,

moderate or severe HS according to the Guidelines for the

diagnosis and clinical management of Hereditary Spherocyto-

sis (Bolton-Maggs et al, 2004). For splenectomized patients we

used the clinical classification defined before splenectomy and

only those who were submitted to surgery more than 1 year

before this study were included. Blood collection was only

performed at least 4 months after the last transfusion took

place.

Some adult HS mild patients had been splenectomized, as

they developed a symptomatic vesicular litiasis not predictable

by clinical criteria; the severe HS children had not undergone

splenectomy, as their age was still not compatible with that

procedure.

The control samples used for the electrophoretic analysis of

RBC membrane proteins were from healthy blood donors.

Preparation of erythrocyte membrane suspensions for electro-

phoretic analysis. Blood samples (EDTA as anticoagulant)

were collected and, after the basic haematological and

reticulocyte count analysis, they were processed for further

studies. To ensure the minimal RBC membrane preparation

variability, the protocol was performed by the same individual

during the course of this study.

To prepare the erythrocyte membranes, plasma and leuco-

cytes were isolated from RBCs and discarded after centrifuga-

tion on a double density gradient (Histopaque 1Æ077 and 1Æ119;

Sigma-Aldrich, St Louis, MO, USA). Erythrocytes were washed

in saline solution and, afterwards, submitted to hypotonic

lyses, according to Dodge et al (1963). The obtained mem-

branes were washed in Dodge buffer; the first two washes were

supplemented with phenylmethylsulphonyl fluoride 0Æ1 mmol/l,

a protease inhibitor. The protein concentration of the RBC

membrane suspensions was determined by the Bradford

method (Bradford, 1976). The membrane suspensions were

treated with an equal volume of a solubilisation buffer

(0Æ125mol/l Tris–HCl pH 6Æ8, 4% sodium dodecyl sulphate

(SDS), 20% glycerol, 10% 2-mercaptoethanol) and heat

denatured.

Identification and quantification of erythrocyte membrane pro-

teins. The electrophoretic analysis of the RBC proteins was

carried out on a discontinuous system of polyacrylamide gels

in the presence of SDS (SDS–PAGE), using a 5–15% linear

acrylamide gradient gel (8 lg protein/lane) and a 3Æ5–17%

exponential acrylamide gradient gel (6 lg protein/lane),

according to Laemmli (1970) and Fairbanks et al (1971)

respectively. The proteins were stained with Coomassie

brilliant blue, and scanned (Darkroom CN UV/wl,

BioCaptMW version 99, Vilber Lourmat, Marne-La-Vallée,

France). The relative amount of each major protein (as a

percentage of the total), was quantified by densitometry

(Bio1D++ version 99, Vilber Lourmat). This technique allowed

S. Rocha et al
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the identification and quantification of the major protein

constituents of erythrocyte membrane (a-spectrin, b-spectrin,

ankyrin, band 3 protein 4Æ1, protein 4Æ2, actin, G3PD and

stomatin/tropomyosin) and, thus, the identification of the

protein membrane deficiency that underlies HS.

The electrophoretic analysis for each RBC membrane sample

was performed in duplicate gels, and, in each gel, duplicates of

each sample were loaded alongside with four to six control

samples. The mean levels presented by the studied subjects

were compared with those of the controls. A protein deficiency

was considered as significant when its mean level was lower

than the mean level minus 2 times the standard deviation

presented by the controls for the same protein. The protein

deficiency level was calculated in relation to controls {protein

deficit (%) = [(control mean level protein ) patient mean

level protein)/control mean level protein] · 100}.

We also analysed the balance/ratio between protein defi-

ciency levels whenever the patients presented combined

protein deficiencies: for band 3 primary deficiency, we

determined the ratio between the deficiency levels of band 3

and protein 4Æ2 and for ankyrin primary deficiency, the ratio

between spectrin and protein 4Æ2; afterwards, we calculated the

difference of these ratios to one, in absolute numbers (balance

between the protein deficiency levels = |1 ) ratio bd3/pt4Æ2| or

|1 ) ratio sp/pt4Æ2| respectively). It should be noted that in

relation to our prior work (Rocha et al, 2005), this balance was

determined differently, as we found that the relationship for

primary/secondary protein deficiencies was sometimes inverse;

therefore, we revised that formula in order to represent this

protein balance for all the ratios.

Immunoblot analysis for Prx2. The positive or negative detec-

tion of membrane-linked Prx2 in the Coomassie blue stained

gels after SDS–PAGE, was confirmed by immunoblotting in all

samples (control and HS).

Erythrocyte membrane protein suspensions were submitted

to SDS–PAGE in a 12% acrylamide gel (30 lg protein/lane),

using the discontinuous Laemmli system (Laemmli, 1970).

Proteins were electrophoretically transferred from SDS gels to

a nitrocellulose sheet with a porosity of 0Æ2 lm (Towbin et al,

1979). Additional reactive sites on the nitrocellulose were

blocked by incubation in low fat dry milk (5% w/v) and 0Æ1%

Triton-X 100 in phosphate-buffered saline pH 7Æ0, for 1 h at

room temperature, under gentle rotation. Prx2 immunoblot

was then carried out, adding anti-human Prx2 monoclonal

antibody (dilution 1:3000), produced in mouse (LabFrontier,

Seoul, Korea) and incubating for 5 h; washing of the

nitrocellulose was followed by incubation with peroxidase-

linked anti-mouse IgG (Sigma-Aldrich) for 1h (dilution

1:3000). An enhanced chemiluminescence method (SuperSig-

nal West Pico Chemiluminescent Substrate; Pierce, Rockford,

IL, USA) and X-ray film (Kodak, Rochester, NY, USA) were

used to develop the immunoblot. The immunoblots were

scanned (Darkroom CN UV/wl, BioCaptMW version 99,

Vilber Lourmat).

Membrane bound haemoglobin measurement. Membrane-bound

haemoglobin (MBH) was measured by spectrophotometry, as

described elsewhere (Santos-Silva et al, 1995).

Statistical analysis

For statistical analysis we used the Statistical Package for Social

Sciences (SPSS Inc., Chicago, IL, USA), version 16.0, for

Windows. We present our data as mean ± SD or as median

levels (inter-quartile range). To evaluate the differences

between groups, we used the one-way analysis of variance

(anova) together with Bonferroni’s multiple comparisons test

whenever the parameters presented a Gaussian distribution.

The non-parametric Kruskal–Wallis H test was used in the

case of a non-Gaussian distribution and, when statistical

significance was achieved, single comparisons (two groups)

were made by using the Mann–Whitney U test. Pearson’s

correlation coefficient was used to evaluate relationships

between sets of parametric data and the Spearman’s rank

correlation coefficient between sets of non-parametric data.

A P value lower than 0Æ05 was considered as statistically

significant.

Results

Of the 215 studied individuals from the north region of

Portugal, 160 were HS patients (108 unsplenectomized (unspl)

and 52 splenectomized (spl) patients) and the identification

and quantification of protein deficiencies was determined in all

of them.

A dominant inheritance pattern for HS was found in 53

(75%) out of the 71 studied families. In the other 18 families

only the propositus presented the disease, therefore, only

molecular studies could establish whether a recessive or non-

dominant pattern was present, such as a de novo mutation. We

could not ascertain the inheritance pattern of the 12 unrelated

patients, as the family members were not available to

participate in this study.

Seventy-two (45Æ0%) patients presented mild HS (6 spl), 60

(37Æ5%) presented moderate HS (29 spl) and 28 (17Æ5%)

presented severe HS (17 spl).

The analysis of the erythrocyte membrane protein profile

showed that 109 patients presented a primary protein

deficiency in band 3 [isolated band 3 deficiency (n = 20) or

band 3 deficiency combined with protein 4Æ2 (n = 89)], 35

patients a primary ankyrin deficiency [ankyrin deficiency

associated with both spectrin and protein 4Æ2 deficiencies

(n = 14), ankyrin deficiency combined with spectrin (n = 1),

ankyrin deficiency combined with protein 4Æ2 (n = 1) or

combined deficiencies in spectrin and protein 4Æ2 in patients

presenting reticulocytosis (n = 19)], 14 patients an isolated

deficiency in spectrin and 2 patients an isolated deficiency in

protein 4Æ2 (Table I). These protein defects presumably result

from private family mutations; hence, band 3, ankyrin,

spectrin and protein 4Æ2 protein defects accounted for 65Æ1%

Erythrocyte Membrane Proteins in HS
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(54 families), 24Æ1% (20 families), 9Æ6% (8 families) and 1Æ2%

(1 family) of HS cases respectively.

Table I presents the relative amount of each of the major

erythrocyte membrane proteins and the MBH level for control

and HS patients (unspl and spl), according to the most likely

primary protein deficiency underlying the disease. For all types

of protein defects, except for protein 4Æ2, G3PD was statistically

and significantly higher in HS than in control samples and

MBH was increased for all types of protein defects. Actually,

MBH was increased in 112 out of 160 patients (70%) and

G3PD in 109 (68%) of the HS patients. MBH was higher in spl

patients, as compared to unspl patients with the same protein

defect, though this difference was statistically significant only

for band 3 and ankyrin defects (Table I).

Concerning unspl versus spl patients we found that no

statistically significant differences were found between them

(Table I) (except for MBH); therefore, in the subsequent

studies the two groups were analysed together, considering

only the most likely molecular/protein defect.

Concerning clinical classification, the patients showing band

3 primary protein deficiency, presented mild HS in 52 (48%)

patients, while moderate HS was observed in 42 (38%) cases

and severe HS in 15 (14%) patients. The group presenting an

ankyrin protein defect included 14 (40%) mild HS patients, 14

(40%) moderate HS patients and 7 (20%) severe HS patients.

In the case of isolated spectrin deficiency, 5 (36%) patients

presented mild HS, 3 (21%) moderate HS and 6 (43%) severe

HS. For protein 4Æ2 defect one patient showed mild HS and the

other a moderate form of the disease.

Regarding the relationship between the protein deficiencies

and the clinical outcome of HS, for patients showing isolated

protein deficiencies in band 3, spectrin or protein 4Æ2, the

severity of HS was associated with an increase in the level of

protein deficiency (Table II). In the case of primary band 3

deficiency combined with protein 4Æ2 deficiency, the band 3

deficiency level presented a trend to decrease with the

worsening of the disease and this reduction was associated to

a significant increase in protein 4Æ2 deficiency (Table II); thus,

there was an increasing imbalance between primary and

secondary protein deficiencies from mild to severe HS

(Table II). For primary ankyrin deficiency, there was a trend

to an increasing ankyrin deficiency level with worsening of HS;

concerning the secondary deficiencies, spectrin presented

increasing deficiency, whereas the opposite was observed for

protein 4Æ2, thus, there was an imbalance between the

secondary protein deficiencies from mild to severe HS

(Table II).

In a previous work (Rocha et al, 2008), Prx2 (Fig 1, band i)

was identified as an unusual protein band of about 22 kDa in

SDS-PAGE in some HS samples. In the present work, Prx2 was

observed in about one-third of the studied patients (57 out of

160) and it was never present in the control samples. We

analysed the linkage of Prx2 to the membrane according to

RBC membrane defect and to HS clinical outcome in terms of

percentage of detectable cases, instead of quantifying itsT
ab
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amount, because, unlike G3PD and MBH, Prx2 was not

detected in the membrane of all samples; moreover, as Prx2

was analysed separately by immunoblotting, we were not able

to evaluate the relative proportion of this protein in relation to

the other membrane proteins. The percentage of patients with

detectable Prx2 presenting band 3 and ankyrin primary

deficiencies was similar (35% and 34% respectively) and this

percentage in HS patients with spectrin deficiency was slightly

higher (43%); concerning MBH, a trend to higher MBH levels,

which reached statistical significance for ankyrin deficiency,

was observed in the patients with membrane-linked Prx2

(Table III). The percentage of cases with detectable Prx2 was

similar for all the different clinical forms of HS; MBH also

presented a trend towards (severe HS) or higher (mild HS)

levels in the patients with membrane-linked Prx2, with theT
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Fig 1. Electrophoretic profile of the major erythrocyte membrane

proteins for one HS patient (P) presenting band 3 and protein 4Æ2
combined protein deficiencies, in duplicate, and for two control

samples (C1 and C2), in a linear gradient (5–15%) gel stained

with Coomassie blue. (a) – a-spectrin; (b) – b spectrin and ankyrin;

(c) – band 3; (d) – protein 4Æ1; (e) – protein 4Æ2; (f) – actin; (g) –

glyceraldehyde-3-phosphate dehydrogenase; (h) – stomatin/tropomy-

osin; (i) – peroxiredoxin 2 (22 kDa); (j) – globin chains.
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exception of moderate HS cases, where an inverse trend was

observed (Table III).

The levels of MBH and membrane-linked G3PD were

analysed according to Hb concentration and clinical outcome,

for spl and unspl patients, separately. We found that in spl

patients MBH and Hb concentration presented a positive and

statistical significant correlation (Fig 2A) and that membrane

G3PD was correlated negatively, in a statistically significant

manner, with Hb concentration in the unspl patients (Fig 2B).

Also, membrane-linked G3PD was statistically and significantly

correlated with reticulocyte count in the unspl patients

(r = 0Æ500; P < 0Æ001) and that this correlation was not

observed in the spl patients (r = 0Æ069; P = 0Æ628). In addition,

unspl patients presented statistically and significantly higher

reticulocyte count than spl patients (reticulocytes/l =

217Æ6 · 109 versus 95Æ7 · 109; P < 0Æ001). In both spl and

unspl patients, no changes were observed in MBH with

worsening of HS, though the MBH levels were significantly

higher in the spl patients (Table IV). The level of membrane-

linked G3PD was statistically and significantly higher in

moderate and severe unspl patients, as compared to the spl

cases. However, in unspl patients, membrane-linked G3PD

increased with the severity of HS in a statistically significant

manner (Table IV).

Discussion

HS has very heterogeneous clinical/biochemical/molecular

patterns. The present work intended to characterize a large

HS population from the north region of Portugal concerning

HS RBC membrane protein deficiencies. As far as we know,

this is the largest study of this type in Portugal (Granjo et al,

2003) and the third largest in Europe (Iolascon & Avvisati,

2008; Mariani et al, 2008).

A dominant autosomal inheritance pattern was observed in

75% (53/71) of our HS families, which is the same frequency

described elsewhere (Bolton-Maggs et al, 2004; Delaunay,

2007; Perrotta et al, 2008). This value is slightly higher than

that previously reported by us (67%) in a smaller HS

population (Rocha et al, 2005).

Table III. Detection (%) of membrane-linked peroxiredoxin 2 (Prx2) and membrane-bound haemoglobin (MBH) level, according to erythrocyte

protein membrane defect and to HS clinical severity.

Band 3

(n = 109)

Ankyrin

(n = 35)

Spectrin

(n = 14)

Protein 4Æ2
(n = 2)

Mild HS

(n = 72)

Moderate HS

(n = 60)

Severe HS

(n = 28)

Total HS

(n = 160)

Non detectable Prx2

[n (%)]

71 (65%) 23 (66%) 8 (57%) 1 (50%) 46 (64%) 38 (63%) 19 (68%) 103 (64%)

MBH · 10)2 (%) 1Æ3 (0Æ7–3Æ7) 0Æ9 (0Æ7–1Æ7) 1Æ3 (0Æ8–2Æ6) 1Æ7 0Æ8 (0Æ7–1Æ1) 2Æ6 (0Æ9–4Æ4) 2Æ4 (1Æ0–4Æ4) 1Æ2 (0Æ8–3Æ4)

Detectable Prx2 [n (%)] 38 (35%) 12 (34%) 6 (43%) 1 (50%) 26 (36%) 22 (37%) 9 (32%) 57 (36%)

MBH · 10)2 (%) 1Æ8 (1Æ0–3Æ5) 1Æ3* (0Æ9–2Æ2) 1Æ5 (1Æ0–5Æ7) 0Æ5 1Æ5� (1Æ1–1Æ9) 1Æ7 (1Æ0–4Æ0) 4Æ0 (1Æ9–6Æ9) 1Æ8 (1Æ1–3Æ5)

*P < 0Æ01, �P < 0Æ001 non detectable versus detectable.

(A) (B)

Fig 2. Haemoglobin (Hb) concentration versus (A) membrane-bound haemoglobin (MBH) and (B) membrane-linked glyceraldehyde-3-phosphate

dehydrogenase (G3PD).
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HS is clinically classified according to the severity of the

anaemia and symptoms (Bolton-Maggs et al, 2004). After

splenectomy, anaemia is corrected because the cause for

premature RBC destruction is removed; thus, we assessed if the

membrane protein profile of unsplenectomized versus sple-

nectomized patients could also differ. We observed no

statistically significant differences in the relative amounts of

the major erythrocyte membrane proteins between unspl and

spl patients, with the exception of MBH (Table I). As HS is a

hereditary disorder, it makes sense that splenectomy is not a

factor that would significantly alter membrane protein com-

position, as the molecular defect is the same before and after

removal of the spleen, independently of RBC survival in

circulation.

We found that 45%, 38% and 18% of the patients presented

mild, moderate or severe HS respectively. All clinical outcomes

were observed in all types of protein deficiencies, with the

exception of protein 4Æ2, as only two patients were found with

this protein deficiency. This was in accordance with the

literature (Bolton-Maggs et al, 2004; Delaunay, 2007; Perrotta

et al, 2008) however, the prevalence of mild, moderate and

severe HS in our studied population differed from others,

which most commonly presented with moderate HS (Perrotta

et al, 2008).

Studies involving individuals of northern European ancestry

have reported ankyrin followed by band 3 deficiencies (isolated

or combined) as the most common molecular defects under-

lying HS and, less frequently, spectrin and protein 4Æ2
deficiencies (Bolton-Maggs et al, 2004; Delaunay, 2007; Perr-

otta et al, 2008). In our population, the majority of the HS

cases were due to band 3 primary protein deficiency (65%)

followed by ankyrin (24%), spectrin (10%) and protein 4Æ2
(1%) molecular defects. This prevalence, reflecting the distri-

bution of the ethnic groups living in the north of Portugal, is

similar to that reported for the southern region of Europe, in a

study of 300 Italian HS patients (Mariani et al, 2008). It is

possible that there are different patterns in Northern and

Southern Europe regarding clinical outcome and molecular

defects underlying HS.

We confirmed the hypothesis proposed in our previous

work (Rocha et al, 2005) that an imbalance between protein

deficiency levels (observed in combined protein deficiencies)

was likely to be responsible for an increased membrane

destabilization and, therefore, could explain a more severe

clinical pattern (Table II). Both studies found that similar

levels of combined protein deficiencies, accounting for a more

stable membrane structure, were observed in mild HS cases;

when those levels were increasingly different, the patients

presented moderate to severe HS. Moreover, the present work

also demonstrated that, for isolated protein deficiencies, the

level of protein deficiency increased with HS severity (Table II).

Interestingly, protein 4Æ2, which is believed to play a crucial

role in membrane stabilization (Satchwell et al, 2009),

presented a deficiency level that increased with HS severity

in almost all molecular defects (Table II).

It is known that methaemoglobin (metHb), resulting from a

progressive oxidation of haemoglobin, links to the cytoplas-

matic domain of band 3 (Kay, 1978, 1984; Lutz et al, 1987). In

the spleen, the erythrocytes are submitted to mechanical stress.

This, favours membrane vesiculation of erythrocytes and,

eventually, its sequestration; moreover, this will further stress

the metabolism of the HS cells (Mansouri & Perry, 1987;

Caprari et al, 1992; Kiefer & Snyder, 2000). In agreement,

MBH was increased in all HS patients when compared to

controls (Tables I and IV), especially in spl patients. In these

patients, the HS RBCs have a longer lifespan, as the spleen has

been removed, and, therefore, to maintain membrane integ-

rity, are metabolically stressed cells, accumulating oxidative

changes, as occurs with RBC ageing or under oxidative stress

conditions (Santos-Silva et al, 1998). Moreover, we found that

a statistically significant positive correlation between oxidized

haemoglobin (MBH) and Hb concentration (Fig 2A) only

occurred in spl patients. This suggests that Hb oxidation is

dependent not only in the amount of Hb in the cell but also on

the erythrocyte lifespan, along which the oxidized Hb accu-

mulates bound to the membrane.

The increase of erythrocyte membrane G3PD that was found

in our patients (Table I), has been reported in HS and in other

Table IV. Membrane-bound haemoglobin and glyceraldehyde-3-phosphate dehydrogenase levels according to HS clinical severity for unsplenec-

tomized and splenectomized HS patients.

MBH · 10)2 (%) G3PD level

unspl HS patients spl HS patients unspl HS patients spl HS patients

Mild HS 0Æ99 (0Æ72–1Æ37) (n = 66) 4Æ15* (2Æ74–7Æ55) (n = 6) 5Æ7 (4Æ6–6Æ8) (n = 66) 6Æ0 (4Æ6–6Æ6) (n = 6)

Moderate HS 0Æ92 (0Æ77–1Æ42) (n = 31) 4Æ15* (3Æ42–5Æ91) (n = 29) 6Æ9� (5Æ1–7Æ8) (n = 31) 5Æ2� (3Æ9–6Æ6) (n = 29)

Severe HS 1Æ36 (0Æ90–1Æ62) (n = 11) 4Æ40* (3Æ13–6Æ50) (n = 17) 8Æ0§– (7Æ1–8Æ4) (n = 11) 6Æ6�** (5Æ4–7Æ3) (n = 17)

Data presented as median (inter-quartile range).

MBH, membrane bound haemoglobin; G3PD, glyceraldehyde-3-phosphate dehydrogenase; unspl, unsplenectomized HS patients; spl, splenectomized

HS patients.

�P < 0Æ01, *P < 0Æ001 unspl HS patients versus spl HS patients.

�P < 0Æ01, §P < 0Æ001 HS moderate or severe HS versus mild HS.

**P < 0Æ05, –P < 0Æ01 HS severe HS versus moderate HS.
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pathologies (Orntoft & Clausen, 1994; Antonelou et al, 2003;

Margetis et al, 2007; Rocha et al, 2008). Considering that

membrane structure is altered in HS, it may interfere with the

release of G3PD into the cytoplasm, thus, inactivating and/or

hindering the enzyme’s activity in the cytoplasm, where it is

believed to be important against free radical Hb attack, and,

therefore, may contribute to the accumulation of oxidized Hb

(Schrier, 1966; Mallozzi et al, 1995). Furthermore, it was

reported that G3PD activity was stimulated by oxyhaemo-

globin (Brookes et al, 1997). The present study found that Hb

concentration and membrane-linked G3PD were inversely

correlated in a statistically significant manner in unspl patients

(Fig 2B), suggesting that the reduction of oxyhaemoglobin in

the cell may contribute to the non-release of G3PD from the

membrane. Interestingly, the level of membrane-linked G3PD

in unspl HS patients seemed to increase with HS clinical

severity (Table IV), suggesting this level or the lack of activity

of this enzyme as potential markers of HS clinical outcome.

It has been reported that erythrocytes from HS patients

contain more G3PD in the membrane and that this could be

related to the age of the RBCs, presenting younger erythrocytes

higher membrane content of G3PD (Orntoft & Clausen, 1994).

In our study, we found a statistically significant positive

correlation between membrane-linked G3PD and reticulocyte

count (r = 0Æ500; P < 0Æ001) in the unspl patients that was not

observed in spl patients. This further suggests a disturbance in

G3PD release from the membrane; indeed, both unspl and spl

patients presented similar membrane G3PD levels (Table I)

but, in the spl patients, this level did not correlate with the

number of reticulocytes and their reticulocyte count was

significantly lower than in unspl patients.

The increase in bound Hb, G3PD and band 8 in RBC

membranes of HS patients was reported by Margetis et al

(2007). We believe that band 8 is Prx2, as, we previously

identified a protein with the same molecular weight, as Prx2

(Fig 1) (Rocha et al, 2008). Recently, we reported that this

linkage of Prx2 to the membrane seems to occur with oxidative

stress development within the HS erythrocytes (Rocha et al,

2009). This is in accordance with the findings of the present

study, as the linkage of Prx2 to the RBC membrane appeared

to be also associated with oxidative stress. Indeed, we observed

that most of the HS patients with detectable Prx2 in the

membrane also presented higher MBH levels (Table III),

which has been reported as a good marker of Hb oxidation

(Santos-Silva et al, 1995, 1998; Coimbra et al, 2006; Costa

et al, 2008).

In conclusion, we report that band 3 and ankyrin account

for the majority of erythrocyte protein membrane defects

underlying HS in a large population from the north region of

Portugal. An increasing isolated protein deficiency or increas-

ing imbalance between combined protein deficiencies seem to

underlie HS severity, by increasing membrane destabilization.

We propose that further and more extensive studies regarding

the cytoplasmatic proteins that are able to link to the RBC

membrane, such as G3PD, metHb and Prx2, should be

performed to clarify their contribution to membrane destabi-

lization. Finally, it is noteworthy that, as HS is a genetic

disease, in the future, molecular analysis will facilitate the

elucidation of the genotype-phenotype interactions, as well as,

the influence of genetic modifiers in HS clinical outcome.
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We studied 82 Portuguese individuals, 57 with hereditary spherocytosis (HS) and 25 unaffected controls. We
performed standardized diagnosis tests, including electrophoretic membrane protein analysis to identify and
quantify protein deficiencies underlying HS. Membrane bound hemoglobin (MBH) and band 3 profiles were
determined as oxidative stress and aging markers. A protein of about 22 kDa, present in 21 of 57 HS patients,
but not in controls, was identified as peroxiredoxin 2 (Prx2), by mass-spectroscopy and by immunoblotting.
Human erythrocyte Prx2 is a peroxiredoxin with thiol-specific antioxidant activity. The presence of Prx2 in
erythrocyte membranes was linked to higher levels of oxidative stress, as reflected by significantly increased
MBH in those HS patients. No relation with HS clinical severity was observed and Prx2 was detected in all
types of membrane protein abnormalities. Prx2 membrane linkage is associated with a higher oxidative stress
susceptibility of HS erythrocytes.

