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Editorial on the Research Topic

Red Blood Cells at the Mount of Truth: Highlights of the 22nd Meeting of the European Red

Cell Research Society

This topic is a result, and in memory of the 22nd meeting of European Red Cell Society (ERCS)
in March 2019. The meeting venue, the Stefano Franscini Congress Center Monte Verità (Mount
of Truth) at Ascona in Switzerland, is famous amongst creative and artistic people for over a
century. The magic of the Monte Verità inspired, and its Bauhaus architecture provided shelter
to theosophists, reformers, anarchists, communists, psychoanalysts, writers, poets, artists, dancers,
emigrants of both world wars (Bollmann, 2019), and to approximately 100 “ERCS family members”
from all over the world Figure 1. Traditionally, the ERCS meetings create a lively and informal
platform bringing together the scientists studying red blood cells (RBCs), practicing hematologists,
and those that develop new tools to study RBCs and diagnose blood diseases (Bogdanova et
al., 2020). Looking at the problems from various perspectives, finding common interdisciplinary
language, brain-storming, are the features of ERCS meetings since 1976. Each of the articles of this
collection is based on a meeting’s presentation.

Adaptation of healthy humans to environmental challenges such as high altitude and endurance
sport is mirrored by the changes in RBCs. Such adaptations include broad metabolic remodeling
that occurs in elite cyclists (San-Millán et al.). Less extreme, modest physical exercises induces
adaptive processes that impact RBC rheology and may be used to improve quality of life of patients
with sickle cell disease (SCD) (Nader et al.). Further adaptations, including those to high altitude,
result in production of subsets of RBCs that differ from the ones produced on a regular basis
(Bogdanova, Kaestner et al.).

A systemic approach was used to analyze the processes in the organism that are associated
with stimulation of erythropoiesis by hypoxia or ischemia or by administration of recombinant
erythropoietin (Epo) (Suresh et al.). Recent studies revealed a number of tissues apart of erythroid
precursor cells in the bone marrow that express Epo receptors and respond to an increase in Epo
turning this cytokine to a regulator of adipogenesis, osteogenesis, brain and heart development
(Suresh et al.). Further cross-talk was shown between megakaryocytes, and erythroid lineage that
rely on glutamatergic signaling via N-methyl D-aspartate receptors to differentiate, proliferate and
survive in the bone marrow (Kalev-Zylinska et al.). Better understanding of this receptor-mediated
signaling pathway may help in treatment of leukemia and other forms of cancer that require
glutamatergic stimulation to support high proliferative activity (Kalev-Zylinska et al.). Recent
developments of our understanding of the role of hepcidin in regulation of iron uptake and, hence,
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FIGURE 1 | After the sessions: View to the Lake Maggiore from Monte Verita

in March 2019.

erythropoietic activity and progression of anemia is reviewed
by Pagani et al. along with therapeutic strategies based on
modulation of hepcidin levels in the organism. Summarized
by Salinas Cisneros and Thein, recent advances in therapeutic
options for the most wide-spread hereditary anemia, SCD
are discussed. They range from gene editing and bone
marrow transplantation to an increasing number of drugs for
symptomatic treatment of the disease. Furthermore, specially
designed physical exercises are suggested by Nadir et al. as a
complementary treatment that may help to improve condition of
SCD patients.

From the physicist’s point of view, the RBC can be regarded
as a concentrated solution of hemoglobin and other minor
components of the cytosol surrounded by plasma membrane

(Svetina). A review article of Svetina shows how recently
discovered mechano-sensitive Piezo1 ion channels contribute to
the feedback between cell volume and its shape. The article gives
an overview of development of theoretical models describing
RBC shape and volume changes and introduces the problems that
still have to be resolved to understand the mechanisms in control
of RBC reversible and irreversible shape transitions, that define
RBC rheology and functionality, but also describe cell-to-cell
differences in shape, density, and deformability. Causes of
intercellular heterogeneity for RBCs are discussed in detail in
a review article of Bogdanova, Kaestner et al.. Those include
the cell age, and the changes in micro- and macro-environment
of erythroid precursors as well as of circulating RBCs. Cloos
et al. have visualized the cross-talk between the lipid domains
and proteins in the course of vesiculation of stored RBCs. The
role of ATP depletion, oxidative stress and Ca2+ accumulation
as triggers of redistribution of lipids within sub-microdomains
containing sphingomyelin, ceramide and cholesterol and the loss
of cholesterol was explored over 3 weeks of storage.

The needs for RBC analysis, the new concepts addressing these
needs and instrumental diagnostic and monitoring solutions to
them are reviewed by Kaestner and Bianchi. More examples
of novel approaches to explore RBC include lipidomics (Cloos
et al.), metabolomics (San-Millán et al.) and the need to look at
single cells and RBC sub-populations (Bogdanova, Kaestner et
al.), and use theoretical modeling to amplify the predictive power
of experimental data (Svetina).

As expected, participants left the meeting inspired and ready
to try new approaches, test new ideas and prepare for the next
meeting to come in 2020 (virtually) and in 2022 (in person).
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Hepcidin, the master regulator of systemic iron homeostasis, tightly influences erythrocyte 
production. High hepcidin levels block intestinal iron absorption and macrophage iron 
recycling, causing iron restricted erythropoiesis and anemia. Low hepcidin levels favor 
bone marrow iron supply for hemoglobin synthesis and red blood cells production. 
Expanded erythropoiesis, as after hemorrhage or erythropoietin treatment, blocks hepcidin 
through an acute reduction of transferrin saturation and the release of the erythroblast 
hormone and hepcidin inhibitor erythroferrone. Quantitatively reduced erythropoiesis, 
limiting iron consumption, increases transferrin saturation and stimulates hepcidin 
transcription. Deregulation of hepcidin synthesis is associated with anemia in three 
conditions: iron refractory iron deficiency anemia (IRIDA), the common anemia of acute 
and chronic inflammatory disorders, and the extremely rare hepcidin-producing adenomas 
that may develop in the liver of children with an inborn error of glucose metabolism. 
Inappropriately high levels of hepcidin cause iron-restricted or even iron-deficient 
erythropoiesis in all these conditions. Patients with IRIDA or anemia of inflammation do 
not respond to oral iron supplementation and show a delayed or partial response to 
intravenous iron. In hepcidin-producing adenomas, anemia is reverted by surgery. Other 
hepcidin-related anemias are the “iron loading anemias” characterized by ineffective 
erythropoiesis and hepcidin suppression. This group of anemias includes thalassemia 
syndromes, congenital dyserythropoietic anemias, congenital sideroblastic anemias, and 
some forms of hemolytic anemias as pyruvate kinase deficiency. The paradigm is 
non-transfusion-dependent thalassemia where the release of erythroferrone from the 
expanded pool of immature erythroid cells results in hepcidin suppression and secondary 
iron overload that in turn worsens ineffective erythropoiesis and anemia. In thalassemia 
murine models, approaches that induce iron restriction ameliorate both anemia and the 
iron phenotype. Manipulations of hepcidin might benefit all the above-described anemias. 
Compounds that antagonize hepcidin or its effect may be useful in inflammation and 
IRIDA, while hepcidin agonists may improve ineffective erythropoiesis. Correcting ineffective 
erythropoiesis in animal models ameliorates not only anemia but also iron homeostasis 
by reducing hepcidin inhibition. Some targeted approaches are now in clinical trials: 
hopefully they will result in novel treatments for a variety of anemias.

Keywords: anemia, iron, hepcidin, erythropoiesis, inflammation
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INTRODUCTION

Anemia is one of the most common disorders worldwide and 
anemia due to iron deficiency is the prevalent form according 
to multiple analyses (review in Camaschella, 2019). This type 
of anemia results from the total body iron deficiency and the 
inability to supply the large amount of iron that the bone 
marrow consumes to produce an adequate number of red blood 
cells in order to maintain tissue oxygenation.

The iron availability is controlled by the liver peptide hormone 
hepcidin. The body iron increase causes the production of 
hepcidin, which is released in the circulation and acts on its 
receptor ferroportin, a transmembrane iron exporter protein 
highly expressed on enterocyte, macrophages, and hepatocytes. 
Hepcidin reduces the iron entry to plasma from absorptive 
duodenal cells and iron recycling macrophages by blocking 
iron export (Aschemeyer et  al., 2018) and by degrading the 
iron exporter ferroportin (Nemeth et  al., 2004). By regulating 
plasma iron and systemic iron homeostasis, the hepcidin/
ferroportin axis strongly affects erythropoiesis, hence the possible 
development of anemia.

THE IRON-ERYTHROPOIESIS 
CONNECTION

The process of red blood cells production consumes approximately 
80% of circulating iron for hemoglobin synthesis of maturing 
erythroblasts. Most iron (20–25  mg/daily) is recycled by 
macrophages, while a limited amount (1–2  mg daily) derives 
from intestinal absorption. The kidney hormone erythropoietin 
(EPO) controls the proliferation of erythroid progenitors, 
especially of CFU-e and at a lower degree of BFU-e, and the 
early phase of terminal erythropoiesis, while iron needs are 
increased in the late differentiation stages from proerythroblasts 
to reticulocyte, for the synthesis of heme incorporated into 
hemoglobin (Muckenthaler et  al., 2017).

Hepcidin regulation requires a crosstalk between liver 
endothelial sinusoidal cells (LSEC) that produce the bone 
morphogenetic proteins (BMPs) to activate the BMP-SMAD 
pathway and hepatocytes that produce and release hepcidin 
(Babitt et  al., 2006; Rausa et  al., 2015). BMP6 and BMP2 are 
the most important BMPs that upregulate hepcidin, while BMP6 
expression is iron dependent (Andriopoulos et al., 2009; Meynard 
et  al., 2009) BMP2 appears less iron-responsive (Canali et  al., 
2017; Koch et  al., 2017).

Hepcidin levels are low in absolute iron deficiency and iron 
deficiency anemia. In these conditions, the iron stores are 
exhausted and the BMP-SMAD signaling is switched off at 
multiple levels. First, BMP6 expression is suppressed; next, the 
activity of TMPRSS6, a protease that cleaves the BMP co-receptor 
hemojuvelin (Silvestri et al., 2008), is strongly increased (Lakhal 
et al., 2011); and third, histone deacetylase3 (HDAC3) suppresses 
the hepcidin locus (Pasricha et  al., 2017). In conditions of 
iron deficiency, the reduction of hepcidin production is an 
adaptation mechanism that facilitates dietary and pharmacological 
iron absorption (Camaschella and Pagani, 2018).

When anemia is severe, the coexisting hypoxia stimulates 
erythropoiesis through increased kidney synthesis and release 
of EPO. This leads to suppression of hepcidin transcription by 
erythroferrone (ERFE), an EPO target gene produced by 
erythroblasts (Kautz et  al., 2014), by molecules (e.g., PDGF-BB) 
released by other tissues (Sonnweber et  al., 2014), and likely by 
soluble components of transferrin receptors (TFR), sTFR1 (Beguin, 
2003), and sTFR2 (Pagani et  al., 2015). The final aim is to 
supply enough iron for the needs of an expanded erythropoiesis.

ANEMIAS WITH ABNORMAL  
HEPCIDIN LEVELS

Anemias may be  classified on the basis of hepcidin levels as 
anemias with high and low hepcidin. It is intuitive that persistently 
high hepcidin levels, by blocking iron absorption, cause iron 
deficiency anemia because of decreased iron supply to erythropoiesis. 
Conversely, ineffective erythropoiesis characterizes the so-called 
iron-loading anemias that have low hepcidin levels and iron 
overload. These two groups of anemias are the outcome of opposite 
pathophysiology mechanisms (Figure 1). In the first group, anemia 
is due to the inhibitory effect exerted by hepcidin on iron 
absorption and recycling that leads to systemic iron deficiency; 
in the second group, anemia is due to hepcidin suppression by 
an expanded abnormal erythropoiesis (Camaschella and Nai, 2016).