© 2008 Elsevier Inc. All rights reserved.
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Introduction

Hereditary spherocytosis (HS) is the most common non-immune
hemolytic anaemia, affecting 1 in 2000 individuals of northern
European ancestry [1]. Mutations in the genes encoding for several
erythrocyte membrane proteins, spectrin α-chain, spectrin β-chain,
ankyrin, band 3, and protein 4.2, underlie HS [1]. HS is usually
classified as mild, moderate or severe according to the rate of red cell
destruction [2].

The erythrocyte function of transporting oxygen requiring a high
content in hemoglobin (Hb) and, therefore, iron, makes this cell a
target for damage by reactive oxygen species (ROS). There are a variety
of antioxidant systems within the cell to counteract the effects of ROS,
which include enzymes, such as superoxide dismutase (SOD), catalase
and peroxidases, namely glutathione peroxidase (GSHPx) and perox-
iredoxin 2 (Prx2). The latter is one of the most abundant cytoplasmic

proteins of the erythrocytes [3–5], although the way it integrates into
other RBC antioxidant systems is not clear.

Human erythrocyte Prx2 is a typical 2-cys peroxiredoxin, with
thiol-dependent H2O2 scavenger activity [6,7]. It has a molecular mass
of 21.8 kDa [5,8] and resides in the cytoplasm as dimers and decamers
in a dynamic equilibrium [9,10]. Although Prx2 is a preferential
cytosolic protein, its association to erythrocyte membrane has been
reported previously [3,11–14].

Whenever an additional physical or oxidative stress occurs and the
antioxidant capacity of erythrocytes is overwhelmed, the accumula-
tion of ROS will lead to a progressive oxidation of haemoglobin which
links to the cytoplasmic domain of band 3, inducing its aggregation and
triggering the covalent binding of specific anti-band 3 autoantibodies
and complement activation, marking the cell for removal [15–19].

The present work aimed to identify a protein of about 22 kDa,
present in detectable amounts in the erythrocyte membrane of some
HS patients, and to clarify its role by searching for a relation with the
clinical outcome of HS and/or with the type of membrane protein
deficiencies underlying the disease. To clarify the importance of this
protein the evaluation of some markers of RBC oxidative damage/
aging and an in vitro test were also performed.
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Materials and methods

Subjects

This study followed a protocol approved by the Ethical Committee
of the hospitals involved in the study (Hospital de Crianças Maria Pia,
Hospital Geral Santo António and Hospital S. João from Porto), and all
participants gave their informed consent to participate.

We studied 82 individuals from the north region of Portugal: 57
patients diagnosed with HS, according to familial, hematological and
biochemical data [2] and 25 healthy individuals.

None of the HS patients had had splenectomy.

Assays

Blood samples (EDTA andheparin as anticoagulants)were collected
and processed for the hematological and biochemical analysis, and to
prepare the erythrocyte membranes. Hematological and biochemical studies

We evaluated the red blood cell (RBC) count, hemoglobin (Hb)
concentration, haematocrit (HCT), mean cell volume (MCV), mean cell
hemoglobin (MCH), mean cell hemoglobin concentration (MCHC) and
red cell distribution width (RDW), by using an automatic blood cell
counter (Sysmex K1000). The search for spherocytic cells was
performed in Wright stained blood films [20]. Reticulocyte count
was performed by microscopic counting on blood smears after vital
staining with new methylene blue (Reticulocyte stain, Sigma).
Osmotic fragility test was carried out on fresh heparinized blood
and after 24 h of blood incubation at 37 °C [21].

Plasma concentration of total bilirubin was measured by standard
biochemical procedures (BIL-T, Roche, Basel, Switzerland). To exclude
immune hemolysis a direct antiglobulin test was performed on the red
cells of all HS patients [22].

Identification and quantification of erythrocyte membrane proteins
To ensure the minimal RBC membrane preparation variability, the

protocol was performed by the same individual during the course of this
study.

To prepare the erythrocyte membranes, plasma and leukocytes
were separated from RBCs and discarded after centrifugation on a
double density gradient (Histopaque 1.077 and 1.119, Sigma). Erythro-
cytes were washed in saline solution. The RBCs were submitted to
hypotonic lysis, according to Dodge et al. [23]. The membranes were
washed in Dodge buffer, adding in the first twowashes phenylmethyl-
sulphonyl fluoride, at a final concentration of 0.1 mM. The protein
concentration of the erythrocyte membrane suspensions was deter-
mined by the Bradford's method [24].

Erythrocyte membrane suspensions were treated with an equal
volume of a solubilization buffer [0.125 M Tris HCl pH 6.8, 4% sodium
dodecyl sulfate (SDS), 20% glycerol, 10% 2-mercaptoethanol] and heat
denatured.

The electrophoretic analysis of the RBC proteins was carried out on a
discontinuous system of polyacrylamide gels in the presence of sodium
dodecyl sulfate (SDS-PAGE), using a 5–15% linear acrylamide gradient gel
(8 µg protein/lane) and a 3.5–17% exponential acrylamide gradient gel
(6 µg protein/lane), according to Laemmli [25] and Fairbanks et al. [26]
methods, respectively. Theproteinswere stainedwithCoomassiebrilliant
blue, and scanned (Darkroom CN UV/wl, BioCaptMW version 99, Vilber
Lourmat). The relative amount of each major protein (as a percentage of
total), was quantified by densitometry (Bio1D++ version 99, Vilber
Lourmat). This technique allowed the identification and quantification
of themajorprotein constituents of erythrocytemembrane [27] and, thus,
the identification of the protein membrane defect that underlies HS.

Mass-spectroscopy analysis
The protein bands of approximately 22 kDa, observed in SDS-PAGE

gels from some HS patients, were excised from the gels stained with

Fig. 1. Electrophoretic profile of the erythrocyte membrane proteins for two HS Prx2
patients (P1 and P2) and for two control samples (C1 and C2), in a linear gradient (5–15%)
gel stainedwith Coomassie blue. a— α-spectrin (240 kDa); b— β-spectrin (220 kDa) and
ankyrin (210 kDa); c — band 3 (90–100 kDa); d — protein 4.1 (80 kDa); e — protein 4.2
(72 kDa); f — actin (43 kDa); g — glyceraldehyde-3-phosphate dehydrogenase
(35 kDa); h — stomatin/tropomiosin (27 kDa); i — peroxiredoxin 2 (22 kDa); j — globin
chains (16 kDa).

Table 1
Identification of peroxiredoxin 2 byMALDI-TOF/TOFMass Spectroscopy (MS) andMS/MS
spectra

Position Calculated
mass

Observed
mass

ΔMass Sequence

8–16 972,5513 972,5386 −0,0127 IGKPAPDFK
17–34 1941,0327 1940,9323 −0,1004 ATAVVDGAFKEVKLSDYK
68–91 2713,3767 2713,3662 −0,0105 LGCEVLGVSVDSQFTHLAWINTPR
92–109 1863,0698 1863,0573 −0,0125 KEGGLGPLNIPLLADVTR
93–109 1734,9749 1734,9628 −0,0121 EGGLGPLNIPLLADVTR
110–119 1179,6368 1179,6241 −0,0127 RLSEDYGVLK
120–127 924,4421 924,4381 −0,004 TDEGIAYR
128–135 862,5032 862,4901 −0,0131 GLFIIDGK
140–150 1211,6743 1211,6693 −0,005 QITVNDLPVGR

The mass of nine tryptic peptides were matched with peroxiredoxin 2 by NCBI non-
redundant protein database searching. Sequence coverage was 53% of full length which
allowed peroxiredoxin 2 identification with 100% confidence.

6 S. Rocha et al. / Blood Cells, Molecules, and Diseases 41 (2008) 5–9
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Coomassie brilliant blue; the gel pieces were washed three times with
25 mM ammonium bicabornate/50% acetonitrile (ACN), one time with
ACN and dried in a SpeedVac (Thermo Savant); 25 µL of 10 µg/mL
sequence grade modified porcine trypsin (Promega) in 25 mM ammo-
nium bicarbonate was added to the dried gel pieces and the samples
were incubated overnight at 37 °C. Extraction of tryptic peptides was
performed by addition of 10% of formic acid (FA)/50% ACN three times,
being lyophilized in a SpeedVac. Tryptic peptides were resuspended in
10 µL of a 50% ACN/0.1% FA solution. The samples weremixed (1:1) with
a matrix consisting of a saturated solution of α-cyano-4-hydroxycin-
namic acid prepared in 50% ACN/ 0.1% FA. Aliquots of samples (0.5 µL)
were spotted onto theMALDI sample target plate. Peptide mass spectra
were obtained on a MALDI-TOF/TOF mass spectrometer (4800 Proteo-
mics Analyzer, Applied Biosystems) in the positive ion reflector mode.
Spectrawere obtained in themass range between800 and 4500Dawith
ca. 1500 laser shots. For each sample spot, a data dependent acquisition
method was created to select the most intense peaks, excluding those
from the matrix, trypsin autolysis, or acrylamide peaks, for subsequent
MS/MS data acquisition. Trypsin autolysis peaks were used for internal
calibration of the mass spectra, allowing a routine mass accuracy of
better than 20 ppm. Spectrawere processed and analyzed by the Global
Protein Server Workstation (Applied Biosystems), which uses internal
Mascot (Matrix Science Ltd) software for searching the peptide mass
fingerprints andMS/MSdata. Searcheswere performed against theNCBI
non-redundant protein database.

Immunoblot analysis for Prx2
Erythrocyte membrane protein suspensions were prepared under

reducing conditions (previously described), and submitted to SDS-
PAGE in a 12% acrylamide gel (30 µg protein/lane) [25]. Membrane
proteins were electrophoretically transferred to a nitrocellulose sheet
(Sigma) [28] and blocking was achieved by incubation in low fat dry
milk (5%w/v) and 0.1% Triton X-100 in phosphate buffered saline (PBS)
pH 7.0, for 1 h at room temperature. Prx2 immunoblot was then
carried out performing the first incubation with monoclonal anti-
bodies anti-human Prx2 (1:3000), produced in mouse (LabFrontier),
for 5 h and the second incubation with anti-mouse IgG peroxidase
linked (Sigma) for 1 h (1:3000). An enhanced chemiluminescence
method (SuperSignal West Pico Chemiluminescent Substrate, Pierce)
and a X-ray film (Kodak) were used to develop the immunoblot.

Markers of RBC aging/damage — MBH and band 3 profile
The RBC membrane bound hemoglobin (MBH) was measured by

spectrophotometry [29].
To evaluate the band 3 profile we used a similar protocol to that

performed for Prx2 immunoblotting. The SDS-PAGE used a 9%
acrylamide gel; monoclonal antibodies anti-human Band 3, produced
in mouse (Sigma), were added (dilution 1:4000) and incubated for
4 h; afterwards, incubation with anti-mouse IgG peroxidase linked
(Sigma) for 1 h (1:3000); hydrogen peroxide (H2O2) and α2-
cloronaphtol were used to develop the immunoblot. The immunoblots
were scanned and the relative amount of band 3 monomer, high
molecular weight aggregates (HMWAg) and of proteolytic fragments
(Frag) (as a percentage of total), was quantified by densitometry
(Bio1D++ version99, Vilber Lourmat, France).

In vitro assay
An in vitro assaywas performed in some of the HS samples in order

to better clarify the importance of the linkage of Prx2 to the
erythrocyte membrane and its relation with the development of
oxidative stress within the RBCs, induced by blood storage or aging:
fresh blood samples (EDTA as anticoagulant), from 12 controls and 15
HS patients, were stored at 4 °C; aliquots were taken at time of
collection, at two and seven days of storage in order to obtain
erythrocyte membrane suspensions; afterwards, MBH was evaluated.

Statistical analysis

As several of the studied variables presented a non-Gaussian
distribution, we present our data as median (inter-quartile range)
values. For statistical analysis we used the Statistical Package for Social
Sciences (SPSS), version 15.0, forWindows. To evaluate the differences
between groups, we used the non-parametric Kruskal–Wallis H test.
When statistical significance was achieved, single comparisons (two
groups) were made by using the Mann–Whitney U test. A p value
lower than 0.05 was considered as statistically significant.

Results and discussion

We report for the first time, to our knowledge, the study and iden-
tification of Prx2 (Fig. 1, band i) in the RBC membrane from some HS
patients. By observation of our gels of erythrocyte membrane proteins,
stained with Coomassie Blue, it became evident that a protein band in
the region of 22 kDa was present in detectable amounts in some of the
HS samples (Fig. 1). The excised band was found to be Prx2 after mass-
spectroscopy analysis. This technique allowed for the unequivocal
identification of Prx2, since nine tryptic peptides were matched with
peroxiredoxin 2 after mass-spectroscopy (MS) and MS/MS combined
database searching corresponding to a 53% full length sequence
coverage and 100% confidence (Table 1). This protein identification
was confirmed afterwards by human Prx2 immunoblotting. The
membrane suspensions were treated under reducing conditions, as
we intended only to confirm the presence (or not) of Prx2 in the

Fig. 2. Peroxiredoxin 2 immunoblot for fourHSpatients (P1, P2—HSndPrx2 and P3, P4—

HS Prx2) and two control samples (C1 and C2). SDS-PAGE performed in a 12% acrylamide
gel and samples treated under reducing conditions (molecular weight (MW) markers
presented on the right).

Table 2
Hematological and biochemical data for control and HS patients without (ndPrx2) or with (Prx2) red cell membrane detectable peroxiredoxin 2

Group Erythrocytes Hemoglobin Haematocrit MCV MCH MCHC RDW Reticulocytes Bilirubin Osmotic fragility

(1012/L) (g/dL) (%) (fL) (pg) (g/dL) (%) (%) (µmol/L) Before
incubation

After 24 h
incubation

Control 4.66 14.1 42.3 92.0 29.7 32.5 12.7 0.9 9.2 0.458 0.561
(n=25) (4.24–5.09) (13.2–15.0) (40.1–46.7) (89.5–94.0) (28.8–30.4) (32.0–33.0) (12.4–13.3) (0.8–1.3) (7.7–12.2) (0.440–0.470) (0.531–0.580)
HS ndPrx2 3.97⁎⁎⁎ 12.4⁎⁎ 33.8⁎⁎⁎ 86.1⁎⁎⁎§§ 31.4⁎ 35.9⁎⁎⁎ 16.8⁎⁎⁎ 8.5⁎⁎⁎ 37.2⁎⁎⁎ 0.475 0.616⁎⁎⁎

(n=36) (3.68–4.43) (11.2–14.2) (31.2–39.8) (80.2–90.5) (28.6–32.6) (35.0–37.0) (14.3–18.8) (3.4-12.2) (17.1–79.5) (0.434–0.526) (0.567–0.766)
HS Prx2 3.95⁎⁎ 11.9⁎⁎⁎ 31.8⁎⁎⁎ 81.1⁎⁎⁎ 29.1§§ 35.6⁎⁎⁎ 17.6⁎⁎⁎ 6.4⁎⁎⁎ 34.2⁎ 0.472 0.596⁎

(n=21) (3.47–4.53) (9.7–13.0) (27.0–37.4) (75.4–83.8) (26.6–30.3) (34.5–36.8) (13.4–21.2) (2.2–11.1) (7.4–54.2) (0.450–0.500) (0.585–0.625)

MCV =mean red cell volume;MCH =mean red cell hemogolobin; MCHC =mean red cell hemoglobin concentration; RDW= red cell distributionwidth; HS = hereditary spherocytosis;
Nd = not detectable; Prx2 = peroxiredoxin 2 ⁎⁎⁎pb0.001, ⁎⁎pb0.01, ⁎pb0.05 (HS versus control); §§pb0.01 (HS ndPrx2 versus HS Prx2) Data are presented as median (IQR) values.
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erythrocytemembrane. Therefore, only themonomeric form (21.8 kDa) of
Prx2 was detected (Fig. 2). This protein band was observed in about one
third of the patients (21 out of 57) and itwas never present in the controls.
A protein band with a similar molecular weight was described in HS
samples by Margetis et al. [30], although the authors did not identify it.
The same authors also reported an increase in the glyceraldehyde-3-
phosphate dehydrogenase (G3PD) band of HS patients; we found similar
changes in G3PD (Fig. 1, band g) for most of the HS samples, not just for
those presenting detectable amounts of Prx2.

Knowing that Prx2 is a major contributor to RBC homeostasis,
protecting against ROS and that the lack of Prx2 seems to be closely
related to the formation of Heinz bodies and the development of a
hemolytic anemia in mice [31,32], we studied a potential correlation
with the clinical outcome of HS and with the type of molecular defect
underlying HS. These data were analyzed in order to characterise the
two groups of HS patients, one presenting Prx2 linked to the
membrane (HS Prx2) and the other with no detectable Prx2 linked to
the membrane (HS ndPrx2), and also to compare themwith controls.

In Table 2, we present hematological and biochemical data for
control and for the two HS groups. We found, as expected in HS, that
both groups of HS patients presented significantly lower levels of RBCs,
Hb, HCT and of MCV and significantly increased MCHC, RDW,
reticulocytes, total bilirubin and osmotic fragility in relation to controls
(Table 2). When comparing HS ndPrx2 and HS Prx2 groups, we found
no statistically significant differences for classical data used to
diagnose and classify HS severity; differences were found only for
MCVandMCH,which are features not used inHS classification.We also
found that Prx2was detectable in all clinical types of HS patients–mild
(11out of 33),moderate (8 out of 17) and severe (2 out of 7) – suggesting
that Prx2 membrane linkage is not related to clinical HS severity.

Consideringproteinmembranedefects underlyingHS, theprevalence
found for the studiedHSpopulation– 65%, 26%, 7% and2%of theHS cases
due to band 3, ankyrin, spectrin or protein 4.2 deficiency, respectively –

was very similar to that we have reported in a previous work [33]. The
presence of Prx2 in the RBC membrane of some HS patients did not
appear to be specific of one particular membrane defect in relation to
another, sinceHSPrx2patients presented all possible proteindeficiencies
(14/37 patients, 3/15 patients 3/4 patients and 1/1 patients with band 3,
ankyrin, spectrin or protein 4.2 deficiency, respectively).

Erythrocytes are particularly sensitive to oxidative stress, since
hemoglobin, as a carrier of oxygen, is capable of undergoing autoxida-
tion and generate ROS, such as superoxide anion (O2

−). This molecule is
converted by SOD to H2O2, which in turn is eliminated by Prx2, GSHPx
and catalase [34–36]. Prx2 becomes oxidized when its cystein residues
react with H2O2 and is regenerated to its reduced state by the
thioredoxin (Trx)/Trx reductase/NADPH system present in the RBC [7].
However, in thepresenceofhigh levels ofH2O2, Prx2doesnot seemtobe
able of reverting from its inactive oxidized dimeric state in a timely
manner [34] and, in that case, catalase undertakes themain role in H2O2

removal [35]. Failure of the antioxidant systems, resulting fromoxidative
damage and/or cell senescence, leads to a progressive oxidation of
hemoglobin that links to the cytoplasmic domain of protein band 3,

inducing its aggregation [37]. As previously reported by our research
team, higher values ofMBHand changes in band3profile (an increase in
band 3 aggregation and a reduction in the proteolytic fragments), are
good markers for oxidative stress related conditions[29,38–41]. More-
over, the same changes in MBH and in band 3 profile were observed in
older denser RBCs [42]. Since we apparently found no association
between the presence of Prx2 in the RBC membrane and the clinical
outcome or the molecular defect underlying HS, we decided to evaluate
our samples from the viewpoint of oxidative stress/damage.

The results described in the presentwork forMBH and band 3 profile
are within our expectations, considering that HS erythrocytes are
metabolically “stressed” cells to sustain membrane integrity. Both
groups of HS patients presented significantly higher amounts of MBH
than controls, and this value is especially increased in the HS Prx2 group
(Table 3). Margetis et al. [30] also reported increased amounts of
hemoglobin in the electrophoretic analysis of RBC membranes of HS
patients. As shown by the in vitro study of RBC storage/aging performed
with control, HS ndPrx2 and HS Prx2 groups (Fig. 3), the value of MBH
increased with cell storage/aging for both control and HS groups, being
the increase particularly significant for HS Prx2 patients. In relation to
band 3 profile, the two groups of HS patients presented significantly
higher values of highmolecularweight aggregates andband3monomer,

Table 3
Markers of erythrocyte aging/damage

Group MBH (%) p(a) p(b) HMWAg p(a) p(b) Monomer p(a) p(b) Frag p(a) p(b)

Controls 0.0054 – – 17.6 – – 54.5 – – 27.8 –

(n=25) (0.0036–0.082) (14.8–19.9) (52.2–55.5) (24.4–32.6)
HS ndPrx2 0.0084 b0.05 – 19.0

(16.8–22.6)
0.060 – 59.6 b0.001 – 20.6 b0.001 –

(n=36) (0.0054–0.0102) (56.6–63.1) (15.1–24.4)
HS Prx2 0.0142 b0.001 b0.001 21.7 b0.01 0.099 58.6 b0.01 0.176 20.1 b0.001 0.991
(n=21) (0.0094–0.0186) (19.0–24.6) (55.5–59.8) (17.2–22.2)

p(a) — HS versus control; p(b) — HS ndPrx2 versus Prx2.
Data are presented as median (IQR) values.
Membrane bound haemoglobin (MBH) and erythrocyte band 3 immunoblot profile (relative amount of high molecular weight aggregates (HMWAg), monomer and proteolytic
fragments (Frag) of band 3 for control and HS membrane samples with no detectable (HS ndPrx2) and detectable (HS Prx2) peroxiredoxin 2).

Fig. 3.Membrane bound hemoglobin (MBH) for the control (n=12), HS patients without
detectable(nd) red cell membrane Prx2 (n=6) and HS patients with detectable red cell
membrane Prx2 (n=9) groups during 7 days of blood storage/aging. The boxes represent
the inter-quartile range, with the upper and lower edges of the boxes representing the
75th and 25th percentiles, respectively. The central horizontal lines within the boxes
represent median levels for each group. ⁎⁎pb0.001 (HS versus control in the same day of
storage); §pb0.05 (HS Prx2 versus HS ndPrx2 in the same day of storage).
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and significantly lower values of fragments of band 3,when compared to
controls (Table 3). HS erythrocytes seem to be more prone to develop
oxidative stress, as membrane instability may cause such physical and
chemical distress that accelerates their metabolic failure.

When comparing HS patients with non-detectable (nd) Prx2 and
withdetectablemembrane Prx2, themost striking featurewasMBH, but
also relevant wereMCV (Table 2) and the band 3 profile (Table 3). These
results suggest that HS Prx2 erythrocytes are smaller, and that their
membranes presentmore signs of oxidative stress, that could be related
to a higher membrane instability, leading to membrane vesiculation
with a reduction in cell volume.

It is possible that Prx2,when the cell is underoxidative stress, binds to
RBC membrane and, there, acts to prevent lipid peroxidation, as
proposed elsewhere [12,13]. This is in agreement with the fact that HS
patients with Prx2 in their RBC membranes, though presenting more
signs of oxidative stress, did not show a more severe clinical outcome
thanHS patientswith ndPrx2 (Table 2). It is also possible that, because of
high levels of ROS in the HS erythrocyte, due to the stress caused by
membrane fragility, when Hb is denatured and binds to the membrane,
Prx2maybe incorporated. Prx2 hasbeen shown to link toHb [35,36].We
wonder, however, if membrane linked Prx2 is active or not, as it has been
reported [34,36] that in the presence of high levels of H2O2, Prx2
becomes almost irreversibly inactivated if the oxidative condition
persists. Further studies are needed to clarify the heterogeneity of the
presenceof Prx2 in the erythrocytemembrane; the activity of Prx2 in the
cytosol/membrane and the mechanism of its linkage to RBC membrane
HS or in other oxidative stress related conditions.
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Human erythrocyte peroxiredoxin 2 (Prx2) is a typical 2-cys cytosolic peroxiredoxin with thiol-dependent
hydrogen peroxide scavenger activity. In a previous work, we reported Prx2 erythrocyte membrane linkage in
some Hereditary Spherocytosis patients and that it seemed to be related to oxidative stress. The aim of the
present work was to determine if Prx2 linkage to erythrocyte membrane could be induced by oxidative stress
mediated by H2O2 and to further understand how and why this process occurs. We performed in vitro assays
in which catalase or both Hb autoxidation and catalase were inhibited, under H2O2-induced oxidative stress
conditions. Erythrocyte membrane linked Prx2 was detected by immunoblotting and quantified by
densitometry. As oxidative stress markers, we determined membrane bound hemoglobin and lipid
peroxidation, and we found that their values increased with H2O2 concentration. Prx2 linkage to the
membrane also rose with increasing H2O2 concentration, and was only observed when the oxidized form of
the enzyme was present in the cytosol. Oxidized Hb and Prx2 membrane linkages appear to be independent
processes, although, both result from oxidative stress and may be useful as oxidative stress and/or
erythrocyte damage/senescence markers.

© 2009 Elsevier Inc. All rights reserved.

Introduction

The erythrocyte is a very unique cell, not only because of its
biconcave shape, but also, because it is a cell without nuclei or other
organelles. Its main function is the transport/exchange of gases
through the human body. Inherent to its function in transporting
oxygen, a high content in hemoglobin (Hb) (95% of total protein in
erythrocyte) and, therefore in iron, turns the red blood cell (RBC) into
a preferential place for reactive oxygen species (ROS) formation.
Accumulation of ROS within the cell can lead to lipid peroxidation,
protein carbonylation and Hb denaturation, the reason why there is a
variety of antioxidant systems to counteract the effects of ROS,
namely, high quantities of enzymes, such as superoxide dismutase
(SOD), catalase and peroxidases, specifically glutathione peroxidase
(GSHPx) and peroxiredoxin 2 (Prx2). The latter is one of the most
abundant cytoplasmatic proteins of the erythrocytes [1–3], although
the way it operates in connection with other RBC antioxidant systems

is still poorly clarified; however, some recent studies indicate that
Prx2 plays a preponderant role in maintaining low endogenous levels
of hydrogen peroxide produced by Hb autoxidation [4,5].

Peroxiredoxins are a ubiquitous family of peroxidases with
antioxidant proprieties. There are 6 types of mammalian peroxiredo-
xins (I to VI), present in various tissues, and classified according to the
presence of a conserved amino acid sequence and catalysismechanism
[6,7]. Human erythrocyte Prx2 is a typical 2-cys peroxiredoxin, with a
thiol-dependent hydrogen peroxide scavenger activity regulated by
the thioredoxin (Trx)/Trx reductase/NADPH reducing system [7,8].
This protein has a molecular mass of 21.8 kDa [3,6] and exists in the
cytoplasm as dimers and decamers in dynamic equilibrium [6,9,10].
Although cellular location of Prx2 is considered to be cytosolic, it can
also be linked to the erythrocytemembrane [1,11–16]where it could be
involved in mechanisms of defense against lipid peroxidation [11,17].

We recently reported [15] the linkage of Prx2 to the membrane of
circulating RBCs in some Hereditary Spherocytosis (HS) patients;
moreover, this linkage was correlated with higher amounts of
membrane bound hemoglobin (MBH), a known marker of oxidative
stress. In fact, several studies have reported a rise in MBH, both in
physiologic (physical exercise [18], pregnancy [19,20]) and pathologic
(myocardial infarction [21], stroke [22], psoriasis [23]) oxidative stress
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related conditions. Senescent RBCs, that present high values of MBH
[24], are smaller, denser and with a higher membrane rigidity. These
changes and the decreased enzyme activity in older RBCs, favor their
splenic removal; in fact, the hypoxic environment and the vascular
network that older RBCs have to face through spleen circulation, by
testing the RBC metabolic activity (to overwhelming oxidative stress)
and cell deformability, may condition their sequestration and removal.

The aim of the present workwas to determine if Prx2 linkage to the
RBCmembrane could be induced by oxidative stress conditions, and to
understand how this process occurs. We performed in vitro assays in
which catalase or both Hb autoxidation and catalase were inhibited,
under hydrogen peroxide (H2O2)-induced oxidative stress conditions.

Materials and methods

Preparation of erythrocyte suspension

Blood samples from healthy volunteers (n=3) were collected
using heparin as anticoagulant.

Plasma and buffy-coat were discarded and red blood cells were
washed in phosphate buffered saline (PBS) pH 7.4. The number of
cells/ml in the obtained erythrocyte suspensions was determined
using a hemocytometer, and, afterwards adjusted for 5×108 cell/ml
with PBS, pH 7.4.

In vitro assays

Erythrocyte suspensions (5×108 cell/ml; 10ml PBS, pH 7.4), under
the following different assay conditions, were incubated during
30 min at 37 °C, under gentle agitation:

RBCs under H2O2-induced oxidative stress
Erythrocytes were incubated with hydrogen peroxide 25 μM,

50 μM and 75 μM (the concentration of H2O2 stock solution was
measured according to Low et al. [5]). A control tube containing only
RBCs was used.

RBCs under H2O2-induced oxidative stress and catalase inhibition
Erythrocytes were incubated with 100 mM sodium azide (NaN3)

and H2O2 25 μM, 50 μM and 75 μM. A control tube containing only
RBCs and 100 mM NaN3 was used.

RBCs under H2O2-induced oxidative stress and inhibition of catalase and
Hb autoxidation

Before incubation, the erythrocytes were saturated with carbon
monoxide (CO) and carboxyhemoglobin formation was determined
by spectrophotometry [25]. Afterwards, RBCs were incubated with
NaN3 100 mM and H2O2 25 μM, 50 μM and 75 μM. A control tube
containing only RBCs saturated with CO and 100 mM NaN3 was used.

After incubation (for all in vitro assays), we removed an aliquot of
each RBC suspension, in order to evaluate the oxidative status of
cytosolic Prx2. Those erythrocyte aliquots were adjusted for 5×106

cell/ml with PBS, pH 7.4 (2 ml); to these RBC suspensions N-ethyl
maleimide (NEM) was added (final concentration 100 mM) and,
afterwards, an incubation of 15 min at 37 °C, under gentle agitation,
was performed.

The remaining suspension was processed to obtain erythrocyte
membranes.

Preparation of erythrocyte membrane suspensions and hemolysates

To ensure minimal RBC membrane preparation variability, the
protocol was performed by the same individual during the course of
this study.

To prepare the erythrocyte membranes for electrophoretic analy-
sis, RBCs were washed in saline solution, after the 30 minute

incubation period. The RBCs were submitted to hypotonic lyses,
according to Dodge et al. [26]. The obtained membranes were washed
in Dodge buffer, adding in the first two washes phenylmethylsulpho-
nyl fluoride, as a protease inhibitor, at a final concentration of 0.1 mM.

The hemolysates were obtained after the 15 minute incubation
period with NEM by hypotonic lyses with Dodge buffer of the pelleted
erythrocytes, previously washed with saline solution.

The protein concentration of the erythrocyte membrane suspen-
sions and of the hemolysates were determined by the Bradford's
method [27].

To prepare erythrocyte membranes for electrophoresis, the
membrane suspensions were treated with an equal volume of a
solubilization buffer (0.125M Tris HCl pH 6.8, 4% sodium dodecil
sulphate (SDS), 20% glycerol, 10% 2-mercaptoethanol) and heat
denatured, when working in reducing conditions.

In order to determine the redox form inwhich Prx2 was present in
the RBC cytosol, oxidizing conditions were utilized for the preparation
of the hemolysate suspensions (solubilization buffer without a
reducing agent) [5].

Immunoblot analysis for Prx2 in RBC membranes and hemolysates

Erythrocyte membrane suspensions and hemolysates were sub-
mitted to SDS-PAGE in a 12% acrylamide gel (30 μg protein/lane), using
the discontinuous Laemmli system [28]. An internal control of human
recombinant Prx2 protein (250 ng) (LabFrontier) was applied in all
electrophoresis. Proteins were electrophoretically transferred from
SDS gels to a nitrocellulose sheet with a porosity of 0.2 μm [29].
Additional reactive sites on the nitrocellulose were blocked by
incubation in low fat dry milk (5% w/v) and 0.1% Triton-X 100 in PBS
pH 7.0, for 1 h at room temperature and under gentle rotation. Prx2
immunoblotwas then carried out by incubating the nitrocellulosewith
monoclonal antibodies anti-human Prx2 (dilution 1:3000), produced
in mouse (LabFrontier), for 5 h; washing of the nitrocellulose was
followed by incubation with anti-mouse IgG peroxidase linked
(Sigma-Aldrich) for 1 h (dilution 1:3000). An enhanced chemilumi-
nescence method (SuperSignal West Pico Chemiluminescent Sub-
strate, Pierce) and a X-ray film (Kodak) were used to develop the
immunoblot. The immunoblots were scanned (Darkroom CN UV/wl,
BioCaptMW version 99, Vilber Lourmat) and the amount of Prx2
linked to erythrocyte membrane was determined by densitometry
(Bio1D++version99, Vilber Lourmat, France) by comparisonwith the
internal control. The amount of Prx2 of each samplewas determined as
a ratio between the sample value and the internal control.

Membrane bound hemoglobin

The MBH was measured by spectrophotometry, after protein
dissociation with Triton-X 100 (5% w/v in Dodge buffer); the
absorbance was measured at 415 nm and this value was corrected
by the background absorbance at 700 nm; this value and protein
concentration were used to estimate MBH percentage [21].

Erythrocyte membrane lipoperoxidation

Erythrocyte membrane lipid peroxidation was determined using
the thiobarbituric acid (TBA) test according to Mihara and Uchiyama
[30]. The ratios of malonaldehyde/protein concentration (mg)
(MDA/prot) for each RBC membrane suspension were calculated to
obtain uniform data.

Spectral analysis of hemolysates

To analyze the Hb spectral outline, the absorption spectrum (400–
700 nm) was determined, by spectroscopy (plate reader PowerWave
XS, Bio Tek), in 1:50 dilutions of the hemolysates.
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Results

To test our hypothesis that the linkage of Prx2 to the RBC
membrane could be induced by oxidative stress, and to better
understand how it occurs, we performed in vitro assays, exposing
erythrocyte suspensions to different oxidative conditions.

In Fig. 1, we present immunoblots for Prx2 of RBC membranes
prepared from the erythrocyte suspensions incubated without and
with increasing H2O2 concentrations (Fig. 1A), with the addition of a
catalase inhibitor (Fig. 1B) and in conditions that both catalase and
Hb autoxidation were inhibited (Fig. 1C). Using the same incubation
conditions and locking Prx2 redox forms present within the cell by
means of incubation with an oxidizing agent (NEM), the typical
immunoblots of Prx2 in the hemolysates are presented in Fig. 2.
When no H2O2 was added to the RBC suspension, we found that Prx2
was not linked to the RBC membrane for all tested conditions (Fig. 1)
and that Prx2 was present in the cytosol as monomers, the active
reduced form of Prx2 (Fig. 2); for growing peroxide concentrations,
Prx2 was detected in the RBC membrane in an increasing manner
when catalase was inhibited (Figs. 1B and C) and, when catalase was
active, Prx2 was not detected in the RBC membrane (Fig. 1A). By
analysis of the immunoblots of the hemolysates, we observed that
the monomeric form of Prx2 was present, as referred, in all
suspensions without H2O2 (Fig. 2) and in those where catalase was
not inhibited (Fig. 2A); in the presence of H2O2 and NaN3, the
dimeric oxidized form of Prx2 was detected in the cytosol (Fig. 2B
and C) and increasing amounts of Prx2 were linked to the RBC
membrane (Fig. 1B and C).

By using an internal control of human Prx2 in the immunoblots,
we evaluated the amount of Prx2 linked to the RBC membrane in
the different assay conditions (Fig. 3A). We also evaluated the MBH
in the several studied conditions (Fig. 3B). We found that without
H2O2, no Prx2 was detected in the RBC membrane and the value of
MBH was similar for all assay conditions. When H2O2 was added in
increasing concentrations to RBCs, in the suspensions with active
catalase, no Prx2 was linked to the membrane and the MBH
amounts were similar for all concentrations of H2O2 (Fig. 3A and B);
in the suspensions incubated with NaN3 and H2O2, both Prx2 and
MBH levels increased with H2O2 concentration. When catalase and
Hb autoxidation were inhibited, Prx2 membrane linkage increased
also with H2O2 concentration and, the amount of Prx2 linked to the

membrane was higher than that observed when only catalase was
inhibited. The opposite was observed for MBH, though its values
presented also an increase with H2O2 concentration.

Regarding erythrocyte membrane lipoperoxidation, the levels of
MDA/prot increased with H2O2 concentration for all assay conditions
and in the RBC suspensions without active catalase this incrementwas
even higher, especially when associated with inhibition of Hb
autoxidation by CO (Table 1).

The Hb spectral analysis of the hemolysates, showed a rise in the
absorption peak characteristic of methemoglobin (metHb) (630 nm)
with increasing H2O2 concentration for the RBC suspensions
incubated with NaN3, and with both CO and NaN3; this peak was

Fig. 1. Immunoblots for peroxiredoxin 2 (Prx2) of erythrocyte membranes prepared
from the RBC suspensions under the different assay conditions. All suspensions (5×108

cell/ml in PBS, pH 7.4) were incubated for 30 min at 37 °C under gentle agitation,
without and with increasing concentrations of H2O2 (25, 50 and 75 μM) (A); plus NaN3

(100 mM) to inhibit catalase (B) and, in order to inhibit both catalase and Hb
autoxidation, RBC suspensions previously saturated with CO were incubated with NaN3

(100 mM) (C). SDS-PAGE of erythrocyte hemolysates performed in a 12% acrylamide
gel, under reducing conditions. An internal control of human recombinant Prx2 was
always used. Molecular weight (MW) markers are presented on the right.

Fig. 2. Peroxiredoxin 2 (Prx2) immunoblots of hemolysates obtained after subjecting
erythrocytes to the different assay conditions. All RBC suspensions (5×108 cell/ml in
PBS, pH 7.4) were incubated for 30 min at 37 °C under gentle agitation, without and
with increasing concentrations of H2O2 (25, 50 and 75 μM) (A); plus NaN3 (100 mM) to
inhibit catalase (B) and, in order to inhibit both catalase and Hb autoxidation, RBC
suspensions saturated with CO were incubated with NaN3 (100 mM) (C). Afterwards,
aliquots of each suspension (5×106 cell/ml) were incubated (15 min at 37 °C under
gentle agitation) after addition of NEM (100 mM), in order to lock the Prx2 redox forms
present in the cytosol of the erythrocytes. SDS-PAGE of erythrocyte hemolysates
performed in a 12% acrylamide gel, under oxidizing conditions. An internal control of
human recombinant Prx2 was always used. Molecular weight (MW) markers are
presented on the right.
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not observed in the hemolysates from the suspensions with active
catalase or from the suspensions incubated without H2O2 (data
not shown).

Discussion

In this work, we confirmed the hypothesis we recently proposed
[15] that the linkage of Prx2 to the erythrocyte membrane in
circulating RBCs of Hereditary Spherocytosis patients could result
from the development of oxidative stress within the cell, since we
were able to cause the linkage of Prx2 to the membrane in vitro
through H2O2-mediated oxidative stress. Whether this linkage is a
simple result of oxidative stress damage to Prx2 or that it can serve a
beneficial propose in vivo is still unknown.

In erythrocytes, Hb is particularly prone to go through an
autoxidation process by which superoxide anion, H2O2 and oxidized
Hb (metHb) are produced. In a normal mature erythrocyte the
antioxidant systems are able of detoxifying the cell of ROS and
oxidized hemoglobin is usually regenerated to the reduced functional
form by metHb reductases, one dependent on NADH and the other on
NADPH, as co-factors [31,32]. However, under oxidative stress
conditions, metHb formation increases and this Hb oxidized form
binds to the cytoplasmatic domain of the erythrocyte membrane band

3 protein [33–36]. The rise of ROS within the cell also induces
membrane lipid peroxidation [37]. Both oxidative changesmay trigger
RBC membrane damage, such as decreased membrane transporter
activity, and changes in membrane permeability [38,39].

Although Prx2 is usually described as being localized in RBC
cytosol, performing its role in the antioxidant systems, our data
show that the linkage of Prx2 to the erythrocyte membrane may be
triggered under H2O2-induced oxidative stress conditions (Fig. 1).
Moreover, the binding of Prx2 to the membrane only occurred when
its dimeric oxidized form was present in the cytoplasm (Figs. 1 and
2). The active form of Prx2 is monomeric and the enzyme acquires
the dimeric (inactive) form when it is oxidized during the reaction
with H2O2 [7]. Low et al. [5] reported that in the presence of excess
H2O2, Prx2 becomes inactivated since it can only be regenerated to
monomers when H2O2 levels decrease, thus leading to an
accumulation of the dimeric form. In our study, when catalase
was active (incubations without NaN3), cytoplasmatic Prx2
remained in the monomeric active form (Fig. 2) and did not bind
to the RBC membrane (Figs. 1 and 3A), confirming that catalase is
indeed responsible for scavenging high/exogenous quantities of
H2O2 [4,5,40]. This is strengthened by the results observed in the
other oxidative stress markers. Actually, MBH (Fig. 3B), lipoperox-
idation (Table 1) and Hb spectra in the hemolysates (data not
shown) were unaffected by H2O2 (for the tested concentrations),
maintaining basal values throughout increasing oxidative stress
conditions, suggesting that catalase and the other antioxidant
defenses effectively protected the erythrocyte suspensions from
exogenous H2O2 oxidative damage. These findings are in accordance
with the literature [4,41].

In a previous work [15], we hypothesized that Prx2 binding to the
membrane could be achieved through its linkage to oxidized Hb, as it
was reported elsewhere that Prx2 is able to bind to Hb [42]. In the
present work, we analyzed and compared the results obtained for the
erythrocyte suspensions where catalase or both catalase and Hb
autoxidation were inhibited. MBH showed to be a good marker of Hb
oxidation [18–24,43,44], as its rise was correlated with H2O2

concentration (Fig. 3B) and with the appearance of the absorption
peak characteristic of metHb (data not shown). However, it appears
that oxidized Hb and Prx2 membrane linkages are two separate
processes given that, when we were able to cause diminished Hb
linkage to the membrane (CO saturated suspensions, where Hb
autoxidation and, consequently, metHb formation where impaired),
higher amounts of Prx2 were found in the membrane, as compared to
those where Hb autoxidation was not inhibited. This finding probably
reflects the higher susceptibility of Prx2 to H2O2 in situations where
Hb is made unavailable to react with H2O2, rendering its effects upon
Prx2muchmore pronounced. Moreover, if Prx2 needed to be linked to
MBH in order to bind to the RBC membrane, we would not have found
more membrane linked Prx2 when less MBH was present, as was the
case.

Fig. 3. Erythrocyte membrane linked peroxiredoxin 2 (Prx2) (A) and membrane bound
hemoglobin (MBH) (B) amounts versus hydrogen peroxide concentration for the
different assay conditions applied to erythrocyte suspensions. Prx2 levels were
determined by densitometric analysis of the erythrocyte membrane immunoblots
(ratio between each Prx2 sample and the used internal control of human recombinant
Prx2); MBHwas determined by a spectroscopic method. Mean value and standard error
mean (n=3) are presented. (▪ RBCs— erythrocyte suspensions incubated without and
with H2O2; RBCs+NaN3 — erythrocyte suspensions incubated without and with
H2O2 and inhibition of catalase; □ RBCs+NaN3+CO — erythrocyte suspensions
incubated without and with H2O2 and inhibition of both catalase and Hb autoxidation).

Table 1
Lipid peroxidation of erythrocyte membranes (n=3) for the different incubation
conditions applied to erythrocyte suspensions, according to hydrogen peroxide
concentration.

MDA/prot (×10−2)

RBCs 2.3±0.5 2.2±1.0 3.3±1.7 5.0±2.1
RBCs+NaN3 3.4±0.3 5.3±0.7 5.6±0.8 6.5±1.7
RBCs+NaN3+CO 3.0±0.7 4.2±1.0 7.4±0.7 10.6±2.3

H2O2 (μM) 0 25 50 75

MDA — malonaldehyde; prot — protein concentration of erythrocyte membrane
suspensions (mg); Incubation conditions: RBCs— 5×108 cell/ml; RBCs+NaN3 — 5×108

cell/ml+100 mM NaN3; RBCs+NaN3+CO — 5×108 cell/ml+100 mM NaN3+CO.
Data presented as mean±standard error mean (n=3).
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Cha et al. [11] suggested that Prx2 membrane linkage could be a
mechanism used by the erythrocyte for its own protection against
the deleterious effects of MBH; furthermore, it has been described
that peroxiredoxins (Prx2 included) are capable of scavenging
peroxynitrite and organic peroxides, such as lipid hydroperoxides
[7,45–47]. As we used reducing conditions, we were not able to
determine in which form (monomer/dimer) Prx2 was linked to the
membrane; actually, further studies are needed to evaluate the
active/inactive state of Prx2 when it links to the membrane. In this
regard, our lipoperoxidation data show that erythrocyte membrane
lipid peroxidation rises with oxidative stress (Table 1), as has been
described elsewhere [48]. However, we cannot forget that, in the
studied conditions, Prx2 was inactive in the cytoplasm and, in the
membrane the depletion in NADPH would render a possible active
form also inactive. Therefore, MDA/prot values were increased and
surprisingly more so in those membranes with more Prx2, as we
increase H2O2 concentration. The difference between values of MDA/
prot in suspensions subjected to the same H2O2 concentration, when
referring to both erythrocyte suspensions with inactive catalase, may
possibly be explained by the fact that the presence of Prx2 could
contribute to enhance membrane structure destabilization (since
Prx2 is not a typical RBC membrane protein), rendering RBC
membranes more susceptible to lipid hydroperoxide attack. This
could explain why we found increased evidence of lipoperoxidation
in the membranes with highest amount of linked Prx2 (Table 1 and
Fig. 3A).

In conclusion, our data showed that the development of oxidative
stress within the erythrocyte triggers oxidation of Hb, which links to
the membrane, and is also responsible by the inactivation of Prx2 in
the cytosol, that is accompanied by its linkage to the membrane. Both
process seem to be independent and could be useful markers of
oxidative stress and/or of RBC damage/senescence. Moreover, in
accordance with the literature, catalase seems crucial in scavenging
high levels of H2O2, but there are other antioxidant systems, such as
Prx2, that seem to be more important in scavenging low H2O2 levels.
Further studies in oxidative stress related pathologies could be
valuable to better clarify the role of the linkage of Prx2 to the
erythrocyte membrane, since it can occur in circulating RBCs, namely,
in Hereditary Spherocytosis [15]. Nonetheless, we demonstrate for the
first time that the linkage of cytosolic Prx2 to the erythrocyte
membrane can be induced by oxidative stress.
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Abstract  

Hereditary Spherocytosis (HS) is usually classified as mild, moderate or severe using conventional features, namely, 

hemoglobin (Hb) concentration, reticulocyte count and bilirubin levels, which do not always contribute to an adequate 

clinical classification. The aim of our study was to establish the importance of some laboratory routine parameters, as 

markers of HS clinical outcome, by studying a control group (n=26) and unsplenectomized HS patients (n=82) presenting 

mild, moderate or severe HS. We performed a basic hematologic study and evaluated the reticulocyte count, bilirubin, 

erythropoietin (EPO) and soluble transferrin receptor (sTfR) levels; the osmotic fragility (OFT) and criohemolysis tests 

(CHT); the ratios Hb/MCHC (mean cell hemoglobin concentration), Hb/RDW (red cell distribution width) and 

MCHC/RDW, were calculated. Hb changed significantly in accordance with HS severity, but not reticulocytes or bilirubin. 

We found that MCHC, RDW, EPO, sTfR, OFT, CHT and the calculated ratios were significantly changed in patients, and, 

therefore, were valuable as complementary diagnostic tools for HS. Moreover, RDW, Hb/MCHC, Hb/RDW and 

MCHC/RDW changed significantly with worsening of HS; thus, they are also good markers for the clinical outcome of HS. 

In conclusion, we propose the use of these routine parameters as useful to complement the analysis of HS severity.  

 

Keywords: Hereditary Spherocytosis, clinical outcome, severity markers 

 

 

 

Introduction 

Hereditary Spherocytosis (HS) is the most common 

non-immune congenital hemolytic anemia in 

individuals of northern European ancestry (1 in 2000 

individuals), ranging from an asymptomatic 

condition to a severe life-threatening anemia. 

Erythrocyte membrane protein deficiencies underlie 

HS and are responsible for red blood cell (RBC) 

membrane destabilization and vesiculation that lead 

to the formation of smaller and denser cells, the 

spherocytes;  the increased rigidity of the spherocytes 

leads to premature spleen trapping and destruction, 

causing the hemolysis, and consequent increased 

erythropoiesis, experienced by the patients [1-3].  

The hallmarks of HS are anemia, reticulocytosis, 

jaundice, splenomegaly, spherocytes in the 

peripheral blood smear, increased erythrocyte 

osmotic fragility and family history of this disease [1, 

3]. HS is usually classified as mild, typical or severe 

according to the severity of the symptoms, analytical 

presentation and clinical/family history. The 

conventional analytical criteria used for diagnosis 

and classification of HS mainly focus on features 

resulting from the fragility and splenic removal of 

spherocytes and from the erythropoetic stimuli to 

counterbalance that removal (i.e. hemoglobin 

concentration, reticulocyte count, bilirubin levels and 

osmotic fragility) [1, 3, 4]; the spectrin content is 

rarely used [4]; the identification and quantification 
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of the protein deficiency underlying HS by 

electrophoretic studies (SDS-PAGE) might be used to 

establish a final diagnosis of HS and/or to further 

study the disease [5-7].  

Some of the conventional analytical parameters do 

not always contribute in an adequate manner to 

classify the clinical severity of HS cases. Bilirubin 

levels can be misleading when the patient co-inherits 

HS and Gilbert´s syndrome (GS) [8-12]. This 

limitation should be considered when the serum 

bilirubin levels are increased and in disagreement 

with the other analytical features; in this case, it 

would be appropriate to search for GS associated 

polymorphisms [10, 13, 14]. The osmotic fragility test 

(OFT) often fails to distinguish between control and 

mild HS cases [15-18]; the classic OFT can be 

complemented or replaced by more sensitive tests 

[1], such as, the acidified glycerol lysis test [19], the 

Pink test [20], osmotic gradient ektacytometry [21], 

cryohemolysis test (CHT) [22], eosin-5-maleimide 

binding test [23-25] or, a more recent test using flow 

cytometry [26]. 

The diagnosis of HS is one of the most important 

aspects in clinical management. Nevertheless, the 

knowledge of the clinical outcome of the disease 

might also be important, especially in children, when 

a decision about the benefits of splenectomy has to 

be made. The search for new or complementary 

markers for the clinical outcome of HS that could be 

useful in that decision, figures as important.  

Considering that spherocytes result from vesiculation 

of the erythrocyte membrane with loss of only traces 

of the hemoglobin content, it is reasonable that the 

mean cell hemoglobin concentration (MCHC) will 

increase along with the number of circulating 

spherocytes. The RDW (red cell distribution width) 

provides information about the existence of 

anisocytosis that might result from an increase in 

reticulocytes and, in this pathology, from an increase 

in the number of circulating spherocytes.  

The aim of our study was to establish the importance 

of some laboratory routine parameters/tests as 

markers of the clinical outcome of HS, by studying 

them alongside with the conventional markers used 

to classify HS clinical severity - hemoglobin (Hb) 

concentration, reticulocyte count, bilirubin levels and 

osmotic fragility. As potential markers of severity of 

HS, we studied: the hematological indexes, MCHC 

and RWD; the plasma concentration of markers of 

erythopoietic activity, erythropoietin (EPO) and 

soluble transferrin receptor (sTfR); the 

cryohemolysis value, and, finally, the ratios 

Hb/MCHC, Hb/RDW and MCHC/RDW.  

 

Materials and Methods 

Subjects 

This study followed a protocol approved by the 

Ethical Committees of the Hospitals involved in the 

study (Hospital de Crianças Maria Pia, Hospital 

Geral Santo António and Hospital S. João, from 

Porto) and all participants gave their informed 

consent to participate.   