Anemia Associated With High  
Hepcidin Levels
This group includes two inherited rare disorders (iron refractory 
iron deficiency anemia and hepcidin-producing adenomas in 
an inborn error of glucose metabolism) and an acquired common 
condition: anemia of inflammation (Table 1).

Iron Refractory Iron Deficiency Anemia
Iron refractory iron deficiency anemia (IRIDA) is a rare recessive 
disorder characterized by hypochromic microcytic anemia, low 
transferrin saturation, and inappropriately normal/high hepcidin 
levels. It is caused by mutations of TMPRSS6 (Finberg et  al., 
2008), a gene that encodes the type II serine protease, matriptase-2 
(Du et  al., 2008). Mutations of TMPRSS6 are spread along the 
gene and may affect different domains especially the catalytic 
domain (De Falco et  al., 2014). This transmembrane protease, 
highly expressed in the liver, inhibits hepcidin transcription by 
cleaving the cell surface BMP co-receptor hemojuvelin, thus 
attenuating the BMP signaling and hepcidin synthesis (Silvestri 
et  al., 2008). TMPRSS6 function is essential in iron deficiency 
to allow the compensatory mechanism of increased iron absorption.

IRIDA is present since birth and usually diagnosed in 
childhood. Compared with classic iron deficiency, iron parameters 
are atypical and raise the suspicion of the disease. The percent 
saturation of transferrin is strongly reduced (less than 10%) 
as in other forms of iron deficiency; however, at variance with 
iron deficiency, levels of serum ferritin are normal/increased 
(Camaschella, 2013; De Falco et  al., 2013). This reflects an 
increased ferritin accumulation in macrophages, due to the 
high hepcidin levels that induce store iron sequestration.
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None of the tests proposed for IRIDA diagnosis covers 100% 
of the cases. The genetic test identifies that TMPRSS6 mutations, 
that in some cases (non-sense, frame-shift, and splicing 
mutations), are clearly causal. In other cases, as for previously 
unreported missense mutations, functional studies are needed 
to demonstrate causality (Silvestri et  al., 2013). However, these 
tests are scarcely available. Serum hepcidin levels are usually 
increased/normal, independently of iron deficiency, and consistent 
with high/normal ferritin. It is important to exclude inflammation 
by concomitantly dosing C-reactive protein.

Some patients with a phenotype of refractory iron deficiency 
have been reported to have a single TMPRSS6 mutated allele; 
here, the debate is whether they should be  considered IRIDA 
or not. A spectrum of conditions can be  envisaged ranging 
from classic severe IRIDA due to homozygous or compound 
heterozygous TMPRSS6 mutations to increased susceptibility to 
iron deficiency conferred by single mutations/polymorphic changes. 

One approach proposed to predict classic IRIDA is hepcidin 
normalization on other iron parameters, as ratios transferrin 
saturation (Tsat)/log hepcidin or Tsat/log Ferritin (Donker et al., 
2016). According to other authors, most patients with a severe 
IRIDA phenotype have biallelic TMPRSS6 mutations and, when 
unidentified, the second allele may be genetically occult (Heeney 
et  al., 2018). In general terms, subjects with a single allele have 
a milder phenotype than those with two mutations and respond 
better to iron treatment (Donker et  al., 2016). Interestingly, 
several TMPRSS6 SNPs have been shown to provide susceptibility 
to iron deficiency in some populations (An et  al., 2012) and 
in blood donors (Sorensen et  al., 2019).

A digenic inheritance has been reported in a 5-year-old 
female originally found to have an atypical IRIDA genotype 
with one TMPRSS6 (I212T) causal and one (R271Q) silent 
mutation (De Falco et  al., 2014). She was later diagnosed 
Fibrodysplasia ossificans progressiva (FOP), a rare dominant 

A B

FIGURE 1 | Schematic representation of mechanisms of anemias with high (left panel) and low hepcidin (right panel). Panel (A). Molecular pathogenesis of anemia 
associated with high hepcidin levels. LSEC, liver sinusoidal endothelial cells producing bone morphogenetic proteins (BMPs); BMPRs, BMP receptors; IL6, 
interleukin 6; HC, hepatocytes; HAMP, hepcidin gene. Fe, iron; FPN, ferroportin; 1, IRIDA; 2, Anemia of inflammation; 3, hepcidin producing adenoma. Panel (B). 
Molecular pathogenesis of hepcidin variation in anemias due to ineffective erythropoiesis. ERFE, erythroferrone sequestering BMPs. Other mechanisms inhibiting 
hepcidin in this type of anemia, as decrease of transferrin saturation and hypoxia, are not shown. See text for details.
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disorder with ectopic bone formation in soft tissues due to 
mutated BMP type I  receptor gene ACVR1, encoding ALK2 
(Shore et  al., 2006). The pathological allele ALK2R258S is 
constitutively active since the mutation affects the glycine-
serine-rich domain of the gene and renders the BMP/SMAD 
pathway overactive being unable to bind its specific inhibitor 
FKBP12 (Pagani et  al., 2017).

This rare case is especially illustrative. First, since the ALK2 
glycine-serine-rich domain interacts with FKBP12 and the 
mutation destabilizes the binding, it has revealed a previously 
unsuspected role for FKBP12 as a modulator of liver ALK2 
and hepcidin (Colucci et al., 2017). Second, it has led to identify 
a link between activation of bone and liver BMP type I receptors. 
Third, the case strengthens the relevance of intact TMPRSS6 in 
controlling the hepatic BMP/SMAD signaling, since no IRIDA 
was identified among other FOP patients with the same ACVR1 
mutation and presumably normal TMPRSS6 (Pagani et  al., 
2017). Finally, this case is consistent with the concept that 
TMPRSS6 haploinsufficiency cannot cause classic IRIDA.

The optimal treatment of IRIDA is undefined. Oral iron is 
ineffective, since it is not absorbed. The addition of vitamin 
C allows sporadic response. Intravenous iron induces a partial 
response usually at a slower rate in comparison with patients 
with acquired iron deficiency. EPO is ineffective in classic 
cases (De Falco et  al., 2013; Heeney and Finberg, 2014).

Anemia of Hepcidin-Producing Adenomas
This is an extremely rare condition in adult patients affected 
by glycogen storage disease 1a, a recessive disorder due to 
deficiency of glucose-6 phosphatase, which catalyzes a reaction 
involved in both glycogenolysis and gluconeogenesis. A common 
dangerous disease symptom is hypoglycemia. The current 
treatment leads to prolonged survival of affected children up 
to adult age with the occurrence of several complications, such 
as anemia and liver adenomas. Anemia is microcytic and 
hypochromic, iron deficient, and refractory to oral iron treatment. 

Anemia reverted after surgical adenoma resection. Adenoma 
tissue was found positive for hepcidin mRNA, while normal 
surrounding tissue showed hepcidin suppression, as expected 
because of the ectopic uncontrolled hepcidin production 
(Weinstein et  al., 2002). The hematological features of patients 
resemble those of IRIDA as they share high hepcidin levels 
as a common mechanism of anemia.

Anemia of Inflammation
Anemia of inflammation (AI), previously known as anemia 
of chronic diseases, is a moderate normochromic-normocytic 
anemia that develops in conditions of systemic inflammation 
and immune activation. It occurs in several common disorders, 
including chronic infections, autoimmune diseases, advanced 
cancer, chronic kidney disease, congestive heart failure, chronic 
obstructive pulmonary disease, anemia of the elderly (at least 
partly), and graft versus host disease. AI is one of the most 
common anemias worldwide and the most frequent anemia 
in hospitalized patients. Acute inflammation contributes to the 
severity of anemia in intensive care units. Molecular mechanisms 
underlying AI are multiple and complex. Overproduction of 
cytokines such as IL1-β, TNF-α, and IL-6 by macrophages 
and INF-γ by lymphocytes blunts EPO production, impairs 
the erythropoiesis response, increases hepcidin levels, and may 
activate erythrophagocytosis, especially in the acute forms (Weiss 
and Goodnough, 2005; Ganz, 2019).

Hepcidin is activated by IL-6 through IL-6 receptor (IL-6R) 
and JAK2-STAT3 signaling. Full hepcidin activation requires 
an active BMP-SMAD pathway because inactivation of BMP 
signaling decreases hepcidin in animal models of inflammation 
(Theurl et  al., 2011). The deregulation of systemic iron 
homeostasis causes macrophage iron sequestration and reduced 
absorption and recycling that leads to low saturation of transferrin 
and iron restriction of erythropoiesis and other tissues.

Traditional treatment of AI is based on reversibility/control 
of the underlying disease, whenever possible. If the disease is 
untreatable and anemia is mild, a careful evaluation of risks-
benefits is needed to avoid side effects of any treatment. 
Pathophysiology-based treatments are limited to erythropoietin-
like compounds and iron. The use of erythropoiesis stimulating 
agents (ESA) suppresses hepcidin by inducing erythropoiesis 
expansion. This approach is widely used in patients with chronic 
kidney disease, low-risk myelodysplastic syndromes, and cancer 
undergoing chemotherapy. However, a careful clinical control 
is necessary because high doses have cardiovascular side effects. 
The administration of intravenous iron may relieve iron 
restriction, caused by ESA-dependent expansion of erythropoiesis. 
Oral iron is usually ineffective since the high hepcidin levels 
counteract its intestinal absorption. Inhibitors of prolyl 
hydroxylase (hypoxia inducible factor, HIF stabilizers) are 
experimental in chronic kidney disease, to the aim of increasing 
endogenous EPO. Chronic treatment with red blood cells 
transfusions is not recommended because of transient effect 
and adverse reactions; it is limited to severe refractory anemia 
(Camaschella, 2019; Weiss et  al., 2019).

TABLE 1 | Anemias classified according to hepcidin levels.

High-hepcidin anemias

Hereditary OMIM n. Prevalence

Iron refractory iron deficiency anemia (IRIDA) #206200 Rare
Hepcidin-producing adenomas* #232200 Rare
Acquired
Anemia of acute inflammation Common**
Anemia of chronic inflammation  
(anemia of chronic disease)

Common

Low-hepcidin anemias
Hereditary – iron loading anemias OMIM n.
β-thalassemia #613985 Common***
Congenital dyserythropoietic anemia #224100 Rare
Sideroblastic anemias #300751 Rare
Acquired
Low risk MDS with ringed sideroblasts Rare

OMIM, online Mendelian Inheritance In Man; MDS, myelodysplastic 
syndromes.*Described in glycogen-storage-disease 1a.
**In hospitalized patients and in intensive care units.
***In people of Mediterranean or southern-east Asian origin.
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Anemias Associated With  
Low Hepcidin Levels
Ineffective erythropoiesis and low or inappropriately normal 
hepcidin levels, with consequent iron overload, are typical 
features of the “iron-loading anemias.” The prototype is 
β-thalassemia, a genetic recessive disease due to β-globin gene 
mutations that cause anemia and excess α-globin chain production. 
The latter precipitates as hemichromes in the bone marrow, 
damaging maturing erythroid precursors and leading to ineffective 
erythropoiesis. This occurs in non-transfusion-dependent 
thalassemia or thalassemia intermedia, whose erythropoiesis is 
characterized by the prevalence of immature cells that release 
erythroferrone to inhibit liver hepcidin expression. Hepcidin 
levels are usually greater in transfusion-dependent thalassemia, 
where endogenous ineffective erythropoiesis is at least partially 
suppressed by transfusions (Camaschella and Nai, 2016).

Hepcidin suppression is mediated by the increased cytokine 
erythroferrone (ERFE), a member of the TNF-α family encoded 
by ERFE gene, synthesized by erythroblasts upon EPO stimulation 
(Kautz et  al., 2014). ERFE is released into the circulation and 
sequesters BMPs, especially BMP6 (Arezes et al., 2018), attenuating 
the hepcidin signaling in response to iron. In addition, an 
epigenetic suppression occurs at the hepcidin locus by histone 
deacetylase HDAC3 (Pasricha et  al., 2017). When anemia causes 
hypoxia, other mediators such as PDGF-BB (Sonnweber et  al., 
2014), which is released by different cell types, suppress hepcidin.