We studied 108 individuals from the north region of 

Portugal, including 82 subjects diagnosed with HS 

according to hematological and biochemical data and 

to clinical/family history, and 26 healthy individuals 

matched for age and gender, as the control group. 

The patients were all unsplenectomized, showing 

signs of hemolytic anemia, and were classified as 

presenting mild, moderate or severe HS, according to 

the criteria described in the Guidelines for the 

diagnosis and clinical management of Hereditary 

Spherocytosis [1].  

The analytical data presented, are those showed by 

the individuals at time of blood collection for the 

present study. In the case of severe HS patients there 

was no contamination with transfused blood, as the 

last transfusion took place at least 4 months before 

our study. 

To exclude immune hemolysis, a direct antiglobulin 

test was performed for all patients [27]. 

Assays 

Blood samples (using EDTA and heparin as 

anticoagulants) were collected and processed in 

order to obtain whole blood and plasma.  

We evaluated the erythrocyte count, hemoglobin 

(Hb) concentration, hematocrit, hematimetric 

indexes – mean cell volume (MCV), mean cell 

hemoglobin (MCH), mean cell hemoglobin 

concentration (MCHC) – and red cell distribution 



Potential markers of HS clinical severity 

 

   85 | 
 

width (RDW), by using an automated blood cell 

counter (Sysmex K1000, Hamburg, Germany).  

The search for spherocytic cells was performed in 

Wright stained blood films [28].  

Reticulocyte count was performed by microscopic 

counting on blood smears after vital staining with 

New methylene blue (Reticulocyte stain, Sigma-

Aldrich, St Louis, MO, USA).  

The OFT was carried out on fresh heparinized blood 

and also after 24 hours of blood incubation at 37ºC 

[29]; the results are presented as the NaCl 

concentration of the solution that causes 50% 

hemolysis (P50). 

Cryohemolysis test was performed on fresh blood 

(EDTA) and the percentage of hemolysis calculated, 

according to Streichman et al [22].  

Plasma (heparin) concentration of total bilirubin was 

measured in an auto-analyzer (Cobas Mira S, Roche, 

Mannheim, Germany) using a colorimetric method 

(BILIRUBIN, Randox Laboratories Ltd, Crumlin, 

UK).  

The plasma (EDTA) levels of erythropoietin and 

soluble transferrin receptors were evaluated by 

enzyme-linked immunosorbent assays (Epo ELISA 

kit from Roche and Human sTfR Quantikine IVD 

ELISA kit from R&D Systems, Minneapolis, MN, 

USA, respectively). 

The ratios between several of the studied parameters 

were calculated, namely, Hb/MCHC, Hb/RDW and 

MCHC/RDW. 

 

Statistical analysis 

For statistical analysis we used the Statistical 

Package for Social Sciences (SPSS), version 17.0, for 

Windows. We present our data as mean + SD or as 

median values (inter-quartile range), according to 

Gaussian or non-Gaussian distribution. To evaluate 

the differences between groups, we used the OneWay 

Anova associated to Bonferroni’s multiple 

comparisons test whenever the parameters presented 

a Gaussian distribution. The non-parametric 

Kruskal-Wallis H test was used in the case of a non-

Gaussian distribution and, when statistical 

significance was achieved single comparisons (two 

groups) were made by using the Mann-Whitney U 

test. A p value <0.05 was considered as statistically 

significant. 

 

Results 

In accordance with the Guidelines by Bolton Maggs 

et al [1] and considering the clinical/familial history 

of the patients, we classified 49 (60.0%),  27 (33.0%) 

and 6 (7.0%) of our patients as presenting mild, 

moderate HS or severe HS, respectively. 

In Tables 1 and 2, we present the hematological, 

hemolysis, erythropoietic and fragility data, for 

control and HS groups, according to HS severity. 

With the exception of MCV, all parameters were 

statistically and significantly different for total 

unsplenectomized patients, when compared to the 

control group. 

Table 1 – Hematological data for control group and unsplenectomized HS patients (total and according to HS severity). 
        

 
Erythrocytes 

(x1012/L) 

Hemoglobin 

(g/dL) 

Hematocrit 

(%) 

MCV 

(fL) 

MCH 

(pg) 

MCHC 

(g/dL) 

RDW 

(%) 

        

Control 

(n=26) 
4.67 ± 0.35 13.1 ± 0.9 40.1 ± 2.8 86.1 ± 4.9 28.2 ± 1.8 32.7 ± 0.8 13.2 ± 0.9 

HS 

(n=82) 

4.14 ± 0.61 

*** 

12.2 ± 1.9 

** 

34.8 ± 5.8 

*** 

84.3 ± 7.7 29.6 ± 2.7 

** 

35.2 ± 2.1 

*** 

17.8 ± 4.1 

*** 

        

Mild HS 

(n=49) 

4.38 ± 0.45 13.1 ± 1.27 37.9 ± 4.0 86.8 ± 6.4 30.0 ± 2.4 

* 

34.7 ± 1.8 

*** 

16.0 ± 2.8 

*** 

Moderate HS 

(n=27) 

3.87 ± 0.59 

***§§§ 

11.3 ± 1.6 

***§§§ 

31.5 ± 4.3 

***§§§ 

82.2 ± 8.2§ 29.5 ± 3.0 35.9 ± 2.2 

***§ 

19.5 ± 3.4 

***§§§ 

Severe HS 

(n= 6) 

3.33 ± 0.68 

***§§§ 

9.0 ± 1.9 

***§§§££ 

24.6 ± 4.3 

***§§§££ 

74.3 ± 4.0 

**§§§£ 

27.2 ± 1.9 

§ 

36.5 ± 2.6 

*** 

25.7 ± 4.9 

***§§§£££ 

Data presented as mean ± standard deviation  
MCV – mean cell volume; MCH – mean cell hemoglobin; MCHC – mean cell hemoglobin concentration; RDW – red cell distribution width  
*p<0.05, **p<0.01, ***p<0.001 control group vs HS patients 
§p<0.05, §§§p<0.001 Mild vs Moderate or Severe HS patients 
£p<0.05, ££p<0.01, £££p<0.001Moderate vs Severe HS patients 
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Table 2 – Hemolysis, erythropoietic and fragility features for control group and unsplenectomized HS patients (total and 

according to HS severity). 

        

 
Bilirubin 

(µmol/L) 

Reticulocytes 

(%) 

EPO 

(mIU/mL) 

sTfR 

(nmol/L) 

CH 

(%) 

Osmotic Fragility 

fresh blood            incubated blood    

        

Control 

(n=26) 

6.84 

(4.79 – 10.6) 

0.80 

(0.50 – 1.45) 

11.7 

(7.81 – 15.4) 

21.3 

(18.3 – 24.8) 

2.38 

(1.60 – 3.45) 

0.429 

(0.423 – 0.448) 

0.526 

(0.507 – 0.541) 

HS 

(n=82) 

26.2*** 

(10.3 – 52.6) 

5.82*** 

(1.48 – 9.82) 

24.4*** 

(12.6 – 38.6) 

66.6*** 

(35.7 – 100) 

19.3*** 

(4.79 – 33.1) 

0.481*** 

(0.449 – 0.502) 

0.609*** 

(0.547 – 0.691) 

        

Mild HS 

(n=49) 

15.7*** 

(7.01 – 32.2) 

2.33*** 

(1.20 – 5.08) 

14.1* 

(9.64 – 30.7) 

39.7*** 

(28.9 – 65.9) 

10.0*** 

(1.95 – 24.5) 

0.466*** 

(0.436 – 0.488) 

0.569** 

(0.516 – 0.645) 

Moderate HS 

(n=27) 

42.8***§§§ 

(29.8 – 66.7) 

9.80***§§§ 

(7.47 – 11.2) 

30.6***§§§ 

(24.4 – 92.2) 

89.6***§§§ 

(82.2 – 126) 

31.9***§§§ 

(20.0 – 40.2) 

0.496***§§§ 

(0.479 – 0.537) 

0.687***§§§ 

 (0.605 – 0.762) 

Severe HS 

(n= 6) 

43.5***§ 

(28.6 – 94.0) 

10.6***§§ 

(8.44 – 18.4) 

94.2***§§§ 

(31.3 – 306) 

124***§§§ 

(99.1 – 148) 

28.1*** 

(7.57 – 44.8) 

0.496** 

(0.462 – 0.576) 

0.612* 

(0.544 – 0.765) 

Data presented as median (inter-quartile range) 
Epo – erythropoietin; sTfR – soluble transferrin receptor; CH – cryohemolysis  
*p<0.05, **p<0.01, ***p<0.001 control group vs HS patients 
§p<0.05, §§p<0.01, §§§p<0.001 Mild vs Moderate or Severe HS patients  
 

When analyzing the patients according to their 

clinical severity, we observed that worsening of HS 

was associated with a reduction in RBC count, Hb 

concentration, hematocrit, MCV and MCH, and a rise 

in MCHC, RDW, bilirubin, reticulocyte count, EPO 

and sTfR. However, only Hb concentration, 

hematocrit, MCV and RDW were statistically and 

significantly related to HS clinical severity. 

Cryohemolysis and osmotic fragility values were 

lower in severe than in moderate HS patients. All 

these parameters were significantly different from 

that presented by the control (Tables 1 and 2).   

In Fig 1, we present the ratios between Hb/MCHC, 

Hb/RDW and MCHC/RDW; we found that for mild, 

moderate and severe HS, all the ratios were 

significantly different from that presented by the 

control and, the same behavior was observed for total 

HS patients (data not shown). For mild patients the 

ratios were significantly higher than in moderate HS 

patients, and these patients presented significantly 

higher ratios than the severe HS patients. 

 

Discussion 

The prevalence of mild, moderate and severe HS 

cases (49%, 33% and 6%, respectively) in this study 

population was not different from that found in other 

studies by our group [6, 7, 30, 31]. However, the 

prevalence in our population strays from others 

studies, which present moderate HS as the most 

common presentation (50-60%), followed by the

 mild (20-30%) and the severe forms (5-7%) [3].  

Our results are in agreement with the fact that Hb 

concentration, reticulocyte count, bilirubin levels and 

osmotic fragility values (either with fresh or 

incubated blood) are exceptional good diagnostic 

markers of HS, given that, all HS groups were 

significantly different from the control, except for HS 

in mild HS (Tables 1 and 2). However, from these 

conventional markers, only Hb concentration showed 

as a good marker of clinical severity, as it 

significantly decreased from mild to moderate and 

from moderate to severe HS (Table 1). Indeed, 11 

(22%) of the mild HS patients presented bilirubin 

higher than 34 µmol/L and 9 (33%) of the moderate 

HS patients higher than 51 µmol/L (6 of these 

patients were found to have Gilbert Syndrome) [10]. 

The OFT values increased significantly from mild to 

moderate HS patients but in the severe patients this 

behavior was not observed (Table 2); this fact could 

indicate a poor resolution of the OFT in 

distinguishing between the more serious HS cases. 

Reticulocytes showed as good markers for the disease 

however, they failed as markers of worsening of HS. 

This is in accordance with our previous studies [30], 

showing that in spite of the overproduction of 

erythopoietin in HS, a disturbance in the response to 

the erythropoietic stimuli occurs for the severer 

forms of HS, that present with unexpectedly lower 

reticulocyte production.  

A basic hematologic study, provided by an automatic 
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Figure 1 – Ratios between some of the studied 

parameters for control group and unsplenectomized HS 

patients according to HS severity:  A – Hb/MCHC, B – 

Hb/RDW and C – MCHC/RDW.  

*p<0.05, **p<0.01, ***p<0.001 control group vs HS patients; 
§§§p<0.001 Mild vs Moderate or Severe HS patients; £p<0.05, 
££p<0.01Moderate vs Severe HS patients 
 

blood   cell   counter,   evaluates   other   parameters 

(besides the red blood cell (RBC) count and Hb 

concentration), that we have analyzed as potential 

markers of HS severity to complement the value of 

the conventional markers of HS clinical outcome. We 

found that hematocrit, MCV and RDW, changed with 

worsening of HS, reflecting an increasing membrane 

destabilization that leads to increasing circulating 

spherocytes with a reduced cell volume and to 

increasing anisocytosis (that is enhanced by the 

increasing reticulocytes); therefore, these parameters 

can be also used as clinical outcome markers. Indeed, 

the hematological indexes provide useful information 

about morphologic changes in RBCs, and, as 

proposed by Michaels et al [32], the combination of 

MCHC and RDW, can be used as marker of HS. Our 

results are in agreement with this, as both were 

significantly increased in HS patients in relation to 

controls (Table 1); however, in our study, only RDW 

appeared to be a good marker of disease severity as 

well, since its value increased significantly with 

worsening of HS (Table 1). Moreover, the ratio 

MCHC/RDW proved to be a good marker for both 

HS diagnosis and clinical outcome (Fig 1C), as well 

as, the ratios between Hb concentration and these 

two indices (Hb/MCHC and Hb/RDW) (Fig 1A and 

B), which appeared to be more sensitive markers 

than MCHC and RDW alone. In summary, these 

indices and calculated ratios, that are provided by 

routine laboratory procedures, inexpensive and not 

time consuming, may be used as good tools to 

complement the value of the conventional markers of 

severity of HS. Nowadays, with the more recent 

automated cell counters, it is possible to obtain new 

hematological indexes, such as, mean spherized 

corpuscular volume (MSCV) [33], hemoglobin 

content distribution width (HDW), reticulocyte 

hemoglobin content distribution width (CHDWr) 

[34] and hyperchromic RBC percentage [35], that 

might be also useful in HS diagnosis/classification.  

In the bone marrow, the erythroid progenitor cells 

present specific receptors for EPO on their surface. 

Whenever blood loss or hemolysis occurs, EPO 

synthesis increases, as well as, its serum 

concentration [36-38]. When EPO binds to its 



Potential markers of HS clinical severity 

 

   88 | 
 

receptors the erythroid cells proliferate and develop 

into erythroblasts, which also express transferrin 

receptors in their membranes; the number of 

transferrin receptors expressed by erythroblasts is 

proportional to EPO levels, in the absence of iron 

deficiency. In the presence of adequate availability of 

erythropoietic nutrients, the cells differentiate into 

reticulocytes that enter the peripheral circulation and 

will mature into RBCs [39]. When the reticulocytes 

are released from the bone marrow, the number of 

circulating reticulocytes is an accurate reflection of 

the erythropoietic activity. However, under increased 

erythropoietic stimuli due to raised EPO levels, as 

occurs in HS, the reticulocytes are prematurely 

released from the bone marrow into the blood [40].   

The EPO levels and sTfR have been proposed as 

effective measures of the erythropoietic activity in 

hemolytic anemia, namely, in HS [41-44]. Nowadays, 

both EPO and sTfR levels can be easily measured by 

commercially available assays for use on automated 

analyzers.  In the present study, we have also studied 

these parameters, and found that EPO and sTfR 

plasma levels were significantly increased in HS 

patients (Table 2). The increase of EPO in HS 

patients has been already reported by our group [30] 

and by Guarnone et al [45]. However, though EPO, 

sTfR and reticulocytes, significantly increased from 

mild to the moderate HS, no significant differences 

were found between the values presented by 

moderate and severe HS cases, further strengthening 

that in the severe forms there is an erythropoietic 

disturbance [30]. It is still unknown if this apparent 

disturbance in erythropoiesis, can be the result of 

iron restricted erythropoiesis (with adequate iron 

stores) as occurs in anemia of chronic disease [46-

49]. Actually, some cytokines, such as interleukin 

(IL)-1, IL-6, TNF-α and IFN-γ are known to impair 

erythropoiesis either by affecting EPO 

production/action or the proliferation of 

erythroblasts or by affecting iron availability for 

eryhtropoiesis [37, 50-53]. 

The CHT has been described as a good diagnostic 

tool for HS with higher sensitivity and specificity and 

less time consuming than the OFT [18, 22, 54, 55]. 

Our data confirmed CHT as an effective test for 

diagnosis of HS (Table 1), but a poor marker for the 

clinical outcome; it was unable to distinguish 

between moderate and severe HS (table 2).  

The SDS-PAGE studies allow the identification and 

quantification of the protein deficiencies underlying 

HS, and more recently it was proposed that these 

studies are also useful for the clinical classification of 

HS [5-7]. However, only a few specialized 

laboratories perform these studies, that are more 

expensive and time consuming as compared to a 

basic hematologic study provided by blood cell 

counters and to routine biochemical procedures.  

In conclusion, we showed MCHC, RDW, EPO, sTfR 

plasma levels and the CHT as valuable diagnostic 

tools for HS; we also suggest that RDW, as well as, 

the ratios Hb/MCHC, Hb/RDW and MCHC/RDW, 

since they were good markers for the clinical 

outcome of HS, could be useful as complementary to 

the conventional markers for classification of severity 

of the disease. 
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Letter to the Editor

Hereditary spherocytosis and the (TA)nTAA polymorphism of
UGT1A1 gene promoter region—A comparison of the bilirubin
plasmatic levels in the different clinical forms

To the editor,

Hereditary spherocytosis (HS) is the most common non-
immune hemolytic anemia in individuals of northern European
ancestry, affecting 1 in 2000 [1]. HS is classified as mild, moderate
or severe according to the severity of the symptoms, family history
and analytical presentation—hemoglobin (Hb) concentration, reti-
culocyte count and serum bilirubin levels [1]. When performing the
classification of HS in our patients during the last years, we
observed that bilirubin levels were sometimes inconsistent with
the other parameters defining the severity of this anemia. This was
particularly evident in some mild HS cases that presented
unexpectedly high bilirubin plasma concentration, which was not
in agreement with the other analytical parameters. A potential
cause for this discrepancy could be the co-inheritance of HS and

Gilbert's syndrome (GS). This syndrome, which is estimated to
affect 3-10% of the general population [2,3], is a metabolic disorder
characterized by a mild and chronic unconjugated hyperbilirubi-
nemia, in the absence of liver and hematologic disease. A
polymorphism in the promoter of the bilirubin uridine diphosphate
glucuronosyltransferase 1A1 (UGT1A1) gene, which expresses the
specific isoform for bilirubin conjugation in the liver, has been
shown to associate GS with a decrease of enzymatic activity to
about 30% [4,5]. The majority of the GS individuals are homozygous
for a TA duplication in the (TA)nAA motif of the promoter region of
UGT1A1 gene [c.-41_-40dupTA]; this is characteristic of the
Caucasian population [2–5], in general, as well as of the Portuguese
population [6], in particular. The co-inheritance of HS and GS can
exacerbate hyperbilirubinemia, and, therefore, it could be a
confounding factor to define HS severity. The aim of our work
was to evaluate the prevalence of GS in HS patients and how this
co-inheritance may confound the clinical classification of HS and its
prognosis. We evaluated bilirubin plasmatic concentration and
UGT1A1 gene polymorphisms in 48 healthy individuals and in 125
patients diagnosed with HS by standard screening tests (43
splenectomised and 82 unsplenectomised). The patients were

Blood Cells, Molecules, and Diseases 44 (2010) 117–119

Fig. 1. Bilirubin plasmatic levels according to UGT1A1 polymorphism for (A) control group and total unsplenectomised HS patients (unspl HS) and (B) control group and
unsplenectomised HS patients according to their clinical classification (mild, moderate or severe HS). Data presented as median values (inter-quartile range). ⁎pb0.05 (TA)7/(TA)7
individuals vs. (TA)6/(TA)6 individuals or (TA)6/(TA)7 individuals (Mann–Whitney U test); ⁎⁎pb0.01 (TA)6/(TA)6 individuals vs. (TA)6/(TA)7 individuals (Mann–Whitney U test);
apb0.05 control group vs. unspl HS patients, mild HS patients or moderate HS patients (Mann–Whitney U test); bpb0.01 control group vs. severe HS patients (Mann–Whitney U
test); cpb0.001 control group vs. unspl HS patients, moderate HS patients or severe HS patients (Mann–Whitney U test); dpb0.05 mild HS patients vs. severe HS patients (Mann–
Whitney U test); epb0.01 mild HS patients vs. moderate HS patients or severe HS patients (Mann–Whitney U test).

1079-9796/$ – see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcmd.2009.10.012

Contents lists available at ScienceDirect

Blood Cells, Molecules, and Diseases

j ourna l homepage: www.e lsev ie r.com/ locate /ybcmd

93|



Author's personal copy

classified as having mild, moderate and severe HS, according to
Bolton-Maggs et al. [1]; for splenectomised patients, we used the
clinical classification of HS established before splenectomy. We
evaluated plasmatic total bilirrubin levels and the TA duplication in
the repetitive TATA box sequence of the UGT1A1 gene promoter,
screened by acrylamide gel (15%) analysis of polymerase chain
reaction products [6]. The studied subjects were grouped according
to the gene polymorphism—(TA)6/(TA)6 for homozygote indivi-
duals with normal UGT1A1 transcription, (TA)6/(TA)7 for hetero-
zygote individuals and (TA)7/(TA)7 for individuals with GS.

For the UGT1A1 polymorphism, we found in control group
that 45.8%, 47.9% and 6.3% of the individuals were (TA)6/(TA)6,
(TA)6/(TA)7 and (TA)7/(TA)7, respectively; in the total HS
patients (unsplenectomised plus splenectomised), we found
similar frequencies—43.2%, 48.0% and 8.8%, respectively; actually,
no statistically significant differences were found between
control and HS groups (p=0.846, Pearson χ2). The prevalence
of GS in both groups was within the estimated range [2,3]. In the
control group, unsplenectomised (Fig. 1A) and splenectomised
(data not shown) HS patients, bilirubin was higher in (TA)7/
(TA)7 individuals, followed by the (TA)6/(TA)7 and (TA)6/(TA)6
subjects. This is likely to result from a decrease in UGT1A1 gene
expression, which is reflected in altered enzyme activity, as
described elsewhere [7].

Studying the unsplenectomised patients according to HS
severity (Fig. 1B), we observed that in mild HS patients, the
(TA)7/(TA)7 individuals presented significantly higher values of
bilirubin, as compared to the other genotypes. Moreover, the
bilirubin levels in these individuals were even higher than in
(TA)6/(TA)6 moderate and severe HS patients. In moderate HS, the
bilirubin levels of GS individuals were only increased when
compared to the (TA)6/(TA)6 subjects. As we had no severe HS
patients presenting the (TA)7/(TA)7 genotype, we could not
ascertain about their bilirubin levels.

Both splenectomised and unsplenectomised HS patients presented
a statistically significant higher bilirubin levels when compared to the
control group (Table 1); unsplenectomised patients also presented
significantly higher bilirubin values than splenectomised patients, as
splenectomy improves the hemolytic features and removes anemia. In
both HS groups, the bilirubin concentration increased with HS
severity reaching a significant difference in unsplenectomised HS
patients.

We must emphasize that, in (TA)7/(TA)7 patients with mild HS,
66% of them presented a bilirrubin concentration higher than 34 μM,
the highest reference value defined for mild HS cases [1]; in patients
with moderate HS, 50% of them also presented a bilirrubin concen-
tration higher than 51 μM, the highest value defined for moderate HS
cases [1].

In conclusion, our data show that the co-inheritance of GS can be
misleadingwhen defining the severity of HS, and, therefore, it would be
important to study the UGT1A1 gene polymorphismwhen the bilirubin
values are not in accordance with the other parameters used to define
HS severity. Moreover, it is known that the co-inherence of GS with HS
increases the risk for the development of gallstones in HS children [8];
therefore, these studies could also be valuable in future clinical
decisions, namely to decide about the performance of splenectomy.
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Table 1
Bilirubin plasmatic levels for control group and unsplenectomised and splenectomised
HS patients according to clinical classification (mild, moderate or severe HS).

Bilirubin (μmol/L)

Control (n=48) 8.0 (5.6–10.7)

HS patients Unsplenectomised Splenectomised

Total (n=82/n=43) 26.2⁎⁎⁎ (10.3–52.6) 13.7⁎⁎⁎§§ (10.3–21.0)
Mild HS (n=49/n=7) 15.7⁎⁎ (7.0–32.2) 11.3 (7.9–13.8)
Moderate HS (n=27/n=22) 42.8⁎⁎⁎££ (29.8–66.7) 14.6⁎⁎⁎§§§ (11.2–24.9)
Severe HS (n=6/n=14) 43.5⁎⁎⁎£ (28.6–94.0) 15.4⁎⁎§ (9.8–25.1)

Data presented as median values (inter-quartile range).
⁎⁎pb0.01, ⁎⁎⁎pb0.001 control group vs. HS patients (Mann–Whitney U test).
§pb0.05, §§pb0.01, §§§pb0.001 unsplenectomised vs. splenectomised HS patients
(Mann–Whitney U test).
£pb0.05, ££pb0.01 mild HS patients vs. moderate or severe HS patients (Mann–
Whitney U test).
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Abstract  

In a previous study, we showed that high levels of EPO were not able to induce a proportional reticulocyte production in the 

more severe cases of HS. In the present study, our aim was to evaluate the relationship between that erythropoietic 

disturbance and inflammation, in the clinical outcome of HS. We studied 82 HS Portuguese patients, presenting mild 

(n=49), moderate (n=27) and severe (n= 6) HS. We evaluated plasma levels of erythropoietin (EPO), soluble transferrin 

receptor (sTfR), transferrin, ferritin, iron, reticulocyte count and reticulocyte production index (RPI), folic acid and vitamin 

B12; leukocyte count, granulocyte-monocyte  colony stimulating factor (GM-CSF), C-reactive protein (CRP), tumor necrosis 

factor (TNF)-α, interferon (IFN)-γ, elastase and lactoferrin plasma levels were also measured. Mild HS patients showed a 

rise in EPO, sTfR, reticulocytes and RPI, reflecting a compensated hemolysis; positive significant correlations between EPO 

and sTfR, reticulocytes and RPI, were observed; these correlations were not observed in moderate and severe HS, in spite of 

significantly higher EPO, sTfR, reticulocytes and RPI than mild HS; iron stores, folic acid and vitamin B12 were normal. HS 

patients presented a low grade inflammation that was enhanced in severe HS, as shown by the highest median levels of GM-

CSF, CRP, TNF-α, IFN-γ and elastase and the lowest levels of iron and lactoferrin. Our data show HS as a disease linked to 

enhanced erythropoiesis that is disturbed in the more severe forms, and that inflammation may contribute to that 

disturbance, especially in the more severe cases of HS. 