Hepcidin levels are decreased by a special mechanism in 
low-risk myelodysplasia with ringed sideroblasts, a clonal disorder 
due to mutations of the spliceosome gene SF3B1. Iron accumulates 
in mitochondria, leading to ineffective erythropoiesis and systemic 
iron overload. An abnormally spliced, elongated ERFE protein 
is more powerful than wild type ERFE in suppressing hepcidin 
(Bondu et  al., 2019) and causing transfusion-independent 
iron loading.

TARGETED THERAPIES FOR HEPCIDIN-
RELATED ANEMIAS

The identification of molecular mechanisms responsible of the 
previously discussed anemias has stimulated research in developing 
targeted therapies to replace current symptomatic treatment 
(Sebastiani et al., 2016; Crielaard et al., 2017). Approaches differ 
according to the type of anemia and the aim of decreasing or 
increasing hepcidin levels or their effects (Table 2).

Experimental Therapies to Decrease 
Hepcidin Levels/Increase Ferroportin 
Function
Except for hepcidin producing tumors, which have to be surgically 
removed, compounds that antagonize hepcidin or its effects 
may be  useful in all anemias characterized by high hepcidin 
levels. Their main application would be in chronic inflammatory 
diseases in order to reverse hypoferremia and anemia. 
Several experimental therapies aimed at manipulating the hepcidin 

pathway and its function have been investigated in preclinical 
studies. Hepcidin antagonists are inhibitors of hepcidin synthesis/
regulators (Ganz, 2019), hepcidin binders that block its function, 
and compounds that interfere with hepcidin-ferroportin interaction 
(Table 2). Some compounds are in clinical trials especially in 
chronic kidney disease (Sheetz et al., 2019). In IRIDA, manipulation 
of the hepcidin pathway has been proposed in preclinical studies 
with the use of anti-HJV MoAb (Kovac et  al., 2016).

Experimental Therapies to Increase Hepcidin 
Levels/Decrease Ferroportin Function
Increasing hepcidin levels may not only reduce iron overload 
but also partially control ineffective erythropoiesis in iron 
loading anemias. β-thalassemia is the most studied among these 
conditions (Casu et  al., 2018; Gupta et  al., 2018). Proposed 
drugs are hepcidin analogs (some in clinical trials), hepcidin 
modulators, especially TMPRSS6 inhibitors, or compounds that 
interfere with hepcidin-ferroportin interaction decreasing iron 
export (Table 2).

While compounds that increase hepcidin reduce ineffective 
erythropoiesis due to the vicious cycle between ineffective 
erythropoiesis and iron loading (Camaschella and Nai, 2016), 
drugs that favor erythroid precursor maturation, as the activin 
receptor IIB ligand trap, luspatercept, not only improve anemia 
but also ameliorate iron homeostasis by reducing hepcidin 
inhibition (Piga et  al., 2019).

Some targeted approaches now in clinical trials will hopefully 
result in novel treatments for a variety of anemias.

TABLE 2 | Experimental therapies targeting the hepcidin-ferroportin axis.

Mechanism Compounds

Compounds that decrease hepcidin or increase ferroportin function

Class I Reduction of the signaling 
pathway stimulating hepcidin

Anti IL6-R, anti IL-6

Anti-BMP6 MoAb*

BMPR inhibitors

Anti-HJV MoAb

Non anticoagulant heparins
Class II Hepcidin binders Anti-HAMP MoAb

Oligonucelotides aptamers
Class III Interfering with hepcidin-FPN 

interaction
Anti-FPN MoAb, GDP

Compounds that increase hepcidin or decrease ferroportin function

Class I Hepcidin mimics Hepcidin analogues*

Minihepcidin
Class II Activating hepcidin BMPs (preclinical studies)

Blocking the hepcidin inhibitor Anti-TMPRSS6 (siRNA, ASO*)
Blocking the hepcidin 
receptor

FPN Inhibitors*

Class III Others Human transferrin infusions
Protoporphyrin IX (inhibition of HO)
Bone marrow TFR2 inactivation

BMPR, BMP receptor; HAMP, hepcidin gene; HJV, hemojuvelin; MoAb, monoclonal 
antibody; FPN, ferroportin; siRNA, small interfering RNA; ASO, antisense oligonucleotides; 
GDP, guanosine 5′ diphosphate; HO, heme oxygenase; TFR2, transferrin receptor 2.
Compounds indicated by * are in clinical trials.

10

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Pagani et al. Hepcidin and Anemia

Frontiers in Physiology | www.frontiersin.org 6 October 2019 | Volume 10 | Article 1294

CONCLUSION

The spectacular advances in understanding the regulation 
of iron metabolism and hepcidin allowed a better 
understanding of erythropoiesis control, since together with 
erythropoietin iron is a fundamental factor for erythroid 
cells maturation. Conditions that lead to anemia can 
be  associated with high and low hepcidin levels. In both 
instances, contrasting hepcidin deregulation may ameliorate/
correct anemia in preclinical models, offering new tools that 
are already or will be soon clinically explored for the treatment 
of specific anemias.
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Blood viscosity is an important determinant of local flow characteristics, which exhibits
shear thinning behavior: it decreases exponentially with increasing shear rates. Both
hematocrit and plasma viscosity influence blood viscosity. The shear thinning property
of blood is mainly attributed to red blood cell (RBC) rheological properties. RBC
aggregation occurs at low shear rates, and increases blood viscosity and depends on
both cellular (RBC aggregability) and plasma factors. Blood flow in the microcirculation
is highly dependent on the ability of RBC to deform, but RBC deformability also affects
blood flow in the macrocirculation since a loss of deformability causes a rise in blood
viscosity. Indeed, any changes in one or several of these parameters may affect blood
viscosity differently. Poiseuille’s Law predicts that any increase in blood viscosity should
cause a rise in vascular resistance. However, blood viscosity, through its effects on wall
shear stress, is a key modulator of nitric oxide (NO) production by the endothelial NO-
synthase. Indeed, any increase in blood viscosity should promote vasodilation. This is
the case in healthy individuals when vascular function is intact and able to adapt to blood
rheological strains. However, in sickle cell disease (SCD) vascular function is impaired. In
this context, any increase in blood viscosity can promote vaso-occlusive like events. We
previously showed that sickle cell patients with high blood viscosity usually have more
frequent vaso-occlusive crises than those with low blood viscosity. However, while the
deformability of RBC decreases during acute vaso-occlusive events in SCD, patients
with the highest RBC deformability at steady-state have a higher risk of developing
frequent painful vaso-occlusive crises. This paradox seems to be due to the fact that
in SCD RBC with the highest deformability are also the most adherent, which would
trigger vaso-occlusion. While acute, intense exercise may increase blood viscosity in
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healthy individuals, recent works conducted in sickle cell patients have shown that light
cycling exercise did not cause dramatic changes in blood rheology. Moreover, regular
physical exercise has been shown to decrease blood viscosity in sickle cell mice, which
could be beneficial for adequate blood flow and tissue perfusion.

Keywords: blood rheology, red blood cell deformability, red blood cell aggregation, sickle cell disease, exercise

BLOOD FLOW RESISTANCE AND THE
CARDIOVASCULAR SYSTEM

Flow velocity in a given tube depends on pressure and
flow resistance. According to Poiseuille’s Law (Poiseuille,
1835), flow resistance depends on the geometry of the tube
[length (L) and radius of the tube (r)] and the fluid’s
viscosity (η), and is calculated using the following formula:

R =
8η L
π r4

When applying Poiseuille’s Law to the cardiovascular
system, one must consider the radius and the length of
the vessels, and the viscosity of the blood. The dimensions
of the vascular system (most notably the radius, which is
raised to the fourth power) play a more important role
in determining vascular resistance than blood viscosity
does. However, several works conducted in the past 10–
15 years have shown that, in a physiological context, the
parameters of this equation cannot be considered to be
truly independent of each other. This is because vessels
are not rigid tubes; they can change their diameters in
response to various physiological stimuli. One of the most
important molecules that promotes an augmentation in
vascular diameter (i.e., vasodilation) is nitric oxide (NO).
Martini et al. (2005), Tsai et al. (2005), Intaglietta (2009), and
Sriram et al. (2012) showed that mild to moderate increases
in hematocrit and blood viscosity did not result in a rise in
vascular resistance or blood pressure, but actually caused
the opposite effect. They also showed that increasing blood
viscosity promoted the activation of endothelial NO-synthase
through shear stress-dependent mechanisms, resulting in
higher NO production, compensatory vasodilation, and
decreased arterial pressure. However, evidence shows that
these vascular adaptations can only occur in a functioning
vascular system with a healthy endothelium. When vascular
dysfunction is present, vasodilation is impaired. Therefore,
a rise in blood viscosity is not accompanied by an increase
in vasodilation. As a result, vascular resistance and arterial
pressure increase (Vazquez et al., 2010; Salazar Vazquez
et al., 2011). Although the role of blood viscosity in vascular
adaptations is often ignored, these studies clearly demonstrate
that vascular geometry and blood viscosity should not be
considered separately when studying the regulation of
vascular resistance in healthy populations or in people with
cardiovascular diseases.

BLOOD IS NOT A SIMPLE FLUID

Whole blood is a two-phase liquid, composed of cellular elements
suspended in plasma, an aqueous solution containing organic
molecules, proteins, and salts (Baskurt and Meiselman, 2003).
The cellular phase of blood includes, erythrocytes, leukocytes,
and platelets. White blood cells and platelets can affect blood
rheology, but under normal conditions, red blood cells (RBCs)
have the biggest influence (Pop et al., 2002). Blood rheological
properties are determined by the physical properties of these two
phases and their relative contribution to total blood volume.

Blood is a non-Newtonian, shear thinning fluid with
thixotropic and viscoelastic properties. Many cardiovascular
handbooks consider blood viscosity values between 3.5 and 5.5 cP
to be normal. However, blood viscosity cannot be summarized by
a single value. Due to the shear thinning property of blood, which
is dependent on RBC rheological properties, the viscosity of this
fluid changes depending on the hemodynamic conditions. The
same blood can have a viscosity value of 60 cP at a shear rate of
0.1 s−1, whereas the viscosity would be 5 or 6 cP at a shear rate of
200 s−1. This means that blood viscosity is different in the large
arteries, the veins, and the microcirculation, where shear rate can
vary from few s−1 to more than 1000 s−1 (Connes et al., 2016).
Blood viscosity depends on several factors: hematocrit, plasma
viscosity, the ability of RBCs to deform under flow, and RBC
aggregation-disaggregation properties (Baskurt and Meiselman,
2003; Cokelet and Meiselman, 2007).

Effect of Hematocrit
Whole blood viscosity is dependent on the number (and volume)
of erythrocytes in the blood, and is thus linearly related to
hematocrit (Chien et al., 1975).The impact of hematocrit on
blood viscosity is much higher at low shear rates (veins for
instance) than at high shear rate (arteries for instance) (Cokelet
and Meiselman, 2007). At high shear rate, it is estimated that a
rise of hematocrit of one unit would cause an increase of blood
viscosity of 4% (if RBC rheological properties remain the same).

Plasma Viscosity
Plasma is a newtonian fluid, which means that its viscosity does
not vary with shear rate. The viscosity of plasma is dependent
on the concentration of plasma proteins, such as fibrinogen,
α1-globulins, α2-globulins, β-globulins, and γ-globulins (Connes
et al., 2008). Any elevation in the concentration of these proteins
can cause plasma, and thus whole blood, viscosity to increase
(Kesmarky et al., 2008). Normal plasma at 37 degrees Celsius
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has a viscosity of around 1.2–1.3 cP, but these values may be
higher in various inflammatory, metabolic, or cardiovascular
diseases (Kesmarky et al., 2008). Furthermore, increased plasma
viscosity is associated with higher rates of adverse clinical events
in unstable angina pectoris and stroke (Kesmarky et al., 2008).

RBC Deformability
Red blood cell deformability is another important determinant
of blood viscosity. RBC deformability depends on several factors,
including internal (cytosolic) viscosity (mainly determined by the
mean cell hemoglobin concentration), membrane viscoelasticity
(which is dependent on cytoskeleton proteins and lipid bilayer
properties), and the surface-area-to-volume ratio (also called cell
sphericity) (Clark et al., 1983; Renoux et al., 2019). At low shear
rates, rigid RBCs are less likely to aggregate than deformable
RBCs. Therefore, a loss of RBC deformability at very low shear
rates (less than 1 s−1) results in a decrease in blood viscosity
(Chien et al., 1970). In contrast, at shear rates above 1 s−1, a
decrease in RBC deformability causes blood viscosity to increase
(Chien et al., 1970).

Initial experiments done to analyze RBC deformability in
blood flow were conducted in the 1970s and 1980s using
microtubes (Goldsmith et al., 1972) and rheoscopes (Fischer
et al., 1978). These studies demonstrated that, as shear stress
increases, normal RBCs align with the direction of flow by
deforming into an elliptical shape via a “tank tread-like” motion
of the cell membrane around the cytoplasm (Schmid-Schonbein
et al., 1969; Goldsmith et al., 1972; Fischer et al., 1978). Rigid
RBCs, on the other hand, cannot properly deform into an
ellipse and remain perpendicular to blood flow, consequently
increasing vascular resistance. In these fundamental experiments,
RBCs were suspended in solutions, such as dextrose, with higher
viscosities than the internal viscosity of a RBC (Goldsmith
et al., 1972; Fischer et al., 1978). However, when a RBC is
flowing in plasma in vivo, the plasma viscosity is lower than the
viscosity of the erythrocyte’s cytosol. This is important because
recent experiments reveal that the “tank-treading” behavior
of erythrocytes does not occur when RBCs are suspended in
solutions with lower viscosities that are more similar to plasma
viscosity in vivo (Dupire et al., 2012). Instead, observations
by Lanotte et al. (2016) showed that RBCs display a wide
variety of cell shapes for any given flow condition. For example,
erythrocytes in dilute suspensions behave like rigid oblate
ellipsoids at low shear rates (<1 s−1). Then, as shear rates
increase, the erythrocytes successively tumble, roll, and deform
into stomatocytes, and eventually adopt highly deformed poly-
lobed. The findings of Lanotte et al. (2016) suggest that the
pathological alterations of multiple parameters, including plasma
composition, erythrocyte cytosol viscosity, and/or membrane
mechanical properties could contribute to pathological blood
rheology and flow. Further research should be conducted to
determine how decreased RBC deformability could affect RBC
shape transitions.

Red blood cell deformability is also a key determinant of
blood flow in the microcirculation. RBCs are bi-concave disks
with an average diameter of around 7–8 µm. Capillaries can
have a diameter of less than 5 µm. Therefore, RBC must be

highly deformable to pass through the narrowest vessels of the
microcirculation. A 15% decrease in RBC deformability has been
shown to cause a 75% increase in whole flow resistance in
isolated perfused rat hind limbs (Baskurt et al., 2004). Moreover,
when dog lungs were perfused with rigid RBC, whole pulmonary
arterial pressure increased, and the main increase was localized in
the microcirculation (Hakim, 1988; Raj et al., 1991). Indeed, any
decrease of RBC deformability may affect flow resistance, tissue
perfusion, and oxygenation (Parthasarathi and Lipowsky, 1999).

RBC Aggregation
Red blood cell aggregation is the reversible formation of three-
dimensional stacks of RBC, called “rouleaux,” which takes place
at low shear rates. This unique process requires low energy and
is reversible under high shear rate conditions. RBC aggregation
depends on both plasma and cellular factors. Initially, most
research on RBC aggregation formation was focused on the
effects of protein levels, polymer type, and concentration. More
recent research has shown that RBC cellular properties can also
modulate a cell’s intrinsic tendency to aggregate (termed RBC
aggregability) (Baskurt and Meiselman, 2009). For example, RBC
surface properties, including surface charge and glycocalyx depth,
also play an important role in this process. Two models have been
proposed to explain RBC aggregation mechanisms (Meiselman
et al., 2007), the depletion model and the bridging model.
The depletion model suggests that RBC aggregates are formed
due to osmotic pressure from surrounding plasma proteins
or other macromolecules. The bridging model suggests that
aggregates form due to “crossbridges,” made of plasma proteins
or other macromolecules (Rampling et al., 2004). Fibrinogen is
the most physiologically relevant macromolecule that promotes
RBC aggregation (Rampling et al., 2004), but other molecules,
including thrombospondin and the von-Willebrand factor, also
play a role (Nader et al., 2017).

The impact of RBC aggregation on blood flow, tissue perfusion
and vascular resistance is complex and depends on the vascular
areas where RBC aggregates are flowing. RBC aggregates usually
form in low shear rate areas, such as in veins or in bifurcations.
Therefore, increased RBC aggregation would cause a dramatic
increase of blood viscosity in these zones. RBC aggregates
disaggregate in high shear rate areas, such as in arteries and
arterioles. However, it has been demonstrated that some RBC
aggregates can persist in large arteries and affect flow dynamics.
Increased RBC aggregation has been shown to promote RBC
axial migration in these vessels, which in turn increases the
cell free layer width (Baskurt and Meiselman, 2007). This
latter phenomenon has three main consequences: (i) a decrease
of apparent dynamic blood viscosity and of flow resistance,
(ii) a decrease of wall shear stress, which in turn results
in a lower activation of endothelial NO-synthase, lower NO
production, and less vasodilation, and (iii) an increase of plasma
skimming phenomena at bifurcations, which in turn lowers
microcirculatory hematocrit and blood viscosity (Fharaeus and
Fahraeaus–Lindqvist effects).

At the microcirculatory level, persisting RBC aggregates may
increase pre-capillary resistance. Experiments performed on large
glass tubes also shown that the consequences of RBC aggregation
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on flow resistance are dependent on the orientation of the
tube (vertical vs. horizontal) (Cokelet and Goldsmith, 1991). In
horizontal tubes, elevated RBC aggregation increases RBC
sedimentation, thereby increasing flow resistance. On the other
hand, in vertical tubes RBC aggregation increases RBC axial
migration and facilitates blood flow. For this reason, the
consequences of increased RBC aggregation on blood flow are
difficult to predict. However, experiments done on whole organs,
such as guinea pig hearts, reported that gradually increasing
RBC aggregation causes a 3-phase evolution of blood flow
resistance (Yalcin et al., 2005). First, when RBC aggregation was
increased by 50–100%, the authors observed a rise in blood
flow resistance. Next, a 100–150% increase in RBC aggregation
caused blood flow resistance to decrease. Finally, an increase
in RBC aggregation of over 150% caused blood flow resistance
to increase once again. Overall, predicting the consequences
of increased RBC aggregation in vivo appears to be complex.
However, clinical works performed to study aggregation in
cardiovascular, metabolic, or inflammatory diseases consistently
show that people with these diseases generally have higher RBC
aggregation levels than healthy individuals, and the elevated
aggregation contributes to the development of adverse disease
outcomes (Totsimon et al., 2017; Biro et al., 2018; Brun et al.,
2018; Ko et al., 2018; Lapoumeroulie et al., 2019; Piecuch et al.,
2019; Sheremet’ev et al., 2019).

SICKLE CELL DISEASE, BLOOD
RHEOLOGY AND VASCULAR
DYSFUNCTION

Sickle cell disease (SCD) is the most prevalent genetic disease in
the world. Sickle cell anemia (SCA) is by far the most common
form of SCD, followed by hemoglobin SC disease (SC) (Piel et al.,
2010).It is estimated that more than 300,000 children are born
each year with a severe inherited hemoglobinopathy, over 80%
of these infants are born in low-or middle-income countries, and
approximately 220,000 are affected by SCA (Piel et al., 2010).

Sickle Cell Anemia as a Hemorheological
Disease
Sickle cell anemia is caused by a single nucleotide mutation
(adenine→ thymine) in exon I of the β-globin gene. This point
mutation (rs334 T) leads to the production of sickle hemoglobin
(HbS), due to the substitution of valine for glutamic acid at the
sixth position of the β-globin chain. The hydrophobic residue of
valine associates with other hydrophobic residues, which causes
HbS molecules to aggregate, forming fibrous precipitates when
hemoglobin is deoxygenated. This phenomenon is called “HbS
polymerization,” and is responsible for the characteristic shape
change, termed “sickling,” of RBCs. Sickle RBC are rigid, and
therefore do not easily flow through the microcirculation, causing
frequent vaso-occlusive episodes in affected patients. In addition,
when RBCs lose their deformability, they become more fragile
and prone to hemolysis, which is the root cause of chronic
hemolytic anemia in SCA (Connes et al., 2014).

Although the loss of RBC deformability is a fundamental
characteristic of SCA, patients exhibit varying degrees of RBC
rigidity, which can differentially affect SCA disease severity
and complications (Renoux et al., 2016). Newborns usually
have almost normal RBC deformability because they still
have a high percentage of fetal hemoglobin (HbF) (Renoux
et al., 2016). However, when patients become older HbF
is replaced by HbS, and, as a result, RBC deformability
decreases (Renoux et al., 2016). Hydroxyurea (HU) therapy
can affect RBC deformability because HU stimulates HbF
synthesis, thereby improving RBC deformability, although the
deformability values still remain lower than in the healthy
population (Lemonne et al., 2015). In individuals who are
not under HU therapy, the presence or absence of alpha-
thalassemia can also modulate RBC deformability (Renoux
et al., 2017), as the inheritance of alpha-thalassemia results in
decreased production of HbS (Rees et al., 2010) and thus lower
HbS polymerization.

Rigid, sickle deformed RBC can cause pre-capillary
obstruction and contribute to vaso-occlusion (Rees et al., 2010).
Furthermore, RBC deformability further decreases during acute
vaso-occlusive events. However, patients (adults and children
over 5 years of age) who have the highest RBC deformability at
steady-state, and who are not under HU therapy, actually have a
higher risk of developing frequent painful vaso-occlusive crises,
as well as osteonecrosis (Lamarre et al., 2012; Lemonne et al.,
2013; Renoux et al., 2017). This paradox seems to be due to the
fact that in SCA, RBC with the highest deformability are also the
most adherent, which would trigger vaso-occlusion (Ballas et al.,
1988). On the other hand, individuals who have improved RBC
deformability as a result of HU therapy do not have an elevated
risk of vaso-occlusive crisis because HU inhibits RBC, platelets
and WBC adhesion to the vascular wall via several mechanisms
(Bartolucci et al., 2010; Laurance et al., 2011; Chaar et al., 2014;
Pallis et al., 2014; Verger et al., 2014). RBC aggregation is usually
lower in SCA patients because of low hematocrit and the inability
of irreversible sickle cell to form aggregates. However, the formed
RBCs aggregates are reported to be much more robust than in
healthy population which could further alter blood flow and
tissue perfusion at the pre and post capillary levels (Tripette et al.,
2009; Connes et al., 2014).

Sickle cell anemia patients with the highest degree of
chronic hemolysis (i.e., those with the most severe anemia)
are usually characterized by a severe and chronic reduction
of RBC deformability as well as the presence of robust RBC
aggregates, and seem to be more prone to develop complications
such as leg ulcers, priapism and glomerulopathy (Bartolucci
et al., 2012; Connes et al., 2013a; Lamarre et al., 2014). In
contrast, patients with the highest RBC deformability tend to
have less severe anemia and increased blood viscosity, which
could increase the risk of developing frequent vaso-occlusive
like complications (Nebor et al., 2011; Lamarre et al., 2012;
Charlot et al., 2016). Surprisingly, a recent study did not show a
further rise of blood viscosity during acute painful vaso-occlusive
crisis (Lapoumeroulie et al., 2019). Instead, the authors found a
decrease of RBC deformability, as a result of massive RBC sickling
(Ballas and Smith, 1992), and a rise in RBC aggregation and RBC
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aggregates robustness, which would probably impair blood flow
into the microcirculation (Lapoumeroulie et al., 2019).