 

Keywords: Hereditary Spherocytosis, erythropoiesis, inflammation, clinical outcome 

 

 

 

Introduction 

Hereditary Spherocytosis (HS) is the most common 

non-immune congenital hemolytic anemia affecting 

about one in 2000 individuals from northern 

European ancestry  (1-3). Clinically, HS can range 

from asymptomatic to a life threatening anemia. It is 

classified as mild, moderate and severe, according to 

the degree of the hemolytic anemia and the 

associated symptoms; as well as, to the clinical and 

family history (2, 3).  

Erythropoietin (EPO) is the principal regulator of red 

blood cell (RBC) production, controlling the 

proliferation, differentiation and survival of the 

erythroid progenitor cells. Erythroblasts express 

transferrin receptors in their membranes, which are 

necessary for the uptake of iron and for a successful 

erythropoiesis. Therefore, it is not surprising that 

soluble transferrin receptor (sTfR) is an excellent 

marker of erythropoiesis since it provides a 

quantitative estimation of the erythroid expansion. 

Indeed, sTfR levels reflect the number of 

erythroblasts (the main source of sTfR), when  iron 

stores are adequate and available (4-7); when this 

does not occur, it works as a fine marker of iron 

deficiency (absolute or functional) (4-11).  

The number of circulating reticulocytes and specially 

the reticulocyte production index (RPI) are also 
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markers of erythropoiesis; more specifically, they are 

considered markers of effective erythropoiesis. RPI is 

of particular importance since, under an increased 

erythropoietic stimulus, as it is observed in hemolytic 

anemia, reticulocytes are prematurely released from 

the bone marrow; thus, their maturation time in the 

peripheral blood may be longer than normal. In this 

case, to know the value of RPI, the reticulocyte count 

needs to be corrected for both changes in hematocrit 

(degree of anemia) and in the effect of premature 

reticulocyte release from the bone marrow (6, 7, 12).  

Reticulocytosis is one of the hallmarks of HS (1, 3), 

since the hemolysis experienced by HS patients is 

linked to an increased production of EPO (6, 13-15), 

increased levels of sTfR (6, 16) and to effective 

erythropoiesis (6, 7). However, in a previous study by 

our group (14), we showed that the balance between 

the erythropoietic stimulus and the effective 

production of reticulocytes (compensated hemolysis) 

was only observed in patients with the mild form of 

the disease and that, in the more severe cases of HS, 

the significantly higher levels of EPO were not able to 

induce a proportional reticulocyte production.  

Iron, folic acid and vitamin B12 are essential for 

erythropoiesis; in healthy individuals their levels are 

adequate to the daily production/destruction of 

RBCs. The major cause for erythropoiesis failure is 

iron deficiency, either absolute or functional (17-20). 

Plasma levels of ferritin, sTfR, transferrin and 

transferrin saturation (TS) are described as good 

markers of iron metabolism. Both ferritin and 

transferrin are affected by inflammatory processes, 

while sTfR is independent of inflammation. These 

markers are, therefore, described as useful to 

distinguish between absolute and functional iron 

deficiency (8-11, 17-22).  

Some cytokines, such as interleukin (IL)-1, TNF-α 

and IFN-γ are known to impair erythropoiesis either 

by affecting EPO production/action or the 

proliferation of erythroblasts or by affecting iron 

availability for erythropoiesis (23-27). In fact, TNF-α 

and IFN-γ are known to inhibit iron release from the 

reticulo-endothelial system and to interfere with 

intestinal iron absorption (15, 17, 19, 20, 23, 28). 

Normal iron levels or mild iron overload are usually 

observed in HS patients (2, 15, 29). However, it is 

still unknown if the apparent disturbance in 

erythropoiesis that could explain the clinical outcome 

of HS (14), can be the result of iron restricted 

erythropoiesis (with adequate iron stores) as occurs 

in anemia of chronic disease (17-20). Our aim, in the 

present study, was to evaluate the relationship 

between erythropoiesis and inflammation in the 

clinical outcome of HS. In this way, we evaluated 

erythropoietic related features [hemoglobin (Hb) 

concentration, hematocrit (HCT), reticulocyte 

number, plasma levels of EPO, sTfR, bilirubin, folic 

acid, vitamin B12, iron, ferritin and transferrin; RPI 

and TS were calculated], and inflammatory markers - 

total and differential leukocyte counts, plasma levels 

of granulocyte-monocyte colony stimulating factor 

(GM-CSF), CRP, TNF-α, IFN-γ, elastase and 

lactoferrin - in patients presenting different clinical 

forms of HS. 

 

 

Materials and Methods 

Subjects 

This study followed a protocol approved by the Ethic 

Committees of the participant Hospitals (Hospital 

Maria Pia, Hospital Santo António from Centro 

Hospitalar do Porto and Hospital S. João, Porto). All 

subjects gave their informed consent to participate in 

the study.   

We studied 108 individuals from the north region of 

Portugal, including 82 subjects diagnosed with HS, 

according to hematological and biochemical data and 

to clinical/family history, and 26 healthy individuals 

as the control group (matched for age and gender 

with the patients).  

The patients were all unsplenectomized showing 

signs of hemolytic anemia and were classified as 

presenting mild (n=49), moderate (n=27) or severe 

(n=6) HS according to criteria described in the 

Guidelines for the diagnosis and clinical 

management of Hereditary Spherocytosis (1).  

To exclude immune hemolysis, a direct antiglobulin 

test was performed for all patients (30).  

In the case of severe HS patients there was no 

contamination with transfused blood, as the last  
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transfusion took place at least 4 months before blood 

collection. 

Assays  

Blood samples (using EDTA and heparin as 

anticoagulants) were collected and processed in 

order to obtain whole blood and plasma.  

The hemoglobin concentration, hematocrit and white 

blood cell count were measured using an automated 

blood cell counter (Sysmex K1000, Hamburg, 

Germany) and leukocyte differential count was 

performed in Wright-stained blood films (31).  

Reticulocyte count was evaluated by microscopic 

counting on blood smears after vital staining with 

New methylene blue (Reticulocyte stain, Sigma-

Aldrich, St Louis, MO, USA). Considering the 

common features, anemia and reticulocytosis, in HS 

patients, we have calculated the reticulocyte 

production index (RPI) (12) as an appropriate way to 

measure the effective RBC production. 

Plasma (heparin) concentrations of iron and total 

bilirubin were measured in an auto-analyzer (Cobas 

Mira S, Roche, Mannheim, Germany) using 

colorimetric methods (Bilirubin and Iron (Fe) kits, 

Randox Laboratories Ltd, Crumlin, UK). Plasma 

(heparin) C-reactive protein (CRP Latex HS kit, 

Roche), ferritin (Ferritin (Ferr) kit, Randox) and 

transferrin (Transferrin kit, Randox) concentrations 

were determined by immunoturbidimetry.  

The vitamin B12 and folic acid plasma (heparin) 

levels were assessed using electrochemiluminescense 

immunoassays (Vitamin B12 and Folate II kits, 

Roche).  

Using enzyme-linked immunosorbent assays, we 

evaluated the plasma (EDTA) levels of erythropoietin 

(Epo ELISA kit, Roche), serum transferrin receptor 

(Human sTfR Quantikine IVD ELISA kit, R&D 

Systems, Minneapolis, MN, USA), tumor necrosis 

factor-α (Human TNFα ELISA HS kit, Bender 

MedSystems, Vienna, Austria), interferon-γ (Human 

IFNγ ELISA HS kit, Bender MedSystems), elastase 

(Human PMN elastase ELISA, Bender MedSystems), 

lactoferrin (Lactoferrin ELISA kit, Calbiochem, 

Darmstadt, Germany) and granulocyte-macrophage 

colony-stimulating factor (Human GM-CSF 

Quantikine  HS ELISA kit, R&D Systems). 

Transferrin saturation (TS) was calculated by the 

formula: TS (%) = [70.9 x iron (µg/dL)/transferrin 

(mg/dL)], as described elsewhere (22, 32). 

 

Statistical analysis 

For statistical analysis we used the Statistical 

Package for Social Sciences (SPSS Inc., Chicago, IL, 

USA), version 17.0, for Windows. We present our 

data as mean + SD or as median values (inter-

quartile range). To evaluate the differences between 

groups, we used the OneWay Anova associated to 

Bonferroni’s multiple comparisons test whenever the 

parameters presented a Gaussian distribution. The 

non-parametric Kruskal-Wallis H test was used in 

the case of a non-Gaussian distribution and, when 

statistical significance was achieved, single 

comparisons (two groups) were made by using the 

Mann-Whitney U test. Spearman’s rank correlation 

coefficient was used to evaluate relationships 

between sets of data. A p<0.05 value was considered 

as statistically significant. 

 

Table 1 – Erythropoietic related data, bilirubin and iron features for control group and unsplenectomized HS patients (total 

and according to HS severity). 
      

 Control (n=26) HS (n=82) Mild HS (n=49) Moderate HS (n=27) Severe HS (n=6) 
      

Hemoglobin (g/L) 131.1 ± 9.4 122.2 ± 18.8** 131.1 ± 12.7 113.3 ± 16.3***§§§ 90.2 ± 19.0***§§§££ 

Hematocrit (L/L) 0.40 ± 0.03 0.35 ± 0.06*** 0.37 ± 0.04 0.31 ± 0.04***§§§ 0.25 ± 0.04***§§§££ 

Bilirubin (mg/dL) 0.40 (0.28–0.62) 1.53 (0.60–3.07)*** 0.92 (0.41–1.88)*** 2.50 (1.74–3.90)***§§§ 2.54 (1.68–5.50)***§ 

Folic acid (ng/mL) 8.92 (7.29–12.6) 19.9 (11.6–33.9)*** 27.0 (12.8 37.0)*** 14.2 (9.36–27.2)**§ 18.4 (9.11–36.9) 

Vitamin B12 (pg/mL) 595 (468–753) 730 (562–899) 707 (502–918) 753 (581–874) 744 (558–1094) 

Iron (µg/dL) 75.0 (60.0–93.5) 78.5 (57.8–111) 81.0 (58.5–116) 85.0 (66.0–104) 49.0 (40.0–75.8)£ 

Ferritin (ng/mL) 40.3 (21.5–70.4) 84.4 (45.0–140)*** 69.5 (30.6–105)** 121 (79.3–198)***§§ 106 (61.9–168)** 

Transferrin (mg/dL) 237 (225–258) 209 (187–232)*** 215 (192–237)** 201 (177–216)***§ 200 (159–293) 

TS (%) 22.3 (18.0–28.6) 26.2 (18.4–37.2) 26.3 (17.1–35.7) 31.5 (23.2–39.0)* 18.8 (14.1–20.6)££ 

Data presented as mean ± standard deviation or as median (inter-quartile range) 
TS – transferrin saturation 
*p<0.05, **p<0.01, ***p<0.001 control group vs HS patients 
§p<0.05, §§§p<0.001 Mild vs Moderate or Severe HS patients 
£p<0.05, ££p<0.01 Moderate vs Severe HS patients 
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Results 

Erythropoietic data for controls and HS patients, 

according to the severity of the disease, are presented 

in Fig 1 and Table 1. We found that Hb concentration 

and HCT decreased significantly and that EPO and 

sTfR levels increased significantly, with worsening of 

HS (Table 1; Fig 1A and B); reticulocytes, RPI and 

bilirubin increased significantly from mild to 

moderate HS patients, however, moderate and severe 

HS patients presented similar values (Fig 1C and D 

and Table 1). Iron, ferritin, TS, folic acid and vitamin 

B12 presented no apparent relationship with HS 

severity; their levels were similar or higher than 

controls, with the exception of iron and TS for severe 

HS (Table 1). Transferrin was lower in patients 

compared to controls (Table 1).   

When assessing correlations between sets of 

erythropoietic data, we found that EPO and sTfR 

levels were significantly and positively correlated in 

mild and moderate HS; however, in severe HS 

patients this correlation was not observed (Fig. 2A).  

For mild HS patients, we found statistically and 

significantly positive correlations between EPO and 

reticulocytes (Fig 2B) and between EPO and RPI (Fig 

2C); however, for moderate and severe patients we 

found no significant correlations between these 

variables. For mild HS, we found positive significant 

correlations between ferritin and sTfR, reticulocytes 

and RPI (Table 2); these correlations were lost for 

moderate and severe HS. 

 

 

Figure 1 - Erythropoietin (A) and soluble transferrin receptor (sTfR) plasma levels (B), reticulocyte number (C) and 

reticulocyte production index (RPI) (D) for control group and patients, according to HS clinical severity [control (n=26), 

mild HS (n=49), moderate HS (n=27) and severe HS (n=6)].  

£p<0.05, §p<0.01 control group vs. HS patients; *p<0.05, **p<0.01, ***p<0.01 Mild vs. Moderate or Severe HS patients 
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Figure 2 – Correlation of erythropoietin with (A) soluble 

transferrin receptor (sTfR), with (B) reticulocytes and (C) 

with reticulocyte production index (RPI), according to HS 

clinical severity [mild HS (n=49), moderate HS (n=27) and 

severe HS (n=6)].

Table 2 – Correlations (r) between ferritin and markers of 

erythropoietic activity. 

    

 
Mild HS 

(n=49) 

Moderate HS 

(n=27) 

Severe HS 

(n=6) 

    

Ferritin (ng/mL)  

versus 
   

Erythropoietin  
(mIU/mL) 

0.229 -0.016 0.143 

sTfR (nmol/L) 0.347* -0.026 0.371 

Reticulocytes  
(x109/L) 

0.419** -0.116 -0.143 

RPI 0.485*** 0.055 -0.257 

sTfR – soluble transferrin receptor; RPI – reticulocyte production index 

*p<0.05, **p<0.01 for Spearman’s Rank Correlation 

 

When assessing total and differential leukocyte 

counts for total HS (Table 3), we observed that they 

were higher, as compared to the control group, but 

this difference only reached statistical significance 

for total leukocytes and neutrophils. These 

significantly increased values were also observed for 

mild and moderate HS patients.  

GM-CSF levels presented similar values for controls 

and patients. The levels of CRP were significantly 

increased in severe HS patients (Table 3). 

In total HS population, TNF-α and IFN-γ levels were  

significantly higher than those observed in the 

control population and, when analyzing these 

parameters according to HS clinical outcome, they 

always presented higher values than controls, 

although statistical significance was not achieved in 

all cases; a trend to increasing levels with the disease 

severity was observed for TNF-α and severe HS 

patients presented a significantly higher level for 

IFN-γ, when compared to moderate HS (Table 3). 

Compared to controls, total HS population presented 

with significantly higher plasma levels of elastase and 

lactoferrin (indirect markers of neutrophil 

activation). No changes were observed with 

worsening of HS (Table 3). 

 

Discussion 

As far as we know, this is the first study assessing 

erythropoiesis and inflammation in HS patients 

according to the different clinical outcomes of the 

pathology.  

The development of anemia in HS is due to the 

destruction of the fragile HS erythrocytes in the 

spleen. Most of the symptoms shown by HS patients 
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Table 3 – Inflammatory markers data for control group and unsplenectomized HS patients (total and according to HS 

severity). 
      

 Control (n=26) HS (n=82) Mild HS (n=49) Moderate HS (n=27) Severe HS (n=6) 

      

Leukocytes (x109/L) 6.06 ± 1.70 8.05 ± 2.27*** 7.49 ± 2.30* 9.24 ± 1.67***§§ 7.31 ± 2.51 

Neutrophils (x109/L) 2.97 ± 1.07 4.47 ± 1.88*** 4.06 ± 1.74* 5.29 ± 1.91***§ 4.14 ± 1.92 

Eosinophils (x109/L) 0.17 ± 0.13 0.25 ± 0.22 0.22 ± 0.16 0.31 ± 0.30 0.18 ± 0.04 

Basophils (x109/L) 0.04 ± 0.03 0.06 ± 0.05* 0.05 ± 0.04 0.07 ± 0.05* 0.04 ± 0.02 

Lymphocytes (x109/L) 2.49 ± 0.74 2.83 ± 1.46 2.72 ± 1.53 3.10 ± 1.41 2.50 ± 0.89 

Monocytes (x109/L) 0.39 ± 0.16 0.44 ± 0.20 0.43 ± 0.22 0.47 ± 0.17 0.44 ± 0.16 

GM-CSF (pg/mL) 0.21 (0.14–0.31) 0.20 (0.16–0.26) 0.19 (0.17–0.23) 0.22 (0.14–0.30) 0.23 (0.18–0.35) 

CRP (mg/L) 0.54 (0.28–0.92) 0.50 (0.30–1.46) 0.50 (0.28–1.34) 0.39 (0.28–1.30) 2.24 (1.20–6.22)**§§£ 

TNF-α (pg/mL) 1.0 (0.4–2.6) 2.1 (1.2–3.6)** 2.1 (1.2–3.6)** 2.2 (1.4–3.1)** 2.5 (1.1–4.9) 

IFN-γγγγ (pg/mL) 0.38 (0.22–0.69) 0.65 (0.42–1.05)* 0.65 (0.41–1.06)* 0.54 (0.42–0.88) 1.11 (0.74–6.98)**£ 

Elastase (ng/mL) 34.2 (28.8–38.3) 38.5 (31.9–44.6)* 38.8 (32.2–44.5)* 33.5 (30.1–43.9) 48.8 (33.4–76.2) 

Lactoferrin (ng/mL) 236 (188–296) 265 (214–360)* 284 (219–374)* 252 (206–345) 195 (150–504) 

Data presented as mean ± standard deviation or as median (inter-quartile range) 

GM-CSF – granulocyte-monocyte colony-stimulating factor; CRP – C-reactive protein; TNF – tumor necrosis factor; IFN – interferon 

*p<0.05, **p<0.01, ***p<0.001 control group vs HS patients 
§p<0.05, §§p<0.01 Mild vs Moderate or Severe HS patients  

£p<0.05, ££p<0.01 Moderate vs Severe HS patients 

 

are the reflection of the rate of hemolysis and 

determines the severity of the disease. Our HS 

patients showed clear signs of worsening of the 

hemolytic anemia, according to HS clinical outcome; 

indeed, Hb concentration and HCT decreased with 

HS severity, due to the enhanced removal of 

erythrocytes, as showed by the increase in bilirubin 

levels (Table 1).  

In the case of a hemolytic anemia, the erythropoietic 

stimulus triggered by a physiologic increase in EPO 

leads to enhanced erythropoietic activity, increasing 

the number of RBC progenitors in the bone marrow, 

and also up-regulates small intestine iron absorption 

and macrophage iron release. All these changes will 

ensure effective erythropoiesis (17, 19, 20, 33); 

however, when the production of EPO and its action 

upon erythroid precursors is impaired (19, 24-27) or 

the iron requirement is not met, ineffective 

erythropoiesis occurs (21, 33, 34). In our study, mild 

HS patients showed signs of increased erythropoiesis 

that was able to compensate hemolysis and to  

maintain a normal Hb concentration; in these 

patients the rise in EPO levels induced an adequate 

erythropoietic response, as showed by the increase in 

sTfR levels, reticulocytes and RPI (Fig 1 and Table 1). 

Furthermore, in mild HS patients positive significant 

correlations between EPO and sTfR, reticulocytes 

and RPI, were observed (Fig 2). This was not 

observed in moderate and severe HS patients, that, 

although presenting significantly higher levels of 

EPO, sTfR, reticulocytes and RPI than mild HS 

patients, the erythropoietic stimuli was not sufficient 

to achieve equilibrium between production and 

destruction of HS erythrocytes, as Hb concentration 

was significantly decreased (Fig 1 and Table 1). sTfR 

is a quantitative marker of erythropoiesis, as it 

reflects the number of erythroblasts, when iron 

stores are adequate and available. However, it does 

not distinguishes between effective and ineffective 

erythropoiesis; in this case, reticulocyte count and 

RPI can be helpful, as they show the success of 

erythroblast’s maturation (5-7). As already referred, 

our moderate and severe HS patients presented with 

higher values of EPO, sTfR, reticulocytes and RPI, as 

compared to mild HS patients, showing a response to 

an erythropoietic stimulus in these patients. 

However, only one significant positive correlation 

was found between EPO and sTfR in moderate HS 

patients, suggesting a failure or a disturbance in the 

erythropoietic process in moderate and severe HS 

(Fig 2).  

HS patients presented normal or higher levels of 

iron, folic acid and vitamin B12, as compared to 

healthy individuals (Table 1); thus, the disturbances 

observed in erythropoiesis for the more severe cases 

of HS were not due to deficiency in these 

erythropoietic nutrients. Actually, these patients 

presented significantly higher values of iron stores, 
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as showed by ferritin levels (Table 1). Significant 

positive correlations were observed between ferritin 

and sTfR, reticulocytes and RPI for mild HS patients, 

showing once again an adequate erythropoietic 

process. However, in moderate and severe patients 

these correlations were not observed, suggesting a 

disturbance in iron metabolism (Table 2). 

GM-CSF, a polyvalent growth factor, stimulates the 

production of the inflammatory cells, granulocytes 

and monocytes, but it also stimulates erythropoiesis 

(35). Other cytokines, like IL-1, TNF-α and IFN-γ, are 

known to induce a reduction in erythropoiesis by 

inhibiting EPO synthesis and/or action in the bone 

marrow erythroid cells (36). In chronic inflammation 

the production of TNF-α and IFN-γ is enhanced and, 

therefore, they are capable of modulating 

erythropoiesis leading to anemia, known as the 

anemia of chronic disease (24-27). In HS, the 

spherocytic RBCs are trapped and removed from 

circulation in the spleen, by activated macrophages, 

which are also an important source of cytokines that 

could interfere with erythropoiesis. Because HS is 

associated to hyperdestruction of RBCs, we 

hypothesized, in a previous report, that inflammatory 

features could contribute to the erythropoietic 

disturbance observed in the more severe HS cases 

(14). In this study, we found that total HS patients, as 

compared to controls, presented higher levels of 

inflammatory cytokines, TNF-α and IFN-γ, as well as 

a significant increase in total leukocytes, that seems 

to result, mainly, from a rise in neutrophils. 

Furthermore, such neutrophils seem to be activated, 

as suggested by the significantly higher levels of 

elastase and lactoferrin (Table 3). No differences 

were observed for GM-CSF and CRP; even though, 

CRP levels presented a statistically significant higher 

value in the severe cases, in relation to controls 

(Table 3). 

Our findings, concerning inflammatory data, suggest 

that HS patients present a low grade inflammatory 

process, probably due to the activation of the 

inflammatory cells involved in erythrocyte removal. 

We must notice that the severe form of HS presented 

the highest median levels of some inflammatory 

markers, namely, of GM-CSF, CRP, TNF-α, IFN-γ 

and elastase (Table 3). Moreover, the severe HS 

patients presented the lowest plasma levels of iron 

and lactoferrin (Table 1), suggesting that the rise in 

TNF-α and IFN-γ may inhibit the release of iron from 

macrophages in the reticulo-endothelial system, thus 

reducing its availability and/or may interfere with 

EPO production/action (15, 23, 25, 27, 28). We must 

notice that TNF-α and IFN-γ act locally in the bone 

marrow and that, although their effectiveness can be 

modulated by their plasmatic counterparts, the 

actual plasma levels of these molecules may not 

accurately reflect the bone marrow levels (25, 27).   

In a hemolytic anemia, the expansion and 

maturation of erythroid precursor cells are limiting 

factors in the erythropoietic response triggered by an 

EPO stimulus (34). Thus, we may not exclude the 

hypothesis that the bone marrow is unable to 

produce an adequate number of reticulocytes in 

response to EPO, in the more severe HS patients. In 

fact, RPI values were roughly the same in moderate 

and severe HS groups, suggesting that the production 

limit may have been achieved in these patients, even 

if severe HS patients showed about a three-fold 

higher EPO levels than moderate HS patients (Fig 1).  

Our data show HS as a disease linked to enhanced 

erythropoiesis which is disturbed in the more severe 

forms, and that inflammation may contribute to that 

disturbance, especially, in the more severe cases of 

HS.  
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Abstract  

Hereditary Spherocytosis (HS) erythrocytes are structurally and metabolically “stressed” cells to maintain membrane 

integrity. HS and oxidative damage/senescence of red blood cells (RBC) are both associated with spleen-mediated 

hemolysis. Thus, the aim of this study was to evaluate oxidative stress/senescence in a HS population and to ascertain how it 

may be involved in the pathogenesis of the disease. We studied  

125 HS patients (82 unsplenectomized and 43 splenectomized) and 35 controls. The amounts of membrane bound 

hemoglobin (MBH), lipoperoxidation (LPO) and protein carbonylation (PCarb), as well as, the enzymatic activities of 

superoxide dismutase (SOD) and glutathione peroxidase (GSHPx) were determined. We also performed band 3, IgG and 

peroxiredoxin 2 (Prx2) immunoblots.  Almost all of the studied oxidative stress/senescence features were increased in HS, 

especially in the splenectomized (spl) patients and individuals with membrane bound Prx2, and, in some cases this 

difference was statistically significant.  For unspl and spl patients different correlations between sets of data were found. HS 

associates undisputable signs of oxidative stress/senescence but, what they imply for HS pathophysiology is still unclear. 

The difference, in some oxidative stress/senescence markers, between unsplenectomized and splenectomized HS patients, 

may be linked to the different hemolysis mechanisms. 
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Introduction 

Hereditary Spherocytosis (HS) is the most common 

red blood cell (RBC) disorder in individuals of 

northern European ancestry [1-4]. This hemolytic 

anemia is caused by molecular defects in either one 

of the genes that encode four erythrocyte membrane 

proteins – spectrin, ankyrin, band 3 and protein 4.2. 

In the RBC membrane, these proteins comprise a 

complex responsible for the attachment of the lipid 

bilayer to the cytoskeleton (vertical interaction); 

thus, a deficiency in any of those proteins leads to 

membrane destabilization [1-4].  

HS patients are clinically classified as mild, moderate 

or severe, according to hematological and 

biochemical criteria that reflect the extent of 

hemolytic anemia [1, 4]. Splenectomy, usually, 

corrects the anemia symptoms experienced by the 

patients, but it does not correct the intrinsic 

membrane protein defect [1-4].  

Integrity of the erythrocyte membrane is essential for 

RBC survival as, it is this cellular component that 

provides the erythrocyte with its remarkable 

properties of elasticity and deformability. In HS, 
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RBCs loose membrane portions, mainly when they 

traverse the sinusoid capillaries of the spleen, leading 

to the formation of dense and rigid cells, the 

spherocytes that will be removed by the splenic 

macrophages. The rate of hemolysis determines the 

severity of the anemia experienced by the HS 

patients, but what determines or contributes to the 

hemolysis rate is still not fully understood [1-4].  

Due to its function as oxygen transporter, Hb is an 

exceptional target for oxidative stress damage. In 

fact, about 3% of Hb suffers auto-oxidation daily, 

with the production of superoxide anion that, after 

dismutation, generates hydrogen peroxide (H2O2). 

Another byproduct of Hb auto-oxidation is 

methemoglobin, which is a non-functional Hb that 

can further oxidized to form hemichromes 

(denaturated Hb precipitates). The accumulation of 

hemicromes and H2O2 might lead to the production 

of other oxygen species, such as hydroxyl radical, 

which is a highly reactive oxidizing agent, known to 

attack lipids from the erythrocyte membrane and to 

start lipoperoxidation (LPO). In turn, LPO products, 

malondialdehyde (MDA) and 4-hydroxynonenal 

(HNE) are associated with damage to membrane 

cytoskeletal proteins, such as protein carbonylation 

[5-12]. Fortunately, the erythrocyte possesses a great 

variety of antioxidant agents to counteract the 

deleterious effects of reactive oxygen species (ROS), 

namely, antioxidant enzymes, such as, superoxide 

dismutase (SOD), catalase, glutathione peroxidase 

(GSHPx) and peroxiredoxin 2 (Prx2). When the 

activity of these antioxidant enzymes is impaired or 

depleted, oxidative stress products accumulate 

within the erythrocyte, leading to oxidative injury 

that will cause changes in membrane structure and, 

ultimately, these altered cells are recognized by the 

macrophages of the spleen and phagocytized [6, 7, 

13].  

Prx2 is a typical 2-cys peroxiredoxin, with a thiol-

dependent H2O2 scavenger activity regulated by the 

thioredoxin (Trx)/Trx reductase/NADPH reducing 

system that only in recent years has been implied in 

the erythrocyte’s antioxidant defenses [14-16]. This 

protein is believed to detoxify the cell of endogenous 

low levels of H2O2, as does GSHPx, whereas catalase 

seems to be responsible for the protection against 

exogenous and/or high H2O2 levels [17-19]. The 

linkage of this cytosolic protein to the erythrocyte 

membrane has been reported by several authors [20-

25], but its importance there, is still unknown. 

Recently, our group, by performing in vitro studies, 

has demonstrated the linkage of Prx2 to the 

erythrocyte membrane of healthy individuals, by 

H2O2-induced oxidative stress [19].  

It is accepted that the high-affinity linkage of 

denaturated Hb to the cytoplasmatic domain of band 

3 enables its clustering with the formation of a neo-

antigen for natural occurring anti-band 3 antibodies. 

The binding of this autologous immunoglobulin G 

(IgG) appears to stimulate complement amplification 

and deposition on RBC surface, which, in turn, will 

increase the efficiency of opsonization, marking the 

cell for death. Erythrocytes are then phagocytized 

and destroyed by macrophages of the reticulo 

endothelial system (RES), particularly of the spleen 

(hemolysis) [6, 26-30]. 

Increased band 3 aggregation [21, 31] and membrane 

bound hemoglobin (MBH) [21, 22, 32]  have been 

described for HS. This pathology might be associated 

to premature RBC destruction, due to the intrinsic 

RBC membrane protein defect, but also to oxidative 

injury and/or senescence mechanisms that could 

influence HS clinical outcome. 

The aim of this study was to evaluate RBC oxidative 

stress and senescence markers in HS patients, before 

and after splenectomy, and a possible relation with 

HS clinical severity (in unsplenectomized patients). 

As markers of RBC oxidative stress/senescence, we 

evaluated MBH, membrane bound IgG, membrane 

LPO and protein carbonylation (PCarb), the 

immunoblot profile of band 3 and the RBC enzymatic 

activities of SOD and GSHPx. We, also, evaluated the 

linkage of Prx2 to the erythrocyte membrane and 

studied a possible relation with those markers.  

 

Materials and Methods 

Subjects 

This study followed a protocol approved by the Ethic 

Committees of the participant Hospitals (Hospital 

Maria Pia, Hospital Santo António from Centro 
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Hospitalar do Porto and Hospital S. João, Porto). All 

subjects gave their informed consent to participate in 

the study.   

We studied 160 individuals from the north region of 

Portugal, including 35 healthy individuals – as the 

control group – and 125 subjects diagnosed with HS 

according to hematological and biochemical data and 

to clinical/family history – 82 were 

unsplenectomized and 43 were splenectomized. The 

three groups were matched for gender but not for 

age.  

All the unsplenectomized (unspl) patients presented 

clear signs of hemolytic anemia and were classified as 

presenting mild (n=49), moderate (n=27) or severe 

(n=6) HS according to criteria described in the 

Guidelines for the diagnosis and clinical 

management of Hereditary Spherocytosis [1].   

Only the patients who were submitted to surgery 

more than one year before, were included in this 

study; the unspl severe patients were only included 

when the last transfusion took place at least 4 

months before.  

To exclude immune hemolysis, a direct antiglobulin 

test was performed for all patients [33].  

The identification and quantification of the protein 

membrane defiencies underlying each case of HS, by 

sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) standard methods [34], 

was performed prior to this study. Spectrin, ankyrin 

and band 3 protein defects were identified in 12 (8 

unspl and 4 spl), 27 (18 unspl and 9 spl) and 86 (56 

unspl and 30 spl) HS patients, respectively.  

Assays  

Blood samples (using EDTA and heparin as 

anticoagulants) were collected and processed, in 

order to obtain whole blood and RBC membrane 

suspensions.  

1) Superoxide dismutase (SOD) and glutathione 

peroxidase (GSHPx) activity:  

Whole blood was used for the determination of the 

enzymatic activity of SOD and GSHPx by 

commercially available spectrophotometric methods 

(RANSOD and RANSEL kits, Randox Laboratories 

Ltd, Crumlin, UK). The enzymatic activities of SOD 

and GSHPx were expressed as U per gram of Hb, in

order to standardize data. 

2) Preparation of erythrocyte membrane 

suspensions for electrophoretic analysis:  

To ensure the minimal RBC membrane preparation 

variability, the protocol was performed by the same 

individual during the course of this study. 

To prepare the erythrocyte membranes, plasma and 

leukocytes were isolated from RBCs and discarded 

after centrifugation on a double density gradient 

(Histopaque 1.077 and 1.119, Sigma-Aldrich, St Louis, 

MO, USA). Erythrocytes were washed in saline 

solution and, afterwards, they were submitted to 

hypotonic lyses, according to Dodge et al. [35]. The 

obtained membranes were washed in Dodge buffer, 

adding in the first two washes 

phenylmethylsulphonyl fluoride, as a protease 

inhibitor, at a final concentration of 0.1 mM.  

The protein concentration of the erythrocyte 

membrane suspensions was determined by the 

Bradford’s method [36].  

Erythrocyte membrane suspensions were treated 

with an equal volume of a solubilisation buffer 

[0.125M Tris-HCl pH 6.8, 4% sodium dodecylsulfate 

(SDS), 20% glycerol, 10% 2-mercaptoethanol] and 

heat denatured. 

3) Immunoblot analysis for band 3:  

Erythrocyte membrane protein suspensions were 

submitted to SDS-PAGE in a 9% acrylamide gel (20 

µg protein/lane), using the discontinuous Laemmli 

system [37]. Proteins were electrophoretically 

transferred from SDS gels to a nitrocellulose sheet 

with a porosity of 0.2 µm [38]. Additional reactive 

sites on the nitrocellulose were blocked by incubation 

in low fat dry milk (5% w/v) and 0.1% Triton-X 100 

in PBS pH 7.0, for 1h at room temperature under 

gentle rotation. Band 3 immunoblot was then carried 

out adding anti-human band 3 monoclonal 

antibodies (Sigma-Aldrich), produced in mouse, 

recognizing an epitope located in the cytoplasmic 

pole of the band 3 molecule, were added (dilution 

1:4000) and incubated for 4 h; washing of the 

nitrocellulose was followed by the incubation with 

anti-mouse IgG peroxidase linked (Sigma-Aldrich) 

for 1h (dilution 1:3000). Hydrogen peroxide and α2-

cloronaphtol were used to develop the immunoblot. 
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The immunoblots were scanned (Darkroom CN 

UV/wl, BioCaptMW version 99, Vilber Lourmat, 

Marne-La-Vallée, France) and the relative amount of 

band 3 monomer (Bd3 M), high molecular weight 

aggregates (HMWAg) and of proteolytic fragments 

(Pfrag) (as a percentage of total), was quantified by 

densitometry (Bio1D++ version99, Vilber Lourmat). 

4) Immunoblot analysis for membrane bound 

immunoglobulin G:  

To evaluate the amount of membrane bound IgG, we 

used the same protocol as that used for band 3 

immunoblotting, with adequate modifications: 

overnight incubation (dilution 1:3000) with anti-

human IgG (whole molecule) peroxidase conjugate, 

IgG fraction of antiserum (Sigma-Aldrich), followed 

by development of the immunoblot by an enhanced 

chemiluminescence method (SuperSignal West Pico 

Chemiluminescent Substrate, Pierce Biotechnology, 

Inc., Rockford, IL, USA) and a X-ray film (Kodak, 

Rochester, NY, USA). The immunoblots were 

scanned and the amount of IgG bound to erythrocyte 

membrane was determined by densitometric 

comparison with an internal control. The amount of 

IgG of each sample was determined as a ratio 

between the sample value and the internal control. 

5) Immunoblot analysis for peroxiredoxin 2 (Prx2):  

To detect membrane linked Prx2 we used a similar 

protocol as that used for band 3 immunoblotting.  

The SDS-PAGE used a 12% acrylamide gel (30 µg 

protein/lane); monoclonal antibodies anti-human 

Prx2, produced in mouse (AbFrontier, Seoul, Korea), 

were added (dilution 1:3000) and incubated for 5 h; 

after incubation with anti-mouse IgG peroxidase 

linked for 1 h (dilution 1:3000) an enhanced 

chemiluminescence method and a X-ray film were 

used to develop the immunoblot. The immunoblots 

were scanned and the amount of Prx2 linked to 

erythrocyte membrane was determined by 

densitometric comparison with the internal control 

(20 µg of human recombinant Prx2, AbFrontier). The 

amount of Prx2 of each sample was determined as a 

ratio between the sample value and the internal 

control. 

6) Membrane bound hemoglobin (MBH):  

The MBH was measured in erythrocyte membrane

suspensions by spectrophotometry, after protein 

dissociation with Triton X-100 (5% w/v in Dodge 

buffer); the absorbance was measured at 415 nm and 

this value was corrected by the background 

absorbance at 700 nm; this value and protein 

concentration were used to estimate MBH 

percentage [39]. 

6) Erythrocyte membrane lipoperoxidation (LPO):  

RBC membrane lipid peroxidation was determined 

using the thiobarbituric acid (TBA) test according to 

Mihara and Uchiyama [40],  with slight 

modifications. Briefly, 60 µl of membrane suspension 

was mixed with 360 µl of 1% H3PO4 (v/v) and 120 µl 

of 0.6% TBA (w/v) and heated in boiling water for 45 

minutes. After immersion in ice for 10 minutes, 

malondialdehyde (MDA) was extracted with butanol 

(480 µl) and then measured by spectrophotometry 

(535 and 520 nm). The ratios of MDA/protein 

concentration (mg) for each RBC membrane 

suspension sample were calculated to obtain uniform 

data. 

6) Erythrocyte membrane protein carbonylation 

(PCarb):  

We adapted the method for PCarb measurement 

described by Levine et al. [41] to RBC membrane 

suspension samples. Briefly, 30 µl of membrane 

suspension were mixed with 200 µl of 2.5M HCl 

(blank) or with 200 µl of 10mM DNPH (test) and 

incubated in the dark, at room temperature, for 1 

hour. Afterwards, membrane pellets were re-

suspended with 250 µl of 20% TCA (w/v) and 

immersed in ice for 10 minutes. This step was 

repeated with 10% TCA (w/v). After washing (3 

times) with ethanol:ethylacetate 1:1 mixture, the 

protein pellets were re-suspended in 500 µl of this 

mixture and incubated at 37ºC for 10 minutes. PCarb 

was measured by spectrophotometry (370 nm) and 

the ε=22000M-1cm-1 was used to calculate its 

concentration. Results were expressed as PCarb (µM) 

per protein concentration (mg), in order to 

standardize data. 

Statistical analysis 

For statistical analysis we used the Statistical 

Package for Social Sciences (SPSS Inc., Chicago, IL, 

USA), version 17.0, for Windows. We present our 
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data as mean + SD or as median values (inter-

quartile range). To evaluate the differences between 

groups, we used the OneWay Anova associated to 

Bonferroni’s multiple comparisons test whenever the 

parameters presented a Gaussian distribution. The 

non-parametric Kruskal-Wallis H test was used in 

the case of a non-Gaussian distribution and, when 

statistical significance was achieved, single 

comparisons (two groups) were made by using the 

Mann-Whitney U test. Since some of the studied 

parameters can be affected by the subject’s age, we 

performed a co-variance adjustment test (univariate 

ANCOVA) for this co-variable; non-Gaussian 

variables were normalized prior to this analysis. 

Spearman’s rank correlation coefficient was used to 

evaluate relationships between sets of data. A p<0.05 

value was considered as statistically significant. 

 

Results 

Data about the oxidative stress and RBC senescence, 

for controls and HS patients are presented in Table I. 

MBH, HMWAg of band 3 and LPO showed 

significantly increased levels for HS patients, as 

compared to controls; in splenectomized (spl) 

patients a significant increase in these parameters 

was also observed, as compared to unsplenectomized 

(unspl); the opposite was observed for SOD activity. 

For HMWAg, when the analysis was adjusted for 

subject’s age, the significance between unspl patients 

and controls was lost. Bd3 M, PCarb and GSHPx 

presented no statistically significant differences 

between all the studied groups, although, for PCarb 

and GSHPx, a significant difference was almost 

achieved in spl patients, when compared to unspl. 

Pfrag of band 3 were decreased in HS patients in a 

statistically significant manner, when compared with 

controls, but no differences between sets of patients 

were found. Finally, membrane bound IgG was 

significantly higher in spl versus unspl patients 

before adjustment for subject’s age (Table I). 

When we analyzed these oxidative stress/senescence 

features in unspl patients according to HS clinical 

outcome, we found no correlation with worsening of 

HS clinical severity (data not shown). However, 

MBH, Pfrag, IgG, LPO and PCarb showed trends 

towards increasing values and HMWAg a trend 

towards lower values, along with HS severity (Table 

II).   

 
Table I – Oxidative stress data for control group, unsplenectomized and splenectomized HS patients. 

       

 Control (n=35) unspl HS (n=22) p(a) spl HS (n=43) p(a) p(b) 

       

MBH x10-2 (%) 0.80 (0.47 – 0.93) 1.00 (0.75 – 1.41) <0.01 5.09 (3.56 – 6.79) <0.001 <0.001 

HMWAg (%) 17.3 (15.2 – 20.0) 19.8 (16.8 – 22.9) <0.01* 21.3 (19.0 – 23.5) <0.001 <0.05 

Bd3 M (%) 64.4 (54.6 – 69.2) 64.8 (60.5 – 69.3) 0.207 63.0 (61.0 – 66.7) 0.988 0.125 

Pfrag (%) 17.2 (12.7 – 27.8) 14.6 (11.3 – 20.5) <0.05 14.0 (11.7 – 19.3) <0.05 0.921 

IgG 1.03 (0.77 – 1.73) 1.15 (0.81 – 1.63) 0.849 1.54 (0.82 – 2.41) 0.061 <0.05* 

LPO x10-2 (MDA/mgprot) 2.56 (2.15 – 3.34) 4.56 (3.41 – 8.23) <0.001 8.05 (5.40 – 37.6) <0.001 <0.001 

PCarb (µM/mgprot) 5.13 (3.24 – 7.60) 5.81 (3.60 – 10.9) 0.122 7.60 (3.51 – 11.5) 0.057 0.659 

SOD x103 (U/gHb) 1.13 ± 0.17 1.00 ± 0.18 <0.01 0.88 ± 0.16 <0.001 <0.01 

GSHPx (U/gHb) 39.9 ± 11.1 38.8 ± 19.8 1.000 31.3 ± 17.0 0.097 0.074 

Data presented as mean ± standard deviation or as median (inter-quartile range) 
unspl HS – unsplenectomized HS patients; spl HS – splenectomized HS patients; MBH – membrane bound hemoglobin 
HMWAg – band 3 high molecular weight aggregates; Bd3 M – band 3 monomer; Pfrag – band 3 proteolytic fragments 
LPO – lipoperoxidation; MDA – malondialdehyde; PCarb – protein carbonylation; SOD – superoxide dismutase; GSHPx – glutathione peroxidase  
(a) – control group vs HS patients; (b) – unsplenectomized vs splenectomized patients 
* loses significance after adjustment for age (univariate ANCOVA) 

 

For unspl patients, we found significantly negative 

correlations between HMWAg and Pfrag (r=-0.442; 

p<0.001; n=82) and between HMWAg and 

membrane bound IgG (r=-0.245; p<0.05; n=82); a 

significant positive correlation between HMWAg and 

PCarb (r=0.340; p<0.01; n=82). For spl patients, 

significantly positive correlations were observed 

between MBH and IgG (r=0.308; p<0.05; n=43), 

MBH and LPO (r=0.307; p<0.05; n=43) and LPO 

and PCarb (r=0.496; p<0.01; n=43).  

As different values for erythrocyte-bound IgG were 

reported for different membrane protein defects in 

spl HS patients [42], we evaluated the membrane 

linkage of IgG in our HS patients, according to the 

membrane protein deficiencies underlying each HS 

case (Figure 1). In the cases of band 3 deficiency a
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Table II – Oxidative injury observed with HS clinical severity in unsplenectomized HS patients. 
    

 Control (n=35) unspl HS (n=22) spl HS (n=43) 

    

MBH x10-2 (%) 0.98 (0.72 – 1.22) 1.13 (0.76 – 1.62) 1.16 (0.68 – 1.66) 

HMWAg (%) 20.6 (17.8 – 23.0) 19.1 (14.0 – 22.8) 17.2 (10.4 – 21.0) 

Pfrag (%) 14.0 (11.0 – 18.4) 14.9 (11.9 – 20.9) 20.6 (13.6 – 30.3) 

IgG 1.03 (0.80 – 1.58) 1.22 (0.76 – 1.70) 1.94 (1.01 – 3.21) 

LPO x10-2 (MDA/mgprot) 4.15 (3.18 – 7.28) 5.24 (4.09 – 10.4) 7.35 (3.30 -14.3) 

PCarb (µM/mgprot) 5.63 (3.48 – 11.0) 6.14 (3.85 – 10.7) 9.24 (3.63 – 14.7) 

Data presented as median (inter-quartile range) 
MBH – membrane bound hemoglobin; HMWAg – band 3 high molecular weight aggregates  
IgG – immunoglobulin G ; LPO – lipoperoxidation; MDA – malondialdehyde; PCarb – protein carbonylation 

 

significantly higher value of IgG was found in spl 

patients, as compared to unspl; for 

ankyrin/spectrin/protein 4.2 deficiencies no 

differences were found.  

Membrane linked peroxiredoxin 2 (Prx2) was 

detected in 38 of our HS patients, 27 were unspl and 

11 were spl) and the values were higher in spl 

patients; however, no significant differences were 

found between the two HS patients groups (Table 

III). When comparing subsets of patients with 

detectable and undetectable membrane Prx2, no 

differences were observed in the studied oxidative 

stress/senescence markers for either unspl or spl 

patients, except for MBH that was found to be 

statistically and significantly increased in all HS 

patients with membrane bound Prx2 (Table III). An 

increased GSHPx enzymatic activity was observed in 

unspl patients with detectable Prx2, as compared to 

unspl patients with undetectable Prx2 (Table III).

 

 

Figure 1 – Membrane bound immunoglobulin G (IgG) for 

unsplenectomized (unspl) and splenectomized (spl) HS 

patients according to the protein membrane deficiencies 

underlying HS. *p<0.05, **p<0.01. 

 
Table III – Oxidative stress data for unsplenectomized and splenectomized HS patients according to the presence 

of membrane linked peroxiredoxin 2 (Prx2). 
       

 unspl HS  spl HS  

 
detectable Prx2 

(n=27) 
undetectable 
Prx2 (n=55) 

p detectable Prx2  
(n=11) 

undetectable 
Prx2 (n=32) 

p 

       

Prx2 0.87 (0.42 – 1.45) - - 1.13 (0.26 – 1.77) - - 

MBH x10-2 (%) 1.30 (1.06 – 1.80) 0.83 (0.69 – 1.20) <0.001 6.45 (5.12 – 7.49) 4.36 (3.40 – 6.06) <0.05 

HMWAg (%) 19.3 (15.7 – 23.5) 19.8 (17.4 – 22.7) 0.902 19.0 (17.3 – 22.3) 21.5 (20.1 – 24.1) 0.068 

IgG 1.36 (0.97 – 1.64) 1.00 (0.61 – 1.58) 0.118 5.59 (1.08 – 2.91) 1.47 (0.76 – 2.27) 0.342 

LPO x10-2 

(MDA/mgprot) 
4.61 (3.47 – 7.34) 4.45 (3.34 – 8.29) 0.760 10.7 (0.65 – 23.5) 6.90 (4.84 – 39.2) 0.450 

PCarb (µM/mgprot) 5.03 (3.20 – 10.7) 6.02 (3.75 – 11.6) 0.462 11.5 (5.46 – 13.3) 6.66 (2.93 – 9.24) 0.154 

SOD x103 (U/gHb) 1.00 ± 0.22 1.00 ± 0.16 0.842 0.93 ± 0.23 0.87 ± 0.13 0.309 

GSHPx (U/gHb) 48.4 ± 23.1 34.1 ± 16.3 <0.01 35.8 ± 16.3 29.7 ± 17.2 0.310 

Data presented as mean ± standard deviation or as median (inter-quartile range) 
unspl HS – unsplenectomized HS patients; spl HS – splenectomized HS patients; MBH – membrane bound hemoglobin 
HMWAg – band 3 high molecular weight aggregates; LPO – lipoperoxidation; MDA – malondialdehyde;  
PCarb – protein carbonylation; SOD – superoxide dismutase; GSHPx – glutathione peroxidase  
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Discussion 

In RBC ageing and in some pathological conditions 

[6, 26-28, 31, 43], the spleen function as a filter for 

old or damaged cells, as any structural or chemical 

alteration on erythrocytes’ surface is recognized by 

the macrophages of the reticulo-endothelial system, 

promoting the cell’s sequestration and, eventually, 

removal and destruction. The exact mechanism 

involved in this process is not fully understood, but 

several reported studies propose erythrocyte 

oxidative damage, especially, when membrane 

protein band 3 is altered, with aggregates that 

promote the linkage of natural occurring antibodies 

and complement, which favor opsonization of the cell 

[5-13, 26-30].  

In HS, the main pathophysiological features 

responsible for hemolysis are the erythrocyte 

membrane protein deficiencies causing membrane 

destabilization that leads to changes in cell-shape, 

from discocyte to spherocyte that will be sequestered 

and/or removed by the spleen [1-4]. Oxidative injury 

and senescent changes in band 3 senescence have 

been described in HS [21, 31, 43], but their 

contribution to the pathogenesis of HS is still 

unknown.  

Our results showed that HS is an oxidative 

stress/senescence related disorder, as  MBH, band 3 

aggregates, membrane bound IgG, LPO and PCarb 

were increased in HS patients (Table I). Moreover, 

these features were exacerbated in spl patients, as 

after splenectomy, HS erythrocytes are able to 

survive longer in circulation, accumulating 

ooxidative/senescence injuries. This observation is 

strengthened by the significantly positive 

correlations observed in spl patients, between MBH 

and IgG (r=0.308; p<0.05; n=43), MBH and LPO 

(r=0.307; p<0.05; n=43) and LPO and PCarb 

(r=0.496; p<0.01; n=43). The correlation between 

MBH and IgG supports the band 3-centered 

senescence mechanism stating that the linkage of 

hemichromes to the cytoplasmatic domain of band 3 

promotes the linkage of IgG to the membrane, 

membrane LPO, which, in turn, promotes PCarb [5-

12]; thus, it seems reasonable to assume that in spl 

patients the oxidative/senescence injuries are crucial 

to trigger hemolysis, instead of the intrinsic 

membrane protein defect. In fact, there is reported 

evidence to this [31, 42, 44, 45].  

In unspl patients, the rate of hemolysis is dependent 

on the number of circulating spherocytes. These are 

small, dense and rigid cells which are metabolically 

“stressed” to maintain membrane integrity. It seems 

likely that these cells accumulate more and 

prematurely oxidative damage [26, 27, 31, 43] and 

that, therefore, oxidative stress and senescence 

changes could be used as markers of HS clinical 

severity. However, no statistical significant 

differences between mild, moderate or severe HS 

were found for the studied oxidative/senescence 

markers.  

In unspl patients, a trend to decreasing levels in band 

3 aggregates and an opposite trend in the proteolytic 

fragments of band 3 were observed with the 

worsening of HS clinical outcome (Table II), which 

suggest an improvement in band 3 profile with the 

worsening of HS, as the increase in HMWAg and the 

decrease in Pfrag has been associated with 

erythrocyte ageing/damage [46] and with 

pathological conditions [39, 47-51]. Apparently, this 

was not in accordance with the results found for 

other oxidative stress/senescence markers, since 

MBH, IgG, LPO and PCarb showed trends to 

increasing levels along HS clinical severity (Table II). 