Vascular Function Cannot Compensate
for the Hemorheological Alterations in
SCA
As previously discussed, recent works have demonstrated that
increased blood viscosity does not systematically cause a rise in
vascular resistance in healthy individuals (Vazquez et al., 2010;
Salazar Vazquez et al., 2011). Instead, increasing blood viscosity
can facilitate vasodilation and decrease vascular resistance
through shear stress-dependent mechanisms, which increase NO
production. However, when endothelial/vascular dysfunction is
present, like in SCA (Kato et al., 2007; Ataga et al., 2016; Charlot
et al., 2016), vasodilation is impaired. Therefore, a rise in blood
viscosity cannot be fully compensated for, and could increase
the risk of frequent vaso-occlusive crises (Lemonne et al., 2012;
Charlot et al., 2016).

Chronic hemolysis is highly implicated in the development of
vascular dysfunction in SCA. Once hemoglobin is released into
the plasma it autoxidizes, forming free heme, iron, and reactive
oxygen species, which cause eNOS uncoupling, and decrease
NO bioavailability (Kato et al., 2007).These alterations limit the
relaxation of vascular smooth muscle, and contribute to the
onset of vaso-occlusive crises (Hebbel et al., 2004). In addition,
hemolysis releases the arginase contained in erythrocytes into
the plasma. The free arginase hydrolyzes arginine, which is the
NO precursor, to ornithine and urea, thereby exacerbating the
decrease of NO bioavailability (Kato et al., 2007).

Xanthine oxidase (XO) also contributes to vascular
dysfunction in SCA. Aslan et al. (2001) demonstrated that
episodes of intrahepatic hypoxia-reoxygenation, which can occur
in SCA, induce the release of plasma XO. The released XO
can impair vascular function by binding to the vessel luminal
cells. This creates an oxidative milieu, which results in NO
scavenging via an oxygen free radical-dependent mechanism.
Furthermore, Mockesch et al. (2017) recently showed that loss of
microvascular function in children with SCA was significantly
associated with both nitrotyrosine and markers of systemic
oxidative stress. These findings confirm the important roles
oxidative stress and NO scavenging play in the development of
vascular dysfunction in SCA.

Circulating extra-vesicles, such as microparticles (Camus
et al., 2012, 2015) and exosomes (Khalyfa et al., 2016), are
also thought to play a role in the development of vascular
dysfunction in SCA. Indeed, Camus et al. (2012) demonstrated
that infusion of in vitro-generated RBC microparticles caused
kidney vaso-occlusion in sickle cell mice. Additionally, Khalyfa
et al. (2016) demonstrated that exosomes isolated from SCA
patients with frequent vaso-occlusive crises decreased endothelial
permeability and promoted P-selectin expression on cultured
endothelial cells. The exosomes isolated from SCA patients
with frequent vaso-occlusive crises also significantly increased
the adhesion of monocytes to the vascular wall in mice,
compared with exosomes isolated from SCA patients with
a less severe phenotype. Overall, these works suggest that

therapies focusing both on blood rheology and vascular
function could be helpful to decrease the clinical severity
of SCA patients.

EXERCISE AND BLOOD RHEOLOGY IN
HEALTHY INDIVIDUALS AND
INDIVIDUALS WITH SCA

Blood rheology plays an important role in the regulation of tissue
perfusion at rest and during exercise. For example, RBCs need
to be highly deformable to easily flow through small capillaries
and transport oxygen to the tissues (Parthasarathi and Lipowsky,
1999). Any changes in RBC rheological properties during exercise
may affect blood viscosity (Baskurt and Meiselman, 2003),
which in turn may impact blood flow and exercise performance
(Connes et al., 2013b; Waltz et al., 2015). Several investigators
have reported significant correlations between blood fluidity and
indices of physical fitness in sportsmen, such as time of endurance
until exhaustion, aerobic working capacity at 170 W (W170), and
maximal oxygen consumption (VO2max) (Ernst et al., 1985; Brun
et al., 1986, 1989, 1995).

The Effect of Acute Cycling Exercise on
Blood Viscosity and Its Determinants in
Healthy Individuals
Most of the studies conducted in the eighties and nineties to
investigate the acute effects of exercise on blood rheology focused
on cycling efforts performed by moderately trained subjects
(Brun et al., 1998). These studies reported that acute cycling
exercise caused blood viscosity measured at high shear rate (i.e.,
100–200 s−1) to increase by more than 15% above pre-exercise
values (Brun et al., 1998; Connes et al., 2004a, 2013b; Figure 1).
This increase in blood viscosity has been attributed to changes
in plasma viscosity, hematocrit, and RBC rheological properties
(Brun et al., 1998).

Multiple studies have shown that an acute bout of maximal
or submaximal cycling exercise may cause plasma viscosity to
increase by 10–12%, compared to resting values (Ernst, 1985;
Ernst et al., 1991b; Brun et al., 1994b, 1998; Bouix et al.,
1998; Connes et al., 2004b). This increase has been attributed
to a rise in plasma protein content, such as fibrinogen, α1-
globulins, α2-globulins, β-globulins, and γ-globulins during
exercise (Nosadova, 1977; Convertino et al., 1981; Vandewalle
et al., 1988; Wood et al., 1991).

Several studies have also shown that an acute cycling exercise
can result in a 10–12% (i.e., 3–4 units) rise in hematocrit,
when compared to pre-exercise values (Brun et al., 1994b;
Bouix et al., 1998; Connes et al., 2004a). The effect of elevated
hematocrit on blood viscosity at high shear rates has been well
described (Cokelet and Meiselman, 2007). A 1-unit increase in
hematocrit can cause a 4% increase in blood viscosity. This rise
in hematocrit has been attributed to several mechanisms such
as fluid shift between intra- and extra-vascular spaces (Sjogaard
et al., 1985; Ploutz-Snyder et al., 1995), dehydration (Nosadova,
1977; Stephenson and Kolka, 1988) the release of sequestered
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FIGURE 1 | Effects of different kind of exercise on blood viscosity measured at
several shear rates in the same trained subject (maximal oxygen consumption,
VO2max = 64 ml/kg/min). The maximal treadmill and cycling tests consisted in
a progressive and maximal exercise conducted until VO2max and performed
in laboratory conditions (temperature: 24◦C). The 10 km running was
performed outdoor (20◦C) and at the highest intensity the subject could run.
Indeed, the subject ran at 77% of his maximal aerobic velocity determined on
the treadmill and reached a heart rate of 92% of his maximal heart rate. The
subject did not drink water during each test. For the three tests, blood was
sampled immediately at the end of the exercise and blood viscosity was
measured with the same cone-plate viscometer within 1 h after sampling.

RBCs from the spleen (Isbister, 1997), and water trapping in
muscle (Ploutz-Snyder et al., 1995).

Acute cycling exercise can also modulate RBC deformability.
Several authors have reported a decrease in RBC deformability
during and immediately after exercise (Reinhart et al., 1983; Galea
and Davidson, 1985; Gueguen-Duchesne et al., 1987; Brun et al.,
1993, 1994a; Oostenbrug et al., 1997; Yalcin et al., 2000, 2003).
This decrease could be a consequence of lactic acid and reactive
oxygen species production that occurs during exercise (Connes
et al., 2013b). The accumulation of lactate ions and the decrease
in pH would promote RBC dehydration through the activation
of several RBC cationic channels, leading to RBC shrinkage and
decreased RBC deformability (Van Beaumont et al., 1981; Lipovac
et al., 1985; Smith et al., 1997; Connes et al., 2004c). Moreover,
several groups have suggested that oxidative stress could also
play a role in the decreased RBC deformability through the
oxidation of membrane lipid and protein components (Senturk
et al., 2005a,b; Connes et al., 2013b). However, the magnitude
of the change in RBC deformability that occurs during exercise
seems to depend on the training status and physical fitness of the
subjects. For instance, Senturk et al. (2005a) reported that a short,
progressive, maximal cycling exercise test promoted oxidative
stress in both sedentary and well-trained subjects, but they only
observed a decrease in RBC deformability and an increase of RBC
fragility in sedentary individuals.

Very few studies have observed RBC aggregation during
cycling exercise, and the results of these studies are very
heterogeneous (Connes et al., 2013b). Yalcin et al. (2003) found
that RBC aggregation decreased after a Wingate exercise test.
In contrast, Ernst et al. (1991b) observed a transient increase in
RBC aggregation above pre-exercise values after 1 h of pedaling
at a heart rate of 150 beats min−1. RBC aggregation then
returned to baseline during the 2 h following the cycling test.
Varlet-Marie et al. (2003) and Connes et al. (2007) found no
change in RBC aggregation in response to submaximal/maximal
cycling exercise. The discrepancies observed are not very
well understood and might be related to the (1) kind of
exercise performed (short versus prolonged exercise), (2) time
of measurement during exercise (i.e., immediately at the end of
exercise or few minutes after), (3) time delay for measurement
after sampling, and (4) procedure used for RBC aggregation
measurement (adequate oxygenation and adjusted hematocrit
before measurement or not).

On the whole, these changes lead to a rise in blood
viscosity during acute cycling exercise. Large elevations in blood
viscosity have generally been considered to be deleterious for
the cardiovascular system (Brun et al., 1998; Connes et al.,
2013b). However, Connes et al. (2012) reported a positive
correlation between the magnitude of change in blood viscosity
and the magnitude of change in NO end-stable products, and a
negative correlation between the magnitude of change in blood
viscosity and the magnitude of change in vascular resistance.
These findings suggest that increasing blood viscosity during
exercise could be a way to stimulate endothelium-dependent NO
production through shear stress-related mechanisms. In healthy
individuals, this would result in compensatory vasodilation,
thereby preventing any large increases in vascular resistance.

Acute Running Exercise, Blood Viscosity
and Its Determinants in Healthy
Individuals
Surprisingly, in contrast to cycling exercises, running exercises,
such as a marathon or a 10-km race, do not cause a rise
in blood viscosity (Neuhaus et al., 1992; Tripette et al., 2011;
Figure 1). The main reason is that hematocrit and plasma
viscosity usually remain very stable during these kinds of efforts,
despite dehydration (Galea and Davidson, 1985; Neuhaus et al.,
1992; Neuhaus and Gaehtgens, 1994). It has been hypothesized
that the lack of change in hematocrit could be explained by
repeated RBC foot strike hemolysis during running (Neuhaus
et al., 1992; Neuhaus and Gaehtgens, 1994; Tripette et al., 2011;
Connes et al., 2013b). However, a recent study in which highly
trained subjects performed a progressive and maximal treadmill
test did not observe any signs of RBC damage or eryptosis (Nader
et al., 2018). However, the picture could be slightly different
during ultra-running events. For instance, Robach et al. (2014)
reported increased hemolysis and large plasma volume expansion
immediately after a 166-km long mountain ultra-endurance
marathon with 9500 m of altitude gain/loss. The impact of these
changes on blood rheology has not been investigated and further
studies are needed to address this question.
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Surprisingly, Nader et al. (2018) found a slight but significant
increase in RBC deformability in response to a short and
maximal exercise test. Indeed, although hematocrit increased,
blood viscosity remained unchanged (and tended to decrease), as
has been observed in previous studies (Neuhaus and Gaehtgens,
1994; Tripette et al., 2011). The findings suggest that the slight
increase in RBC deformability could have compensated for
the rise in hematocrit observed during short running events,
resulting in a lack of change in blood viscosity. The impact
of ultra-run events on RBC deformability is unknown. Several
other groups found a slight increase in RBC deformability during
running (Suhr et al., 2012) and cycling (Connes et al., 2009)
exercises. Although the exact reasons for these findings are
unknown, it has been suggested that increased NO production
during exercise could increase RBC deformability. One of the
first works to suggest that NO could affect RBC deformability
was the study of Starzyk et al. (1997), which demonstrated
that intravenous infusion of L-NAME (an eNOS inhibitor) in
rats caused a reduction of RBC deformability. In addition, Bor-
Kucukatay et al. (2003) reported that several eNOS inhibitors
also decreased RBC deformability, suggesting that basal release
of NO actively maintains RBC deformability. While extracellular
sources of NO may impact the deformability of RBC, several
works suggest that endogenous RBC NO synthesis may also
modulate RBC deformability (Kleinbongard et al., 2006). Suhr
et al. (2012) demonstrated that an acute running exercise
induced shear stress activation of RBC NOS (increased RBC
NOS phosphorylation at Ser1177) via the PI3-kinase/Akt kinase
pathway, leading to increased NO production by the RBC,
which was critical to maintaining RBC deformability during
exercise. Grau et al. (2013) further extended these findings
by showing that RBC NOS activation by pharmacological
treatment (insulin) increased RBC NO content and improved
RBC deformability through direct S-nitrosylation of cytoskeleton
proteins, most likely the α- and β-spectrins. In contrast,
the use of RBC NOS inhibitors [wortmannin or L-N5-(1-
Iminoethyl)-ornithin] resulted in a decrease of RBC NOS
Ser1177 phosphorylation, NO content, cytoskeleton protein
S-nitrosylation, and RBC deformability.