Moreover, inverse significant correlations between 

HMWAg/Pfrag (r=-0.442; p<0.001; n=82) and 

HMWAg/IgG (r=-0.245; p<0.05; n=82), and a 

positive correlation between HMWAg/PCarb 

(r=0.340; p<0.01; n=82), were found. These results 

can be explained by the fact that the number of 

circulating reticulocytes significantly increase with 

HS clinical severity (data not shown). In fact, a 

heterogeneous erythrocyte population, rich in 

reticulocytes, may alter band 3 profile, as these are 

young cells [46-48]. As HS severity worsened, HS 

erythrocytes presented increasingly high levels of 

oxidative damage markers (Table II). 

In HS, the composition of the membrane vesicles, 

lost mainly during splenic conditioning, is believed to 

be specific of the inherent membrane protein 
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defeciency. In individuals with spectrin, ankyrin or 

protein 4.2 membrane deficiencies, the portions of 

membrane lost contain band 3, whereas in 

individuals with band 3 deficiency the vesicles as 

composed of membrane lipids [4]. Reliene et al. [42] 

reported that this fact could be related to a different 

response to splenectomy, as spectrin/ankyrin-

deficient individuals seemed to respond better than 

band 3-deficient individuals. The authors showed 

that, before splenectomy, the levels of membrane 

bound IgG were similar to controls in all HS patients, 

as is also the case of our HS population (Table I), and 

that, after splenectomy, only the band 3-deficient 

individuals presented increased levels of IgG, as they 

did not lose it through vesiculation, as occurred in 

the spectrin/ankyrin-deficient individuals. We found 

similar results (Figure 1), showing that, in fact, the 

vesiculation process depends on the intrinsic 

membrane defect of each patient.  Moreover, unspl 

patients with band 3 deficiency presented less 

membrane bound IgG than the unspl patients with 

ankyrin/spectrin/protein 4.2 deficiencies (Figure 1). 

Recently, our group reported the linkage of cytosolic 

H2O2-scavenging Prx2 to the erythrocyte membrane 

of HS patients [21, 32] and of normal erythrocytes 

under oxidative stress conditions [19]. The results 

presented in this study, strengthen the observation 

that individuals with detectable Prx2 in RBC 

membrane also present higher levels of oxidative 

damage as, almost all the oxidative stress/senescence 

markers were increased in HS patients with 

membrane bound Prx2, especially in the case of spl 

patients. It is also of notice that the spl patients with 

detectable Prx2, presented higher amounts of 

membrane linked Prx2 than unspl patients with 

detectable Prx2 (Table III).  

The enzymatic activities of SOD and GSHPx, in the 

overall spl patients were decreased, as compared to 

unspl patients (Tables I and III), suggesting that 

these enzymes are probably depleted or non-

functional, thus, reflecting the older RBC population 

present in circulation, in spl individuals. In fact, the 

decrease of erythrocyte’s enzymatic activity with cell 

age and in some pathological conditions have been 

reported elsewhere [52, 53]. However, their activities 

were increased in individuals with membrane bound 

Prx2 (both unspl and spl), when compared with HS 

patients with undetectable Prx2, except for SOD in 

unspl patients (Table III). Probably, in these 

individuals, the cytoplasmatic Prx2 is overoxidized 

and, thus, inactive [17, 19]; however, there are 

studies reporting that membrane bound Prx2 is 

inactive and others reporting that it is still functional 

[17, 19, 23, 54, 55]. The role of the linkage of Prx2 to 

the membrane is still elusive. Therefore, the increase 

in the activities of SOD and GSHPx in HS patients 

with membrane detectable Prx2, may be required to 

detoxify higher amounts of ROS if Prx2 is inactive, 

or, if Prx2 is still active, to protect the erythrocyte 

membrane from oxidative damage.  

In conclusion, HS erythrocytes present oxidative 

stress/senescence injuries, but their role in HS 

pathophysiology is still unclear. The differences 

observed in some oxidative stress and senescence 

markers, between unsplenectomized and 

splenectomized HS patients, may be linked to 

different hemolysis mechanisms. 
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Abstract  

Hereditary Spherocytosis ranges from asymptomatic to a life-threatening transfusion dependent anemia. Splenectomy 

corrects the anemia, though the intrinsic erythrocyte membrane defect persists. Our aim was to study how anemia, 

erythropoiesis, iron metabolism and inflammation were affected in HS patients i) after splenectomy and ii) in accordance 

with the HS severity presented prior to splenectomy, to ascertain if patient’s improvement could be related to the clinical 

severity experienced before spleen removal. In 60 HS patients (43 splenectomized and 22 unsplenectomized) and 35 

controls, we performed a basic hematological study, total and differential leukocyte count, osmotic fragility (OF) test and 

reticulocyte count; determined erythropoietin (EPO), soluble transferrin receptor (sTfR), folic acid, vitamin B12, bilirubin, 

iron, ferritin, transferrin, C-reactive protein (CRP), tumor necrosis factor (TNF)-α, interferon-γ, elastase and lactoferrin 

plasma levels; calculated reticulocyte production index (RPI) and transferrin saturation (TS).  Splenectomy lead to 

correction of the anemia, however mean cell hemoglobin concentration (MCHC) sustained its value and OF was even higher; 

red cell distribution width (RDW), bilirubin, EPO, sTfR, iron, ferritin, TS, reticulocytes, RPI, folic acid, vitamin B12, 

transferrin, were reduced, though significantly higher than control; platelets, leukocytes, elastase, lactoferrin and TNF-α 

increased; elastase and lactoferrin/neutrophil were significantly lower than control. Erythrocytes, hemoglobin concentration 

and hematocrit presented a trend to decrease with worsening of HS (as classified prior to splenectomy) and platelets, 

bilirubin and OF a trend to increase. In summary, splenectomy lead to a correction in the anemia and this improvement may 

be related to the severity of HS prior to splenectomy. 

 

Keywords: Hereditary Spherocytosis, splenectomy, clinical severity, inflammation 

 

 

 

Introduction 

Hereditary Spherocytosis (HS) is the most common 

non-immune hemolytic anemia in individuals of 

northern European ancestry. Erythrocyte membrane 

protein deficiencies due to underlying molecular 

defects in either one of the genes that encode for 

spectrin, ankyrin, band 3 and protein 4.2, cause HS 

[1-4]. Clinically, HS is classified as mild, moderate 

and severe, according to the degree of the hemolytic 

anemia, the associated symptoms and the clinical 

history of the patient [1, 4]. The hallmarks of HS are 

anemia, jaundice, splenomegaly, presence of 

spherocytes in the peripheral blood smears and 

increased osmotic fragility of the erythrocytes [1-4].  

Due to the deficiencies in membrane proteins 

observed in HS, the interaction between the 

cytoskeleton and the lipid bilayer is weaker, favoring 

loss of membrane portions. This process of 

membrane vesiculation leads to a shape change, from 

discocytes to spherocytes. These cells are smaller, 

denser and present an increased cell rigidity that 
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leads to premature spleen trapping and removal, by 

macrophages, causing the hemolysis experienced by 

the patients. The rate of splenic sequestration and 

hemolysis determines the clinical severity of the 

anemia [1-4]. 

HS is highly heterogeneous in its clinical and 

laboratory presentation, ranging from an 

asymptomatic condition to a severe life-threatening 

transfusion dependent anemia. Furthermore, it is 

known that the clinical severity of HS differs among 

families, but it is quite similar within a family 

presenting an autossomal dominant pattern of 

inheritance [1-4]. Several factors have been proposed 

to contribute to this heterogeneous pattern of HS. In 

previous studies, we reported that the loss of a 

balanced protein interaction between the deficient 

proteins is accompanied by worsening of the clinical 

outcome, as the red blood cells (RBCs) become more 

prone to vesiculation, splenic sequestration and 

hemolysis [5, 6]. As the spleen vascular network 

constrains the cells to deform, the vesiculation of the 

RBCs is favored, as well as the sequestration of the 

spherocytes. Some authors have hypothetized that 

the spleen “conditioning”, for each patient, might 

also contribute to the clinical outcome of HS [7], as 

spleen network may favor, in a different degree for 

each individual, the process of membrane 

vesiculation and spherocyte removal. Furthermore, it 

was reported that HS is linked to an overproduction 

of erythropoietin, in accordance with the severity of 

the disease, and that the severe forms present a 

disturbance in the erythropoietic response [8]. More 

recently, we found that inflammation may contribute 

to that erythropoietic disturbance, in the more severe 

cases of HS (unpublished data).  

Splenectomy cures most of the HS patients, by 

correcting the anemia. Indeed, splenectomy 

improves most (but not all) of the HS clinical 

features, by increasing the life span of the 

erythrocytes; however, as splenectomy does not 

correct the intrinsic RBC membrane protein 

deficiency that underlies HS [1-4], the life span of the 

erythrocytes is still about 20% lower than that of the 

normal RBCs [9]. Furthermore, some studies 

suggested that neutrophil and lymphocyte functions

 might be disturbed after splenectomy [10-13].  

For several years, as splenectomy abrogated the 

clinical manifestations of HS, the diagnosis of HS 

was likely to lead to splenectomy, irrespective of the 

severity of the disease. Nowadays, patients are 

selected for splenectomy on the basis of their age, 

clinical symptoms and presence of complications, 

such as gallstones [1, 4]. Indeed, this procedure has 

been associated to an increased risk of life-

threatening sepsis, ischemic heart disease, cerebral 

stroke, pulmonary hypertension and thrombosis, 

later in life. Since the risk of post-splenectomy sepsis 

is very high in infancy and early childhood, 

splenectomy is rarely performed in HS patients 

before 6 years of age [1, 4]. The blood cellular 

changes that might increase this risk are still poorly 

clarified. 

Our aim was to study i) how anemia, erythropoiesis, 

iron metabolism and inflammation are affected in HS 

patients after splenectomy, and ii) in accordance with 

the severity of HS presented by patients prior to 

splenectomy, to ascertain if patient’s improvement 

could be related to the clinical severity experienced 

before spleen removal. 

 

Materials and Methods 

Subjects 

This study followed a protocol approved by the Ethic 

Committees of the participant Hospitals (Hospital 

Maria Pia, Hospital Santo António from Centro 

Hospitalar do Porto and Hospital S. João, Porto). All 

subjects gave their informed consent to participate in 

the study.   

We studied 100 individuals from the north region of 

Portugal, including 35 healthy individuals, as the 

control group, and 65 subjects diagnosed with HS 

according to hematological and biochemical data and 

to clinical/family history – 43 patients were 

splenectomized (spl) and 22 were unsplenectomized 

(unspl). The three groups were matched for age and 

gender. 

The patients were classified as presenting mild, 

moderate or severe HS according to criteria 

described in the Guidelines for the diagnosis and 

clinical management of Hereditary Spherocytosis 
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[1]. Unspl HS patients had been classified in mild 

(n=13), moderate (n=6) or severe (n=3) according to 

clinical presentation. For spl patients the clinical 

classification was defined as that presented by the 

patients before splenectomy; spl HS patients had 

been classified as mild (n=7), moderate (n=22) or 

severe (n=14). Only those patients who were 

submitted to total splenic surgical removal more than 

one year before were included in this study. The mild 

HS patients, included in the study, had been 

splenectomized, as they developed a symptomatic 

cholelithiasis not predictable by clinical criteria. 

In the case of severe unspl HS patients there was no 

contamination with transfused blood, as the last 

transfusion took place at least 4 months before blood 

collection. 

To exclude immune hemolysis, a direct antiglobulin 

test was performed for all patients [14].  

The control group included apparently healthy 

volunteers with normal hematological and 

biochemical values. Controls and patients presenting 

inflammatory or infectious diseases, cardiovascular, 

liver or kidney diseases were excluded from the 

study.  

 

Assays  

Blood samples (using EDTA and heparin as 

anticoagulants) were collected and processed in 

order to obtain whole blood and plasma.  

We evaluated the erythrocyte count, hemoglobin 

(Hb) concentration, hematocrit, hematimetric 

indexes – mean cell volume (MCV), mean cell 

hemoglobin (MCH), mean cell hemoglobin 

concentration (MCHC), red cell distribution width 

(RDW) - platelet count and white blood cell count, by 

using an automated blood cell counter (Sysmex 

K1000, Hamburg, Germany). The differential 

leukocyte count was performed in Wright-stained 

blood films [15].  

Reticulocyte count was evaluated by microscopic 

counting on blood smears after vital staining with 

New methylene blue (Reticulocyte stain, Sigma-

Aldrich, St Louis, MO, USA). We calculated the 

reticulocyte production index (RPI), as an 

appropriate way to measure the effective

RBCproduction [16, 17]. 

The erythrocyte osmotic fragility test was carried out 

on fresh heparinized blood and also after 24 hours of 

blood incubation at 37ºC [18]; the results are 

presented as the NaCl concentration of the solution 

that causes 50% hemolysis (P50). 

Plasma (heparin) concentrations of iron and total 

bilirubin were measured in an auto-analyzer (Cobas 

Mira S, Roche, Mannheim, Germany) using 

colorimetric methods (Bilirubin and Iron (Fe) kits, 

Randox Laboratories Ltd, Crumlin, UK). Plasma 

(heparin) C-reactive protein (CRP Latex HS kit, 

Roche), ferritin (Ferritin (Ferr) kit, Randox) and 

transferrin (Transferrin kit, Randox) concentrations 

were determined by immunoturbidimetry.  

The vitamin B12 and folic acid plasma (heparin) 

levels were assessed using electrochemiluminescense 

immunoassays (Vitamin B12 and Folate II kits, 

Roche).  

Using enzyme-linked immunosorbent assays, we 

evaluated the plasma (EDTA) levels of erythropoietin 

(Epo ELISA kit, Roche), soluble transferrin receptors 

(Human sTfR Quantikine IVD ELISA kit, R&D 

Systems, Minneapolis, MN, USA), tumor necrosis 

factor-α (Human TNFα ELISA HS kit, Bender 

MedSystems, Vienna, Austria), interferon-γ (Human 

IFNγ ELISA HS kit, Bender MedSystems), elastase 

(Human PMN elastase ELISA, Bender MedSystems) 

and lactoferrin (Lactoferrin ELISA kit, Calbiochem, 

Darmstadt, Germany). We calculated 

elastase/neutrophil and lactoferrin/neutrophil ratios. 

Transferrin saturation (TS) was calculated by the 

formula: TS (%) = [70.9 x iron (µg/dL)/transferrin 

(mg/dL)], as described elsewhere [19, 20].  

 
 

 
Statistical analysis 

For statistical analysis we used the Statistical 

Package for Social Sciences (SPSS Inc., Chicago, IL, 

USA), version 17.0, for Windows. We present our 

data as mean + SD or as median values (inter-

quartile range). To evaluate the differences between 

groups, we used the OneWay Anova associated to 

Bonferroni’s multiple comparisons test whenever the 

parameters presented a Gaussian distribution. The
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non-parametric Kruskal-Wallis H test was used in 

the case of a non-Gaussian distribution and, when 

statistical significance was achieved single 

comparisons (two groups) were made by using the 

Mann-Whitney U test. Pearson’s correlation 

coefficient was used to evaluate relationships 

between sets of parametric data and the Spearman’s 

rank correlation coefficient between sets of non-

parametric data. A p value lower than 0.05 was 

considered as statistically significant. 

 

Table I – Hematological and HS diagnosis features for control group and HS patients 

(unsplenectomized and splenectomized). 
    

 Control (n=35) unspl HS (n=22) spl HS (n=43) 

    

Erythrocytes (x1012/L) 4.80 ± 0.50 4.17 ± 0.67*** 4.71 ± 0.51§§ 

Hemoglobin (g/L) 13.9 ± 1.3 12.6 ± 2.2* 14.7 ± 1.5§§§ 

Hematocrit (L/L) 0.43 ± 0.04 0.36 ± 0.07*** 0.41 ± 0.05§§ 

MCV (fL) 89.5 ± 4.6 86.8 ± 7.7 88.2 ± 6.1 

MCH (pg/) 29.0 ± 1.7 30.3 ± 2.3 31.3 ± 2.1*** 

MCHC (g/dL) 32.4 ± 0.7 35.0 ± 2.8*** 35.5 ± 1.7*** 

RDW (%) 12.9 (12.6 – 13.3) 15.3 (14.1 – 18.0)*** 14.7 (12.8 – 15.6)***§ 

Osmotic Fragility fresh blood 

                               incubated blood 

0.45 (0.43 – 0.47) 

0.54 (0.52 – 0.57) 

0.49 (0.44 – 0.51)** 

0.57 (0.51 – 0.64)* 

0.50 (0.48 – 0.52)***§ 

0.74 (0.68 – 0.82)***§§§ 

Data presented as mean ± standard deviation or as median (inter-quartile range) 
unspl – unsplenectomized; spl – splenectomized ; MCV – mean cell volume; MCH – mean cell hemoglobin 
MCHC – mean cell hemoglobin concentration; RDW – red blood cell distribution width; 
*p<0.05, **p<0.01,  ***p<0.001 control group vs HS patients 
§p<0.05, §§p<0.01, §§§p<0.001unspl vs spl HS patients 

 

Results 

The results were analyzed in order to evaluate the 

changes imposed by splenectomy, to know if these 

changed parameters reach control levels and if not, 

to know if these changes are related to the severity of 

HS before splenectomy. 

Splenectomy lead to correction of the anemia (Table 

I), as shown by the significant increase in RBC count, 

Hb and hematocrit, that reached levels similar to 

those presented by the control group. However, 

MCHC, did not present a reduction, sustaining a 

significantly higher value, as compared to the 

control. The RDW, reflecting anisocytosis and/or 

reticulocytosis showed a significant reduction, but 

the values were still significantly higher than those of 

the control; osmotic fragility, reflecting 

morphological RBC changes showed even more 

increased values after splenectomy (Table I). 

Bilirubin showed a significant reduction with 

splenectomy, though still presenting values higher 

than those of the control (Table II). 

 

Table II – Erythropoietic and iron status related data for control group and HS 

patients (unsplenectomized and splenectomized). 
    

 Control (n=35) unspl HS (n=22) spl HS (n=43) 

    

Bilirubin (µmol/L) 8.89 (6.50 – 10.6) 17.9 (8.33 – 44.1)** 13.7 (10.3 – 21.0)*** 

EPO (mIU/mL) 9.93 (6.82 – 14.1) 26.0 (11.8 – 45.5)*** 8.93 (6.43 – 12.2)§§§ 

sTfR (nmol/L) 21.3 1(18.1 – 24.6) 45.0 (22.2 – 85.6)*** 25.6 (22.0 – 30.6)**§§ 

Reticulocytes (%) 0.80 (0.60 – 1.30) 2.48 (1.39 – 8.54)*** 1.71 (1.45 – 2.30)*** 

Reticulocytes (x109/L) 40.2 (24.5 – 58.0) 125 (60.1 – 279)*** 86.9 (66.5 – 116)*** 

RPI 0.81 (0.49 – 1.22) 2.04 (1.19 – 3.94)*** 1.60 (1.16 – 2.19)*** 

Folic acid (ng/mL) 8.86 (6.30 – 12.9) 13.5 (8.12 – 31.1)** 14.9 (9.40 – 29.9)*** 

Vitamin B12 (pg/mL) 524 (427 – 669) 664 (494 – 795)* 616 (525 – 747)* 

Iron (µg/dL) 76.0 (59.0 – 93.0) 73.0 (47.8 – 112) 105 (66.0 – 137)** 

Ferritin (ng/mL) 69.0 (28.8 – 110) 114 (27.7 – 168) 120 (56.6 – 310)* 

Transferrin (mg/dL) 235 (207 – 278) 212 (193 – 238)* 216 (196 – 245)* 

TS (%) 21.0 (17.7 – 27.9) 23.6 (15.0 – 38.4) 30.5 (21.4 – 45.4)** 

Data presented as median (inter-quartile range) 
 unspl – unsplenectomized; spl – splenectomized  
RPI – reticulocyte production index; TS – transferrin saturation 
*p<0.05, **p<0.01, ***p<0.001 control group vs HS patients 
§§p<0.01, §§§p<0.001unspl vs spl HS patients 
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Splenectomy was also linked to a significant 

reduction in EPO and sTfR; the values of iron, 

ferritin and TS were not significantly changed after 

splenectomy, but were still higher than those of the 

control; reticulocytes, RPI, folic acid, vitamin B12 

and transferrin values were also similar before and 

after splenectomy, but significantly higher than the 

control (Table II). 

Platelet count, as well as total and differential 

leukocyte count (Table III) showed a significant 

increase with splenectomy, reaching significantly 

higher values, as compared to the control. The same 

was observed for elastase and lactoferrin, both 

products of neutrophil activation. The inflammatory 

cytokines showed no significant changes, excepting 

TNF-α which presented a significant increase (Table 

III). The ratios elastase/neutrophil and 

lactoferrin/neutrophil did not change significantly 

after splenectomy, but were significantly lower than 

the controls (Table III).  

 

Table III – Platelets and inflammatory parameters for control group and HS patients 

(unsplenectomized and splenectomized). 
    

 Control (n=35) unspl HS (n=22) spl HS (n=43) 

    

Platelets (ng/mL) 243 (192 – 297) 240 (206 – 298) 478 (376 – 538)***§§§ 

Leukocytes (x109/L) 5.7 ± 1.4 6.9 ± 1.9 10.6 ± 2.5***§§§ 

Neutrophils (x109/L) 2.91 ± 0.86 4.33 ± 1.61** 6.04 ± 1.91***§§§ 

Eosinophils (x109/L) 0.16 ± 0.25 0.18 ± 0.08 0.32 ± 0.21**§ 

Basophils (x109/L) 0.03 ± 0.02 0.07 ± 0.05** 0.07 ± 0.04*** 

Lymphocytes (x109/L) 2.33 ± 0.71 1.95 ± 0.58 3.47 ± 0.97***§§§ 

Monocytes (x109/L) 0.30 ± 0.11 0.36 ± 0.12 0.74 ± 0.28***§§§ 

CRP (mg/L) 1.00 (0.39 – 2.66) 0.64 (0.36 – 2.25) 1.26 (0.40 – 3.63) 

TNF-α (pg/mL) 1.95 (0.97 – 3.52) 1.55 (0.92 – 2.05) 3.60 (2.65 – 5.24)***§§§ 

IFN-γγγγ (pg/mL) 0.84 (0.54 – 1.10) 0.45 (0.28 – 0.81)* 0.67 (0.47 – 0.99) 

Elastase (ng/mL) 28.4 (25.3 – 33.9) 34.4 (30.5 – 42.1)** 41.3 (35.3 – 49.7)***§ 

Lactoferrin (ng/mL) 222 (176 – 271) 235 (181 – 304) 347 (285 – 441)***§§§ 

Elastase (fg)/neutrophil 10.4 (8.51 – 12.8) 8.77 (6.38 – 13.0) 6.97 (6.07 – 9.18)*** 

Lactoferrin (fg)/neutrophil 80.2 (56.7 – 99.8) 61.7 (42.9 – 75.9)* 53.9 (47.4 – 72.9)** 

Data presented as mean ± standard deviation or as median (inter-quartile range) 
unspl – unsplenectomized; spl – splenectomized ; GM-CSF – granulocyte-macrophage colony-stimulating factor 
CRP – C-reactive protein; TNF – tumor necrosis factor; IFN – interferon 
*p<0.05, **p<0.01, ***p<0.001 control group vs HS patients 
§p<0.05, §§§p<0.001unspl vs spl HS patients 

 

Analyzing the results observed after splenectomy, in 

accordance with the severity of HS presented by 

patients before surgery, we found that erythrocytes, 

Hb concentration and hematocrit presented a trend 

to decrease according to worsening of the disease; for 

platelets and bilirubin a trend to increasing values, 

according to worsening of the disease, was observed; 

the osmotic fragility, using fresh blood samples, 

showed trends to increasing values with worsening of 

HS, that reached statistical significance when 

performed with incubated blood samples (Table IV). 

 

Table IV – Features that presented a trend along with HS clinical severity in 

splenectomized HS patients. 
    

 Mild HS (n=7) Moderate HS (n=22) Severe HS (n=14) 

    

Erythrocytes (x1012/L) 4.84 ± 0.42 4.75 ± 0.45 4.58 ± 0.63 

Hemoglobin (g/L) 15.2 ± 1.6 14.9 ± 1.4 14.1 ± 1.6 

Hematocrit (L/L) 0.43 ± 0.04 0.42 ± 0.04 0.39 ± 0.06 

Platelets (ng/mL) 444 (269 – 478) 496 (368 – 524) 538 (361 – 596) 

Bilirubin (µmol/L) 11.3 (7.87 – 13.8) 14.6 (11.1 – 24.9) 15.4 (9.83 – 25.1) 

Osmotic Fragility fresh blood 

                               incubated blood 

0.48 (0.48 – 0.50) 

0.70 (0.57 – 0.77) 

0.50 (0.49 – 0.51) 

0.74 (0.68 – 0.78) 

0.51 (0.49 – 0.55)* 

0.82 (0.73 – 0.88)*§ 

Data presented as mean ± standard deviation or as median (inter-quartile range) 
 unspl – unsplenectomized, spl – splenectomized ; TS – transferrin saturation 
*p<0.05 Mild vs Severe spl HS patients 
§p<0.05 Moderate vs Severe spl HS patients 
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Discussion 

In HS patients, splenectomy is indicated to relieve 

the associated symptoms of anemia or 

splenomegaly, to prevent growth failure or skeletal 

changes due to erythroid hyperplasia, and to 

prevent recurrent gallstones [21]. In the present 

work, the anemia in our studied patients was 

corrected by splenectomy; however the 

erythrocytes were still “hypercromic” as showed by 

the similar values of MCHC presented by 

unsplenectomized and splenectomized patients, 

suggesting that membrane vesiculation is still 

occurring (Table I). The significant increase in 

osmotic fragility, performed with both fresh and 

incubated blood, also support the occurrence of 

vesiculation, by reflecting the presence of an 

increased number of spherocytes. Moreover, the 

vesiculation process seems to be related to the 

severity of HS (prior to splenectomy), as a trend to 

increasing values was observed for osmotic 

fragility with worsening of HS, that reached 

statistical significance in the severe cases (Table 

IV). These findings suggest that spleen network 

“conditioning” does not explain the heterogeneity 

of HS clinical outcome.  