Impact of Physiological Changes During
Acute Exercise on Blood Viscosity
As discussed above, acute cycling exercise would lead to a rise in
blood viscosity while running exercise would be characterized by
a lack of change in blood viscosity compared to the pre-exercise
values. Although methodological aspects could partly explain
some of these differences, such as the use of different viscometers
(cone-plate viscometer, couette viscometer, capillary viscometer,
etc.) or the use of different shear rates (low, moderate, and high
shear rate viscosity are affected by different RBC rheological
parameters), the picture is probably a little bit more complex.
Several physiological changes occur during exercise, which may
affect blood viscosity.

To avoid large dehydration during exercise, sportsmen usually
drink water or carbohydrate-rich drinks. However, most of the
studies performed in the field of blood rheology have been done

in laboratory conditions where water is not allowed during the
various exercise tests and water loss cannot be compensated
by water intake. Tripette et al. (2010) and Diaw et al. (2014)
previously tested the impact of add-libitum hydration and water
deprivation on blood viscosity during a prolonged submaximal
exercise and a soccer game, respectively. Healthy individuals and
subjects carrying sickle cell trait were included. While hydration
during exercise was able to decrease blood viscosity below the
pre-exercise levels in sickle cell trait carriers, blood viscosity
increased similarly in healthy individuals in both the “hydration”
and “water deprivation” conditions. The rate of dehydration was
around 1.5–2% in these studies, which is not very severe. There
is a growing interest from the runners community to participate
to very prolonged race (>100 kms), sometimes performed
at high altitude. The impact of the environment and higher
dehydration rate on blood viscosity are unknown and further
studies are needed.

Exercise is accompanied by a rise cardiac output and
blood flow leading to an increase of shear rate values in
the vascular system. For instance, shear rate in the femoral
artery has been reported to increase from 60 s−1 at rest
to 200–250 s−1 during exercise (Gonzales et al., 2009).
Blood is a shear-thinning fluid, meaning that its viscosity
decreases when shear rate increases. Connes et al. (2013b)
shown that 15 min of cycling exercise performed at a
submaximal intensity increased blood viscosity measured at
90 s−1. However, when the viscosity of the blood sampled
at the end of exercise was measured at 225 s−1 (which
reflects the shear rate reached during exercise), the mean value
was almost identical to the viscosity of the blood sampled
before exercise and measured at 90 s−1. Indeed, the effects
of hemoconcentration, increased plasma viscosity, decreased
RBC deformability and increased RBC aggregation on blood
viscosity during exercise could be counterbalanced by the effects
of increasing shear rate (Connes et al., 2013b). However, the
slight remaining changes in blood viscosity observed during
exercise were still correlated with the magnitude of changes in
NO-end products concentration, suggesting that blood viscosity
plays a role in promoting NO production during exercise
(Connes et al., 2013b).

Core temperature rises during exercise and it is well known
that blood viscosity also depends on temperature (Baskurt et al.,
2009). A recent elegant study shown that when the changes in
temperature occurring during exercise are took into account
in the measurements of blood viscosity, there is no difference
between the pre- and post-exercise values (Buono et al., 2016).
The slight physiological hyperthermia was shown to increase
RBC deformability, which compensated the rise in hematocrit
and resulted in a lack of change in blood viscosity. The authors
estimated that the combined effects of increasing shear rate
and hyperthermia during exercise could decrease blood viscosity
by 31% below the pre-exercise levels, in spite of the exercise
induced hemoconcentration (Buono et al., 2016). These findings
clearly show that studies in the field of exercise hemorheology
should consider the effects of various physiological factors for
better interpretation about the role of blood viscosity in the
cardiovascular adaptations and physical fitness.
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Long Term Effects of Exercise on Blood
Rheology in Healthy Individuals
Chronic exercise (endurance or resistance exercise) usually
decreases blood viscosity (Brun et al., 1998; Romain et al., 2011;
Kilic-Toprak et al., 2012). One reason for this change is that
plasma volume increases few hours or several days after a single
bout of exercise (Fellmann, 1992; Brun et al., 1998), resulting
in an “autohemodilution” (Ernst, 1987; Ernst et al., 1991a).
Repeated exercise bouts on consecutive days leads to a chronic
“autohemodilution” resulting in a low baseline hematocrit – low
baseline viscosity pattern (Ernst, 1987; Brun et al., 1998; Kilic-
Toprak et al., 2012). The magnitude of plasma volume expansion
ranges from 9 to 25%, corresponding to an additional 300 to
700 ml of plasma. It has been shown that the larger the reduction
in plasma volume during exercise, the greater the subsequent
plasma volume expansion (Fellmann, 1992). The amount of water
ingested during and after exercise, as well several fluid-regulating
hormones (aldosterone, vasopressin and the atrial natriuretic
factor) and the level of plasma proteins, influence the degree
of the plasma volume expansion after exercise. Plasma volume
expansion is responsible for the decrease in plasma viscosity that
contributes to the decrease in blood viscosity (Ernst, 1987).

Exercise training also induces RBC rheological adaptations
(Brun et al., 2010; Kilic-Toprak et al., 2012). Ernst (1987)
reported increased RBC deformability in athletes compared to
sedentary subjects, a finding later confirmed by Smith et al.
(1999). A 3-month longitudinal study of initially untrained
healthy volunteers who performed regular training also showed
a decrease of blood viscosity and a rise of RBC deformability
(Ernst, 1987). Few studies have been conducted to determine
why RBC deformability improves in healthy individuals after
chronic exercise. However, Smith et al. (1999) and Tomschi
et al. (2018) found a higher proportion of young deformable
RBCs in athletes than in untrained subjects. The hemorheological
benefits induced by regular exercise are suspected to contribute
to the improvements in cardiovascular health that are induced
by training programs in patients with cardiovascular disorders
(Sandor et al., 2014).

Acute and Chronic Effects of Exercise in
SCA
The metabolic changes occurring during exercise may promote
HbS polymerization, RBC sickling, oxidative stress and
inflammation. For this reason, physicians have generally been
reluctant to promote physical activity for individuals with SCA
(Connes, 2010; Waltz and Connes, 2014; Chirico et al., 2016;
Martin et al., 2018). However, since regular physical activity
has been shown to provide health benefits in various chronic
diseases, several groups have begun to study the effects of acute
and chronic exercise in individuals and mice with SCA.

Sickle cell anemia patients have decreased aerobic physical
fitness compared to the general population (Connes et al.,
2011). This is probably due to a combination of several
factors, including chronic anemia, reduced muscle mass and
strength, abnormal cardiac function, gas exchange abnormalities,
mechanical ventilation limitations and peripheral vascular

impairment (Callahan et al., 2002; Dougherty et al., 2011;
Liem et al., 2015; Badawy et al., 2018; Merlet et al., 2019).
A recent study reported negative associations between the
oxygen uptake efficiency slope (an index of aerobic physical
fitness) and hematocrit, RBC deformability, and RBC aggregate
strength in adults with SCA (Charlot et al., 2015). These
biological parameters were also associated with the ability of
recover from a short submaximal exercise (Charlot et al.,
2015). In another study, Waltz et al. (2013) showed that high
levels of anemia, low fetal hemoglobin levels, and low RBC
deformability were independent predictors of a low 6-min
walking test performance.

Blood rheological abnormalities play a key role in the
pathophysiology of SCA. For this reason, several works have
investigated the effects of acute exercise on various biological
parameters to determine what kind of exercise could be
considered completely safe for individuals with SCA. In a study
performed in Ivory Coast, 17 patients with SCA performed a
20 min moderate exercise (45 Watts) with blood sampling before
and at the end of exercise (Balayssac-Siransy et al., 2011; Faes
et al., 2014). Despite an increase in the percentages of dense
RBC at the end of the effort, blood viscosity and soluble forms
of P- and E-selectin remained unchanged compared to the pre-
exercise level (Balayssac-Siransy et al., 2011; Faes et al., 2014).
Slight increases of the plasma soluble forms of VCAM-1 and
ICAM-1 were noted at the end of the exercise in SCA patients,
suggesting slight endothelial activation (Faes et al., 2014). On
the other hand, another study by Liem et al. (2015) reported
higher concentrations of soluble VCAM-1 in the plasma of SCA
patients at rest compared to a control group, but progressive
and maximal exercise tests did not induce any further rise of
VCAM-1. An additional study by Waltz et al. (2012) evaluated
blood rheological parameters in subjects with SCA following
a short (10–12 min) progressive submaximal cycling exercise,
conducted until the first ventilatory threshold was reached. The
exercise caused no changes in hematocrit, white blood cell
count, blood viscosity, RBC deformability, or RBC aggregation.
Furthermore, the strength of RBC aggregates decreased 2 and
3 days after the exercise. This delayed effect of exercise on
RBC aggregate strength could be beneficial from a clinical
point of view since this parameter is associated with risk of
acute chest syndrome (Lamarre et al., 2012), and is increased
during vaso-occlusive crises (Lapoumeroulie et al., 2019). Grau
et al. (2019) recently confirmed that a short progressive and
submaximal cycling exercise had no deleterious effect on RBC
deformability and showed that this kind of effort does not
exacerbate hemolysis. Finally, Barbeau et al. (2001) previously
reported that the repetition of 30 min of moderate exercise for
three consecutive days increased plasma NO concentrations in
subjects with SCA. This could be viewed as a positive effect
since NO bioavailability is reduced in SCA (Kato et al., 2007).
It is important to note that none of these studies reported
any clinical complications immediately or several days after the
exercise (Barbeau et al., 2001; Balayssac-Siransy et al., 2011; Waltz
et al., 2012; Faes et al., 2014; Grau et al., 2019). Overall, the
results of these studies suggest that mild-to-moderate intensity
exercise is probably safe in SCA, but longer or high-intensity
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FIGURE 2 | Acute (A) and chronic (B) effects of exercise on blood rheology (blood viscosity, plasma viscosity, hematocrit, red blood cell deformability, and
aggregation) in healthy individuals and patients with sickle cell anemia., ↑, ↓; =, no change; ?, unknown.

exercise should be avoided, or recommended only on a case-
by-case basis (Martin et al., 2018). Still, some patients may
experience moderate to severe hemoglobin desaturation, even
during low-intensity or submaximal exercises, like the 6-min
walking test (Waltz et al., 2013). Hemoglobin desaturation can
promote RBC sickling in conditions of prolonged hypoxemic
stress. Therefore, SCA patients should always be screened for
hemoglobin desaturation during exercise tests to identify whether
the person is at risk of experiencing exercise-induced hypoxemia
during submaximal efforts.

The accumulating evidence showing that acute exercise
could be safe for SCA patients prompted several groups
to test the effects of regular exercise in mice and humans
with SCA. Studies conducted in sickle SAD mice showed
that 8 weeks of voluntary wheel running decreased
blood viscosity (Faes et al., 2015), limited systemic
oxidative stress (Charrin et al., 2015), and decreased
pulmonary endothelial activation in response to an hypoxic-
reoxygenation stimulus (Aufradet et al., 2014). An additional
study conducted by Charrin et al. (2018) evaluated the
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effects of 8 weeks of aerobic training (1 h/day, 5 days/week) in
a more severe mice model of SCA (Townes mice). The chronic
exercise decreased several markers of systemic inflammation,
including white blood cell count, plasma Th1/Th2 cytokine
ratio, and Interleukin-1β level, and reduced the occurrence of
splenomegaly. Furthermore, two other studies have also shown
that endurance training improved muscle function in Townes
SCA mice (Chatel et al., 2018; Gouraud et al., 2019).

Presently, only a few studies have been conducted to evaluate
chronic exercise in people with SCA. Omwanghe et al. (2017)
recently reported that 90% of children with SCA participate in
physical education and 48% participate in sports. These findings
illustrate that children with SCA do moderate to vigorous
intensity physical activity for short durations. The same research
group also prescribed three home exercise sessions per week, for
12 weeks, to 13 children with SCA. Results showed that 77%
of subjects completed 89% of the prescribed sessions without
any exercise-related adverse events. These results indicate that
regular moderate exercise is safe and feasible in children with
SCA. In an additional study by Gellen et al. (2018), adults
with SCA performed 45 min of exercise three times a week for
8 weeks. No adverse events were reported in the study period,
confirming that regular physical activity can be safe for people
with SCA. Moreover, the SCA subjects’ power outputs measured
at 4 mmol/L blood lactate significantly increased after the 8 weeks
training period, indicating improved physical fitness. Currently,
no human studies have been conducted to determine whether
chronic exercise can modulate the biological parameters (i.e.,
blood rheology, hematology, inflammation, oxidative stress) that
cause the various acute complications experienced by people with
SCA. However, the current evidence that exists suggests that
moderate-intensity endurance-exercise training could potentially
be used as a beneficial therapeutic strategy for patients with SCA
(Gellen et al., 2018).

CONCLUSION

In conclusion, whole blood viscosity is a physiological parameter
that should be considered when studying vascular resistance
in healthy populations or in patients affected by various
diseases. Plasma viscosity, hematocrit, RBC deformability, and

RBC aggregation are all factors that modulate blood viscosity.
Alterations in any of these factors can modify blood flow
resistance in the vasculature and alter tissue perfusion. In
healthy individuals, the vascular system can adapt to elevations
in blood viscosity because increased shear stress results in
endothelium-dependent NO production. However, in individuals
with vascular dysfunction, the vessels are not able to effectively
vasodilate. Therefore, elevated blood viscosity can increase
vascular resistance.

Tissue perfusion plays a key role during exercise and
exercise can modulate blood viscosity and RBC rheology. The
effects of acute exercise in healthy individuals are dependent
on exercise modality, intensity, duration and physical fitness
of the subjects. Most of the studies have found that acute
cycling exercise increases blood viscosity by decreasing RBC
deformability and increasing hematocrit and plasma viscosity
(Figure 2). In contrast, acute running exercise is suggested to
not cause any change in blood viscosity because of unaltered
hematocrit (Figure 2). Furthermore, chronic exercise has
been shown to decrease blood viscosity by increasing RBC
deformability and decreasing hematocrit because of chronic
auto-hemodilution (Figure 2).

Sickle cell anemia is a hereditary disease that causes
pathological changes in blood rheology that ultimately contribute
to the development of vascular dysfunction and disease
complications. Several studies have shown that light to moderate
intensity acute exercise is well-tolerated in individuals with SCA
(Figure 2). Additionally, chronic exercise has been shown to
cause positive hemorheological adaptations that could play a
role in the positive benefits that result from training programs
in patients with various cardiovascular disorders (Figure 2).
Therefore, additional studies should be carried out to determine
whether chronic exercise could improve blood rheological
profiles in individuals with SCA, and decrease the severity of
disease complications.
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The Many Facets of Erythropoietin
Physiologic and Metabolic Response
Sukanya Suresh†, Praveen Kumar Rajvanshi and Constance T. Noguchi*

Molecular Medicine Branch, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health,
Bethesda, MD, United States

In mammals, erythropoietin (EPO), produced in the kidney, is essential for bone
marrow erythropoiesis, and hypoxia induction of EPO production provides for the
important erythropoietic response to ischemic stress, such as during blood loss and
at high altitude. Erythropoietin acts by binding to its cell surface receptor which is
expressed at the highest level on erythroid progenitor cells to promote cell survival,
proliferation, and differentiation in production of mature red blood cells. In addition
to bone marrow erythropoiesis, EPO causes multi-tissue responses associated with
erythropoietin receptor (EPOR) expression in non-erythroid cells such neural cells,
endothelial cells, and skeletal muscle myoblasts. Animal and cell models of ischemic
stress have been useful in elucidating the potential benefit of EPO affecting maintenance
and repair of several non-hematopoietic organs including brain, heart and skeletal
muscle. Metabolic and glucose homeostasis are affected by endogenous EPO and
erythropoietin administration affect, in part via EPOR expression in white adipose tissue.
In diet-induced obese mice, EPO is protective for white adipose tissue inflammation
and gives rise to a gender specific response in weight control associated with white fat
mass accumulation. Erythropoietin regulation of fat mass is masked in female mice due
to estrogen production. EPOR is also expressed in bone marrow stromal cells (BMSC)
and EPO administration in mice results in reduced bone independent of the increase in
hematocrit. Concomitant reduction in bone marrow adipocytes and bone morphogenic
protein suggests that high EPO inhibits adipogenesis and osteogenesis. These multi-
tissue responses underscore the pleiotropic potential of the EPO response and may
contribute to various physiological manifestations accompanying anemia or ischemic
response and pharmacological uses of EPO.

Keywords: erythropoietin, erythropoietin receptor, nitric oxide, gender-specific, obesity, inflammation, bone

Abbreviations: ACTH, Adrenocorticotropic hormone; AKT, Protein kinase B (PKB); ARNT, Aryl hydrocarbon nuclear
translocator (HIF-1β); BMP, Bone morphogenetic protein; BMSC, Bone marrow stromal cells; C2C12, Mouse myoblast cell
line; EGLN1, Egl-9 Family Hypoxia Inducible Factor 1 (PHD2); eNOS, Endothelial nitric oxide synthase (NOS3); EPAS1,
Endothelial PAS Domain Protein 1 (HIF-2α); EPO, Erythropoietin; EPOR, Erythropoietin receptor; ERK, Extracellular
signal-regulated kinase; ET-1, Endothelin-1; FGF, Fibroblast growth factor; FIH-1, Factor inhibiting HIF-1; GATA,
GATA binding protein; HIF, Hypoxia-inducible factor; JAK, Janus kinase; MDS, Myelodysplastic syndrome; mEPOR−/−,
Erythropoietin receptor knockout mouse; Myf-5, Myogenic factor 5; MYF6, Myogenic factor 6; MyoD, Myoblast
determination protein 1; NAD, Nicotinamide adenine dinucleotide; NF-κB, Nuclear factor kappa-light-chain-enhancer of
activated B cells; NO, Nitric oxide; PAX7, Paired box 7; PGC-1, Peroxisome proliferator-activated receptor gamma coactivator
1-alpha; PHD, Prolyl hydroxylase; PI3K, Phosphoinositide 3-kinase; POMC, Proopiomelanocortin; PPARα, Peroxisome
proliferator-activated receptor alpha; PRDM16, PR-domain-containing 16; RAW264.7, Mouse macrophage cell line; Sirt1,
Sirtuin 1; STAT, Signal transducers and activators of transcription; TAL1, T-cell acute lymphocytic leukemia protein 1;
U/kg, Units per kilogram (EPO dose); UCP1, Uncoupling protein 1; VHL, Von Hippel-Lindau protein; WSXWS, Amino
acid motif (tryptophan-serine-X-tryptophan-serine); 1EpoRE, Mice with EPOR restricted to erythroid tissue; α-MSH,
Alpha-melanocyte stimulating hormone.
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INTRODUCTION

Erythropoietin is the hormone that regulates the daily production
of 200 billion new red blood cells in the human body. Red
blood cells are a renewable resource with a limited lifespan of
about 120 days, have an intracellular protein content of about
95% hemoglobin, a tetrameric globular protein that binds oxygen
cooperatively, and function primarily to transport oxygen from
the lungs to the tissues. EPO binding to erythroid progenitor
cells promotes their survival, proliferation, and differentiation to
mature erythrocytes. EPO production is hypoxia inducible and
is made in the interstitial cells in the adult kidney (Kobayashi
et al., 2017; Anusornvongchai et al., 2018). In response to
anemia, ischemic stress or high altitude, EPO production is
induced (Pugh and Ratcliffe, 2017) and stimulates erythroid
progenitor cells in the bone marrow to expand the erythroid
lineage thus markedly increasing erythropoiesis and mature red
blood cell production. EPO and EPOR on the surface of erythroid
progenitor cells are required for red blood cell production
and mice with targeted deletion of EPO or EPOR die during
embryonic development of severe anemia (Wu et al., 1995;
Lin et al., 1996). However, EPOR expression is not restricted
to erythroid tissue. This review will address EPO activity in
erythroid cells and in select non-hematopoietic tissues expressing
EPOR and lessons gleaned from studies in animal models on the
protective effects of EPO in ischemic injury and wound healing,
regulation of metabolic homeostasis including gender specific
EPO response and bone remodeling (Figure 1).

ERYTHROPOIETIN ACTION IN
ERYTHROID CELLS

Erythropoietin is a glycoprotein produced primarily in the fetal
liver and adult kidney to regulate red blood cell production.
Human EPO is encoded as a 193 amino acid polypeptide with a
NH2-terminal 27 amino acid signal peptide and three potential
N-linked glycosylation sites; posttranslational cleavage of the
carboxyl terminal arginine gives rise to a 165 amino acid mature
polypeptide for human EPO (Jacobs et al., 1985; Lin et al., 1985;
Recny et al., 1987). Recombinant EPO produced in Chinese
hamster ovary cells yields a glycoprotein with apparent molecular
weight about 34,000 that is biologically active (Recny et al., 1987).
EPO received approval in 1989 from the U.S. Food and Drug
Administration for clinical treatment of anemia associated with
chronic renal failure due to insufficient EPO production, which
has markedly improved treatment of this disease (Paoletti and
Cannella, 2006; Jelkmann, 2013; Wright et al., 2015).

Sites of EPO Production
During mammalian development, observations of EPO
production in mice suggest that EPO is first expressed transiently
in neural crest cells during mid-gestation to stimulate yolk
sac primitive erythropoiesis for oxygen transport in mid-stage
embryos (Malik et al., 2013; Suzuki et al., 2013; Hirano and
Suzuki, 2019). As development progresses, the liver becomes
the site of EPO production and definitive erythropoiesis

FIGURE 1 | Pleiotropic effects of erythropoietin. High level of EPOR on
erythroid progenitor cells accounts for the sensitive erythropoietic response in
the bone marrow to hypoxic induction of EPO. EPOR expression determines
EPO response and expression beyond erythroid tissue provides for EPO
response in non-hematopoietic tissues that include the following: brain for a
neuroprotective and metabolic response; cardiovascular system for regulating
vascular tone and oxygen delivery in endothelium and protection in heart
against ischemic injury; skeletal muscle for muscle maintenance and repair;
white adipose tissue for protection for inflammation associated with
diet-induced obesity and fat mass accumulation, particularly in males; and
bone remodeling.