As referred, splenectomy corrected anemia in our 

patients, but the degree of that correction seems to 

be related to severity of HS (prior to splenectomy), 

as suggested by the RBC count Hb concentration 

and hematocrit that presented a trend towards 

lower values with worsening of the disease. For 

bilirubin concentration we found a trend towards 

higher values with worsening of HS. We must also 

notice that the bilirubin value in splenectomized 

patients was still significantly higher than the 

control value, suggesting a still higher erythrocyte 

removal. In accordance with this, RDW, 

reticulocytes and RPI also presented a significant 

decrease with splenectomy, but the value that they 

reached was still significantly higher than the 

control values (Tables I and II), suggesting a 

physiological response to counterbalance the RBC 

removal. Considering that the removal of 

erythrocytes seems to be related to the severity of 

HS (prior to splenectomy), it would be expected to 

find the same trends for EPO, RDW, reticulocytes 

and RPI, however they presented similar values 

for the different forms of HS (data not shown), 

suggesting a disturbance in the erythropoietic 

response to counterbalance the RBC removal. The 

evaluation of the erythropoietic nutrients, folic 

acid and vitamin B12, showed similar values 

before and after splenectomy that were 

significantly higher than the control values. 

Studying iron metabolism, we found that iron 

stores, as reflected by ferritin, iron, transferrin and 

TS did not change after splenectomy, however, 

their value were also higher than in the control 

group (Table II). These changes in the 

erythropoietic nutrients and iron metabolism 

could reflect the higher absorption of these 

nutrients before splenectomy, due to the chronic 

enhanced erythropoiesis and/or to be associated 

to blood transfusion therapy. In fact, most of the 

spl patients needed blood transfusion therapy 

before splenectomy, as they presented a moderate 

or a severe form of the disease. 

It is known that spleen removal leads to an 

increase in circulating leukocytes and platelets 

[22-24]. Indeed, in our study platelets almost 

doubled their value, and the different type of 

leukocytes, as well as the total leukocyte count 

increased significantly after splenectomy (Table 

III). As we have shown above, the MCHC sustain a 

high value after splenectomy, similar to that 

presented before splenectomy, reflecting the 

existence of vesiculation. In this process, the cell 

looses residual amounts of Hb and small portions 

of the membrane containing lipids that may 

provide a substrate for pro-coagulant activation, 

especially if they present a higher content of 

phosphatidylserine in the outer leaflet of the 

membrane, as occurs when platelets are activated. 

Platelets are also known to interact with 

neutrophils and monocytes, which are also 

important in  the hemostatic process, by 

expressing or secreting molecules with pro-

coagulant or anticoagulant activity, as well as by 

providing specific receptors that link homeostasis 
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to inflammation  [21]. Actually, after splenectomy, 

our HS patients presented a trend towards higher 

levels of the inflammatory markers CRP and IFN-

γ, as well as a significant rise in TNF-α (Table III). 

Furthermore, the significantly higher value of total 

leukocytes, after splenectomy, was mainly due to a 

rise in neutrophils, and this rise was linked to 

significant increases in elastase and lactoferrin, 

both products of neutrophil degranulation (Table 

III). These findings suggest that splenectomy is 

associated with an inflammatory process that 

might interfere with iron absorption and 

mobilization, by inhibiting both. In fact, TNF-α 

and IFN-γ are known to inhibit iron release from 

macrophages of the reticulo-endothelial system 

and to interfere with intestinal iron absorption 

[25-30]. Furthermore, the increase in lactoferrin 

plasma levels found in spl HS (Table III), can also 

be associated with alterations in iron metabolism 

[31]. Moreover, although high plasma levels of 

elastase and lactoferrin were found in spl HS 

patients, probably due to the high levels of 

circulating neutrophils, a decrease in 

elastase/neutrophil and lactoferrin/neutrophil 

ratios was observed, suggesting a poor functional 

activity of neutrophils in these patients (Table III), 

as was proposed elsewhere [12, 13]. 

Considering that our unsplenectomized patients 

included more cases of mild HS than moderate 

and severe, the changes we observed for 

splenectomized patients would probably be more 

pronounced, if this studied population presented 

more severe cases of HS.     

In summary, in our HS patients, splenectomy lead 

to a correction in the anemia and this 

improvement seems to be related to the severity of 

HS (prior to splenectomy); furthermore, 

vesiculation of erythrocytes leading to the 

development of spherocytes also increases with 

severity; spherocyte removal, though occurring at 

a much slower rate, as suggested by Hb levels, also 

seems to be related to worsening of HS. In spite of 

this, we did not observe the same pattern for 

markers of erythropoiesis and this might be due to 

the low grade inflammation observed or to a 

disturbance in erythropoiesis that has been 

observed in unsplenectomized patients with severe 

forms of HS. Finally, we must emphasize that 

thrombocytosis, leukocytosis, pro-inflammatory 

cytokines, leukocyte activation and increasing 

erythrocyte concentration are risk factors for 

cardiovascular disease. Actually, HS has been 

associated to unexplained thrombotic and 

cardiovascular events, though the exact 

mechanisms underlying these associations remain 

poorly clarified. 
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HS is a very heterogeneous condition both at clinical and biochemical levels. In Portugal, 

data about this disease is scanty, particularly in what concerns the identification and 

quantification of the protein deficiencies underlying the different forms of the disease 

(mild, moderate and severe). The biology of HS and its relation with the clinical outcome 

of the disease is still poorly clarified. 

The identification and quantification of membrane protein deficiencies, the study of 

erythropoietic activity, of leukocyte activation, inflammation and cell senescence in HS 

patients, according to the type and amount of protein deficiency and to clinical severity, 

may be helpful in providing data about the: i) clinical expression of HS in Portugal; ii) 

biology of HS; iii) prediction of the clinical outcome. 

Our aim was to provide some data about this disease in Portugal and to move forwards 

into the biology of HS. 

 

  

PPrrootteeiinn  ddeeffiicciieenncciieess  uunnddeerrllyyiinngg  HHSS  aanndd  cclliinniiccaall  oouuttccoommee  iinn  tthhee  nnoorrtthh  rreeggiioonn  ooff  PPoorrttuuggaall    

As far as we know this the largest study, concerning HS erythrocyte membrane protein 

deficiencies, in Portugal [46, 185] and the third largest in Europe [22, 45].  

The clinical study, screening tests and SDS-PAGE analysis were performed to identify and 

quantify the membrane protein deficiencies underlying HS. The severity of the disease was 

in accordance with the Guidelines for the diagnosis and management of Hereditary 

Spherocytosis [6].   

A dominant autosomal inheritance pattern was observed in 75% of our HS families, which 

is the same frequency described for Caucasian populations [6-11]. 

We found that 45%, 37.5% and 17.5% of the patients presented mild, moderate or severe 

HS, respectively. The different clinical outcomes were observed for all types of protein 

deficiencies, with the exception of protein 4.2, as only two patients were found to have this 

protein deficiency. This is in accordance with the literature [6-11], however, the 

prevalence of mild, moderate and severe HS in our studied population differs from other 

described values, which present moderate HS as the most common presentation, followed 

by the mild and the severe forms [6-11]. When analyzing separately the severity of spl and 
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unspl patients, we observed, as expected, that only a few mild HS patients were spl, and 

the opposite was found for the severe cases of HS. 

The most common molecular defects underlying HS in Caucasian populations result in 

ankyrin and band 3 deficiencies (isolated or combined), and, less frequently, in spectrin 

and protein 4.2 deficiencies [6-11]. In our population, the majority of the HS cases were 

due to band 3 molecular defects (65%), followed by ankyrin (24%), spectrin (10%) and 

protein 4.2 (1%) molecular defects. This prevalence, reflecting the distribution of the 

ethnic group living in the north of Portugal, is in accordance with the reported prevalence 

for the southern region of Europe, in a study of 300 Italian HS patients [45].  

Possibly, there are different patterns in clinical outcome and in molecular defects 

underlying HS, between northern and southern Europe.  

 

 

BBiioollooggiiccaall  aassppeeccttss  ooff  HHSS  

 

SSiiggnniiffiiccaannccee  ooff  tthhee  ttyyppee  aanndd  aammoouunntt  ooff  pprriimmaarryy  aanndd  sseeccoonnddaarryy  pprrootteeiinn  ddeeffiicciieenncciieess    

Clinical severity differs among families, being quite similar within a family. It is known 

that the type and amount of erythrocyte membrane protein deficiency or deficiencies do 

not correlate with HS clinical outcome, with the possible exception of spectrin deficiency 

[52].  

In a previous study [46], we reported equivalence between the values of protein 

deficiencies (primary and secondary) in mild HS, which was no longer observed in 

moderate and severe HS. This unbalance could account for an enhancement in membrane 

destabilization and vesiculation, explaining a more severe clinical pattern. In this larger 

study, we confirmed this hypothesis, as both studies found that similar levels of combined 

protein deficiencies, accounting for a more stable membrane structure, were observed in 

mild HS cases; when those deficiencies were increasingly imbalanced, the patients 

presented moderate to severe HS. In the present work we, also, found that, for isolated 

protein deficiencies, the level of protein deficiency increased with HS severity.  

In isolated protein deficiencies (band 3, spectrin or protein 4.2), the higher the protein 

deficiency, the lower the number of interconnection points between membrane lipid 

bilayer and the cytoskeleton. In combined protein deficiencies (band 3 + protein 4.2 or 

ankyrin + spectrin + protein 4.2), the cells have less interconnection points and if an 
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increasing number of them are incomplete

rises), further membrane disruption

 

Figure 10 - Schematic representation of HS erythrocyte membrane protein deficiencies.

 

We believe that the identification and quantification of the erythrocyte membrane protein 

deficiencies may be valuable in predicting the HS clinical outcome, if we carefully 

differentiate between isolated or combined protein deficiencies. However, this meth

time consuming and only few specialized laboratories perform it (in Portugal this analysis 

is only performed at the Serviço de Bioquímica da Faculdade de Farmácia da Universidade 

do Porto and at Unidade de Hematologia Molecular do Hospital Pediátrico

Hospitalar de Coimbra). 

In order to overcome this disadvantage of the electrophoretic studies 

membrane proteins, we evaluated several other parameters, searching for other markers 

of clinical severity. In Table 6 we present a summary of some of our most important 

findings in unspl and spl
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increasing number of them are incomplete (as the imbalance between protein deficiencies

, further membrane disruption occurs (Figure 10).  

Schematic representation of HS erythrocyte membrane protein deficiencies.

 

e believe that the identification and quantification of the erythrocyte membrane protein 

deficiencies may be valuable in predicting the HS clinical outcome, if we carefully 

differentiate between isolated or combined protein deficiencies. However, this meth
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is only performed at the Serviço de Bioquímica da Faculdade de Farmácia da Universidade 
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In order to overcome this disadvantage of the electrophoretic studies 

membrane proteins, we evaluated several other parameters, searching for other markers 

In Table 6 we present a summary of some of our most important 

spl patients.  
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imbalance between protein deficiencies 

 

Schematic representation of HS erythrocyte membrane protein deficiencies. 

e believe that the identification and quantification of the erythrocyte membrane protein 

deficiencies may be valuable in predicting the HS clinical outcome, if we carefully 

differentiate between isolated or combined protein deficiencies. However, this method is 

time consuming and only few specialized laboratories perform it (in Portugal this analysis 

is only performed at the Serviço de Bioquímica da Faculdade de Farmácia da Universidade 

do Porto and at Unidade de Hematologia Molecular do Hospital Pediátrico do Centro 

In order to overcome this disadvantage of the electrophoretic studies of erythrocyte 

membrane proteins, we evaluated several other parameters, searching for other markers 

In Table 6 we present a summary of some of our most important 
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Table 6 – Summary of some of our most important findings in unsplenectomized and 

splenectomized HS patients. 

      

 Unspl HS  Spl HS 

 
in relation to 

control 

along HS clinical 

severity 
 

in relation to 

control 

in relation to  

unspl HS 
      

Erythrocyte related 

data 
     

RBCs ������������ ����  � ������������ 

Hb ������������ ������������  � ������������ 

HCT ������������ ������������  � ������������ 

MCHC ������������ ����  ������������ � 

RDW ������������ ������������  ������������ ������������ 

OF ������������ ����  ������������ ������������ 

Erythropoietic and 

iron status data 
     

EPO ������������ ����  � ������������ 

sTfR ������������r ����  ������������ ������������ 

Reticulocytes ������������ ����  ������������ ���� 

RPI ������������ ����  ������������ ���� 

Bilirubin ������������ ����  ������������ ���� 

Folic acid ������������ �  ������������ � 

Vitamin B12 ���� �  ������������ � 

Iron � �  ������������ ���� 

Ferritin ������������ �  ������������ ���� 

Transferrin ������������ �  ������������ � 

TS ���� �  ������������ ���� 

Inflammation data      

Leukocytes ������������ �  ������������ ������������ 

Neutrophils ������������ �  ������������ ������������ 

CRP � �  ���� ���� 

TNF-α ������������ ����  ������������ ������������ 

IFN-γγγγ ������������ �  ���� ���� 

Elastase ������������ �  ������������ ������������ 

Lactoferrin ������������ ����  ������������ ������������ 

Oxidative stress/ 

senescence data 
     

MBH ������������ ����  ������������ ������������ 

HMWAg ���� ����  ������������ ������������ 

Pfrag ������������ ����  ������������ � 

IgG � ����  ���� ���� 

LPO ������������ ����  ������������ ������������ 

PCarb ���� ����  ���� ���� 

SOD activity ������������ �  ������������ ������������ 

GSHPx activity � �  ���� ���� 

������������, ������������– significantly lower or higher;  ����, ����– lower or higher; ����, ����–trend to decrease or increase; �   – no change; Unspl HS – unsplenectomized Hereditary 

Spherocytosis patients; Spl HS – splenectomized HS patients; RBCs – red blood cells; Hb – hemoglobin; HCT – hematocrit; MCV – mean cell volume; MCH – mean 

cell hemoglobin; MCHC – mean cell hemoglobin concentration; RDW – RBC distribution width; OF – osmotic fragility; EPO – erythropoietin; sTfR – soluble 

transferrin receptor; RPI – reticulocyte production index; TS – transferrin saturation; CRP – C-reactive protein; TNF – tumor necrosis factor; IFN – interferon; MBH 

– membrane bound hemoglobin; HMWAg – high molecular weight aggregates of band 3; IgG – immunoglobulin G; LPO – lipoperoxidation; PCarb – protein 

carbonylation; SOD – superoxide dismutase; GSHPx – glutathione peroxidase. 
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TThhee  vvaalluuee  ooff  ssoommee  mmeemmbbrraannee--bboouunndd  pprrootteeiinnss  

In our studied HS population, we found an increased membrane linkage of some proteins 

that are usually cytoplasmatic, namely, Hb, G3PD and Prx2. In fact, 70% of the patients 

presented with increased amounts of MBH, 68% with increased amounts of G3PD and 

about 1/3 of the patients presented membrane detectable Prx2. The linkage of these 

proteins to the membrane appears to be related to direct or indirect oxidative injury upon 

these proteins, as it is known that 1) MBH is usually denatured, in the form of 

hemichromes [156, 157, 172-174], 2) in normal conditions, G3PD is released from the 

membrane to protect the cell against oxidative attack [151-154] and 3) we showed that the 

linkage of cytosolic Prx2 to the erythrocyte membrane may be imposed by H2O2-induced 

oxidative stress. 

The linkage of Prx2 to the HS membrane did not seem to be related to either the clinical 

severity or the protein membrane defect presented by the patients; however, the patients 

who had detectable Prx2 in the membrane showed more signs of oxidative stress, as they 

presented increased levels of MBH, membrane bound IgG, LPO and PCarb.  

This increased linkage of cytoplasmatic proteins to the RBC membrane seems to cause 

further destabilization to the membrane structure and, thus, to contribute for the 

worsening of the clinical outcome of HS.  

 

CCoonnvveennttiioonnaall  aanndd  ccoommpplleemmeennttaarryy  mmaarrkkeerrss  ooff  cclliinniiccaall  sseevveerriittyy  

We found that from the conventional markers used for HS clinical classification – Hb 

concentration, reticulocyte count and bilirubin serum levels – only Hb concentration was 

always in accordance with the clinical severity. Reticulocytes failed to distinguish between 

moderate and severe unspl HS patients, probably due to the erythropoietic disturbance 

observed in these subjects. The same failure in discriminating between the more severe 

HS cases, was observed for bilirubin, EPO, sTfR, OF and CH.  

Of all the studied parameters, few showed a clear correlation with HS clinical outcome 

(Table 6). Erythrocyte oxidative stress/senescence data, although promising, presented 

only trends to increase with worsening of the disease and, thus, were not suitable for using 

in HS clinical classification; the studies about inflammation and iron status showed no 

trend at all, with HS clinical outcome.  

The hematimetric index RDW presented as an exceptional marker of HS clinical outcome 

(Table 6). In addition, the ratios Hb/RDW, Hb/MCHC and RDW/MCHC were also 

excellent either for HS diagnosis, as for the clinical classification of HS. These markers 

have the advantage of being easily evaluated by routine laboratory apparatus. 
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GGiillbbeerrtt  SSyynnddrroommee  aass  aa  ccoonnffoouunnddiinngg  ffaaccttoorr  iinn  tthhee  ccllaassssiiffiiccaattiioonn  ooff  HHSS  

In several HS patients we found that the hyperbilirubinemia was higher than expected, 

when comparing with the other clinical classification markers. As one of the reasons for 

this behavior could be the co-inheritance of HS and GS we studied the UGT1A1 

polymorphisms. We found that GS individuals presented the highest levels of bilirubin, 

independently of the group in which they were included - control, unspl or spl - and that 

their levels of bilirubin were higher than those presented by the heterozygote subjects for 

the mutation, which, in turn, were higher than those of the normal homozygote 

individuals.  

The prevalence of GS in HS patients was no different from that observed for the control 

population and was within the range reported in literature [78, 79]. Especially for mild 

unspl HS patients, the co-inheritance of HS and GS was particularly preponderant in the 

enhancement of bilirubin levels well beyond the normal range. 

 

EErryytthhrrooppooiieessiiss    

In a previous study of our group [54], we showed an overproduction of EPO with 

worsening of HS. Moreover, the correlation observed between EPO levels and the 

reticulocyte production suggested a failure or a disturbance in EPO response with 

worsening of HS. The spherocytes are trapped and removed from circulation in the spleen, 

by activated macrophages, which are known as important sources of cytokines that could 

interfere with erythropoiesis. Because HS is associated to the hyperdestruction of 

erythrocytes by macrophages, we hypothesized that inflammatory features could 

contribute to the erythropoietic disturbance. 

In the present study, we found that the enhanced erythropoietic stimuli and the 

erythropoietic response were not balanced for the more severe HS cases, i.e., although, the 

levels of EPO and sTfR significantly increased according to HS clinical severity, 

reticulocytes and RPI, that were significantly higher in moderate HS as compared to mild 

HS, did not present the expected rise in severe HS, in unspl patients (Table 6). Moreover, 

significant positive correlations between EPO/sTfR in mild and moderate HS were lost in 

severe HS, and significant positive correlations between EPO/reticulocytes and EPO/RPI 

were only found for mild HS patients. These findings further strengthen the hypothesis 

that an erythropoietic disturbance occurs in moderate and severe HS; the existence of 

significant positive correlations between ferritin/sTfR, ferritin/reticulocytes and 

ferritin/RPI only for mild HS, also strengthens it.  
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HS unspl patients presented normal or higher levels of iron, folic acid and vitamin B12, as 

compared to healthy individuals (Table 6); thus, the disturbances observed in 

erythropoiesis for the more severe cases of HS were not due to deficiency in these 

erythropoietic nutrients. 

Our findings, concerning inflammatory data (Table 6), suggest that HS unspl patients 

present a low grade inflammatory process, probably due to the activation of the 

inflammatory cells involved in erythrocyte removal. Indeed, the levels of TNF-α and IFN-

γ, known to inhibit EPO production/action and iron absorption and mobilization [142-

145], were significantly increased, especially in the severe HS patients.  

Thus, we may not exclude the hypothesis that the bone marrow is unable to produce an 

adequate number of reticulocytes in response to EPO, in the more severe HS patients. In 

fact, RPI values were roughly the same in moderate and severe HS groups, suggesting that 

the production limit may have been achieved in these patients, even if severe HS patients 

showed about a three-fold higher EPO levels than moderate HS patients.  

 

SSpplleenneeccttoommyy  iinn  HHSS    

Splenectomy cures most of the HS patients, by correcting the anemia, however it does not 

correct the intrinsic RBC membrane protein defect that underlies HS [6-11], and the 

lifespan of the erythrocytes is still lower than that of the normal RBCs [106].  

We studied how anemia, erythropoiesis, iron metabolism and inflammation are affected in 

HS patients i) after splenectomy, and ii) in accordance with the severity of HS presented 

by patients prior to splenectomy. 

We found that, in our HS patients, splenectomy lead to a correction in the anemia and this 

improvement seems to be related to the severity of HS prior to splenectomy; furthermore, 

vesiculation of erythrocytes leading to the development of spherocytes also increases with 

severity; spherocyte removal, though occurring at a much slower rate, as suggested by 

bilirubin levels, also seems to be related to worsening of HS. In spite of this, we did not 

observe the same pattern for markers of erythropoiesis, after splenectomy, and this might 

be due to the low grade inflammation found or to the disturbance in erythropoiesis that 

has been observed in unspl patients with severe forms of HS.  

Several signs of an increased erythrocyte lifespan, afforded by the spleen removal, were 

observed, namely an increase in OF, MBH, HMWAg of band 3, membrane bound IgG, 

LPO and PCarb, and a decrease in RDW, Pfrag of band 3, SOD and GSHPx activities 

(Table 6).  
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Spl patients also presented with slight iron and the other erythropoietic nutrients overload 

(significantly increased levels of folic acid, vitamin B12, iron, ferritin, TS and lactoferrin) 

(Table 6), probably, due to the enhanced erythropoiesis, folate therapy and/or blood 

transfusions prior to splenectomy.  

The significant increase in inflammatory markers (total and differential leukocyte number, 

CRP, TNF-α, IFN-γ, elastase and lactoferrin) and in circulating platelets (Table 6), after  

splenectomy, are, most likely, due to the removal of the body’s reservoir of white blood 

cells and thrombocytes, the spleen; moreover, an increased number of the 

morphologically-altered/oxidative-damaged HS erythrocytes are able to survive longer in 

circulation, possibly contributing to the production of pro-inflammatory cytokines and to 

the activation of neutrophils and platelets, that, in turn may be responsible by the reported 

increased risk of cardiovascular events in spl HS patients [107, 112].  

 

CCoonncclluuddiinngg  rreemmaarrkkss  

Figure 11 illustrates our most important findings in the biology of HS. As HS erythrocytes 

leave the bone marrow they carry an intrinsic protein defect that will lead to an isolated 

protein deficiency or to combined protein deficiencies which will induce destabilization of 

membrane structure.  

The degree of membrane destabilization is determined by the value of protein deficiency, 

in the case of isolated protein deficiency, or by the imbalance between the deficiencies in 

primary and secondary deficiencies. This destabilization allows membrane vesiculation, 

reflected by the increased MCHC (“hypercromic cells”).  

When these HS RBCs enter the spleen and have to deform to go through its vasculature, 

the vesiculation process is favored, and the spherocytes are, most likely, sequestered and 

removed by the splenic macrophages. As the cells have to deform, there is always some 

stasis in the splenic blood flow, creating metabolic cell stress. Moreover, activated 

macrophages may release ROS and inflammatory cytokines that seem to contribute to the 

development of oxidative stress, as suggested by the oxidative modifications observed, 

namely, oxidation and linkage of denatured hemoglobin to the membrane, linkage of Prx2 

and G3PD. The increased linkage of these proteins to the erythrocyte membrane seems to 

enhance membrane destabilization. 

The enhanced spherocyte removal triggers an erythropoietic response, which might be 

disturbed by the interference of inflammatory cytokines that may inhibit erythropoietin 

production/action and/or the mobilization of iron for erythropoiesis.  
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Figure 11 – Pathophysiological mechanism 

 

All these features of HS are particularly enhanced in the more severe cases.

Splenectomy corrected anemia, however, 

membrane protein defect, some of our findings suggest that this correction is related to 

the severity of HS prior to splenectomy. 

  

  

FFuuttuurree  PPeerrssppeecc

  

The search is still ongoing for more reliable and quicker diagnosis tests for HS. 

employment of flow cytometry techniques may be 

The use of knockout animal models for HS may be useful in studying how and why the 

erythropoietic disturbance 
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All these features of HS are particularly enhanced in the more severe cases.

Splenectomy corrected anemia, however, since it does not eliminate the intrinsic 

membrane protein defect, some of our findings suggest that this correction is related to 

the severity of HS prior to splenectomy.  
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The search is still ongoing for more reliable and quicker diagnosis tests for HS. 
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increases, decreases. 

All these features of HS are particularly enhanced in the more severe cases. 

it does not eliminate the intrinsic 

membrane protein defect, some of our findings suggest that this correction is related to 

The search is still ongoing for more reliable and quicker diagnosis tests for HS. The 

animal models for HS may be useful in studying how and why the 
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There is still little knowledge about the membrane composition of normal and of HS 

reticulocytes and how this could possibly influence the HS outcome. Perhaps, recently 

developed immuno-magnetic methods for the separation of reticulocytes, could prove to 

be useful in this issue. 

Also, by evaluating the erythrocyte membrane profile in HS and in other erythrocyte 

pathological conditions, to search for unusual membrane linked proteins, namely, the 

cytosolic enzymes involved in the RBC antioxidant defense.    
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