(Palis, 2014; Palis and Koniski, 2018). EPO is required for
definitive erythropoiesis and knockout of EPO or EPOR in mice
results in death in utero around day 13.5 due to disruption of
erythropoiesis in the fetal liver resulting in severe anemia (Wu
et al., 1995; Lin et al., 1996). By the last third of gestation in
mammalian development, the site of EPO production gradually
switches to the kidney which becomes the major site of EPO
production in the adult (Zanjani et al., 1981; Dame et al., 1998)
and red blood cell production switches from the fetal liver to
bone marrow, the site of adult hematopoiesis (Ho et al., 2015).
Interstitial peritubular cells of the kidney are the EPO-producing
cells and hypoxia induction of EPO production results mainly
from the increase in the number of cells producing EPO (Tan
et al., 1991; Eckardt et al., 1993; Juul et al., 1998; Obara et al.,
2008). EPO expression is detected in tissues beyond liver and
kidney including brain and neural cells, spleen, lung, and bone
marrow (Fandrey and Bunn, 1993; Masuda et al., 1994; Marti
et al., 1996; Dame et al., 1998; Juul et al., 1998), but does not
substitute for the required erythropoietic regulation provided
by the kidney. Interestingly, genetically over-stabilizing the
hypoxic response in osteoblasts in mice resulted in selective
expansion of the erythroid lineage leading to development of
severe polycythemia due to high level of EPO expression in
osteoblasts compared to relatively lower levels of EPO induced
by hypoxia in control animals (Rankin et al., 2012).
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EPO Is Hypoxia Inducible
Erythropoietin production is hypoxia responsive mediated via
binding of HIF to the hypoxic responsive element located
downstream of the coding region under hypoxic conditions
(Semenza, 2009). HIF is a heterodimer between HIF-α (HIF-
1α, HIF-2α or HIF-3α) and HIF-1β (or ARNT), and HIF-2α (or
EPAS1) is particularly associated with EPO regulation (Rankin
et al., 2007; Suzuki et al., 2017). Oxygen dependent hydroxylases,
PHD and FIH-1 down regulate HIF-α stability/activity and
provide oxygen sensitivity for HIF regulation of EPO expression
(Jaakkola et al., 2001; Mahon et al., 2001; Lando et al.,
2002). At normoxia, HIF-α is marked for degradation by
proline hydroxylation, primarily by PHD2 (Jaakkola et al.,
2001), providing a binding site for VHL which targets HIF-
α for ubiquitination and proteasome degradation (Ohh et al.,
2000; Ang et al., 2002; Minamishima et al., 2008; Takeda
et al., 2008; Kobayashi et al., 2016). With reduced oxygen,
HIF-α is stabilized and increased HIF-2α in renal EPO-
producing cells up regulates EPO gene expression (Semenza,
2009). The asparaginyl hydroxylase, FIH-1 binds the HIF-
α transactivation domain at normoxia and inhibits HIF-α
transactivation by hydroxylating asparagine residue in the
carboxy-terminal transactivation domain and blocks interactions
with coactivator proteins (Mahon et al., 2001; Lando et al., 2002).
Mutations in VHL, PHD2, and HIF-2α have been identified in
patients with familial erythrocytosis. The Chuvash population of
the Russian Federation is associated with a high prevalence of
polycythemia due to VHL gene mutation that reduces oxygen
dependent HIF-2α degradation and increases EPO production
(Ang et al., 2002; Pastore et al., 2003). Mutations in HIF-
2α or the EGLN1 gene that encodes PHD2 also give rise
to erythrocytosis associated with increased EPO production
(Percy et al., 2006, 2008).

EPOR Gene Regulation in the Erythroid
Lineage
Erythropoietin receptor is expressed at the highest level on
erythroid progenitor cells at the colony forming unit-erythroid
(CFU-E) stage that becomes the most responsive to changes
in EPO level (Broudy et al., 1991). EPO is required for
erythroid progenitor cell survival as cells differentiate from early
erythroid progenitors or burst forming unit-erythroid (BFU-
E) to CFU-E. Mice that lack EPO or its receptor die in utero
at day 13.5 due to severe anemia (Wu et al., 1995; Lin et al.,
1996). EPO binding to its receptor on erythroid progenitor
cells increases expression of erythroid transcription factors,
GATA1 and the basic-helix-loop-helix protein, TAL1, that in turn
transactivate EPOR expression; hence, EPO regulates expression
of its own receptor (Zon et al., 1991; Kassouf et al., 2010; Rogers
et al., 2012). The EPOR promoter region contains conserved
binding sites for ubiquitous Sp1 transcription factor and GATA1
(AGATAA) and in the 5′ untranslated transcribed region 3 E-box
(CAGCTG) TAL1 binding sites (Figure 2A). EPO binding at
the early erythroid progenitor BFU-E stage with low level EPOR
induces GATA1 and TAL1 to activate the erythroid program
including EPOR. EPOR is down regulated with progression of

erythroid differentiation and is not detected on reticulocytes
(Broudy et al., 1991).

EPOR Structure and Signaling
Erythropoietin receptor is a member of the class I cytokine
receptor superfamily that contains a WSXWS motif in the
extracellular domain, a single transmembrane domain, a
cytoplasmic domain that lacks tyrosine kinase activity and
associates with JAK kinase, and form complexes that are
homodimeric, heterodimeric or heterotrimeric (Bazan, 1990;
Liongue et al., 2016). EPO binding to its homodimeric
receptor complex brings the cytoplasmic associated JAK2 kinases
in close proximity allowing for JAK transphosphorylation,
phosphorylation of the receptor, and phosphorylation and
activation of STAT and other downstream signaling pathways
including AKT and ERK1/2 (Witthuhn et al., 1993; Miura
et al., 1994; Watowich, 2011; Kuhrt and Wojchowski, 2015).
Phosphorylated STAT5 subunits, STAT5A, and STAT5B, dimerize
and translocate to the nucleus to activate select gene expression
(Socolovsky et al., 2001).

EPO RESPONSE BEYOND ERYTHROID
CELLS

Availability of recombinant human EPO facilitated discovery
of EPO response in non-hematopoietic tissue. These include
endothelial cells and the cardiovascular system, neural cells and
the brain, myoblasts and skeletal muscle, adipocytes and fat
depots, and bone (; McGee et al., 2012; Zhang et al., 2014;
Hiram-Bab et al., 2017; Figure 1).

Endothelial EPO Response
Erythropoietin activity beyond erythropoiesis was first observed
in endothelial cells. Cultures of primary endothelial cells
from human umbilical vein and bovine adrenal capillary
exhibited EPO binding and dose dependent proliferative and
chemoattractant response to EPO, and EPOR is expressed in
endothelial cells (Anagnostou et al., 1990, 1994). Prior to death
in utero, mice that lack EPO or EPOR exhibit angiogenic defects
including decreased vessel networks (Kertesz et al., 2004).

In endothelial cells, endothelial nitric oxide (NO) synthase
(eNOS or NOS3) produces NO to regulate vascular tone and
blood pressure. EPO stimulation of endothelial cells activates
eNOS and NO production, particularly at reduced oxygen
(Beleslin-Cokic et al., 2004, 2011). Transgenic mice expressing
high level of human EPO with hematocrit of about 80% also
exhibit markedly increased eNOS level and NO production
(Ruschitzka et al., 2000). EPO induction by hypoxia or ischemic
stress stimulates production of red blood cells to improve
oxygen delivery and increase transport of oxygen from the lungs
to the tissues. However, increased red blood cell production
requires increased proliferation and differentiation of erythroid
progenitor cells in bone marrow (and spleen in mice) to expand
the erythroid lineage. EPO stimulated induction of NO provides
the potential for an acute response regulating vascular tone and
improving oxygen delivery.
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FIGURE 2 | Expression of EPOR reporter gene in transgenic mice. (A) The proximal promoter region of the human EPOR gene extending to the translation start site
with ATG at +135 in the human EPOR gene, contains conserved regulatory binding sites for GATA proteins (AGATAA) and Sp1 (CCGCCC), and 3-E-boxes
(CAGCTG) in the 5′ untranslated transcribed region that can bind basic-helix-loop-helix transcription factors such as erythroid TAL1 and skeletal muscle transcription
factors Myf5 and MyoD. (B) Transgenic mice containing the human EPOR proximal promoter region extending 1778 bp 5′ of the transcription start site driving the
β-galactosidase reporter gene shows EPOR expression in the embryonic brain at embryonic day E9.5 (from Liu et al., 1997, with permission). (C) Reporter gene
expression at embryonic day 12.5 (left) and embryonic day 13.5 (right) in the visceral arches, base of limbs, intercostal rib regions, and fetal liver (from Ogilvie et al.,
2000, with permission).

Erythropoietin stimulation of endothelial cells increases ET-
1 secretion that may exacerbate adverse vascular effects (Carlini
et al., 1993; Barhoumi et al., 2014). Mice expressing high
level of transgenic human EPO with elevated hematocrit and
increased NO production also have elevated ET-1 levels, but
do not exhibit hypertension (Ruschitzka et al., 2000). Exposure
to NO synthase inhibitor (N-nitro-L-arginine methyl ester)
decreases eNOS production of NO, increases vasoconstriction
and hypertension, and decreases survival of these mice, while
pretreatment with ET(A) receptor antagonist (darusentan)
improves survival, indicating that increased NO production
in these mice suppresses the adverse effects associated with
increased ET-1 (Quaschning et al., 2003).

EPO and Cardioprotection
During embryonic development, mice that lack EPO signaling
exhibit ventricular hyperplasia indicating defect in proliferation
and expansion of the myocardium (Wu et al., 1999; Yu
et al., 2001). In studies of isolated adult hearts from rodents,
EPO promoted cardioprotection in ischemia reperfusion injury
(Cai et al., 2003; Parsa et al., 2003) and EPO administration
in rabbits was cardioprotective from myocardial infarction
(Cai and Semenza, 2004). In adult rats, EPO administration
immediately after myocardial infarction reduced infarct size
and improved cardiac function linked to neovascularization

(Van Der Meer et al., 2005). Furthermore, EPO treatment in a rat
model for chronic heart failure suggested that long term EPO
treatment stimulated homing of endothelial progenitor cells to
induce neovascularization (Westenbrink et al., 2006). Delayed
weekly EPO treatment beginning 7 days after coronary occlusion
in rats resulted in reduced injury and improved cardiac function
associated with mobilized endothelial progenitor cells (Prunier
et al., 2007). Cardioprotective effects of EPO is mediated via
induction of coronary endothelial production of NO and require
activation of eNOS (Mihov et al., 2009). In genetically modified
mice with EPOR restricted to hematopoietic and endothelial
cells, EPO cardioprotection was observed in acute ischemia
reperfusion injury in heart (Teng et al., 2011a). Cardioprotection
was comparable to that observed in wild type mice, but not in
eNOS knockout mice, providing evidence that EPOR expression
in endothelial cells was sufficient for EPO protection in ischemia
reperfusion injury in heart and that activation of eNOS and
increased NO production is required (Teng et al., 2011a). In
addition, high hematocrit associated with chronic EPO treatment
could offset the EPO cardioprotective effect.

EPO and Neuroprotection
Erythropoietin receptor expression in neurons and select
locations in brain (Masuda et al., 1993; Digicaylioglu et al.,
1995; Morishita et al., 1997) combined with EPO production in
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astrocytes and neurons in a hypoxia inducible manner (Masuda
et al., 1994; Marti et al., 1996) provide evidence for EPO signaling
on the other side of the blood brain barrier. During mouse
development, the brain expresses high level of EPOR mid-
gestation, localized using reporter gene expression, and mice
that lack EPOR exhibit thinning of the neuroepithelium, reduced
neural progenitor cells with increased sensitivity to hypoxia, and
increased brain apoptosis prior to embryonic death due to severe
anemia (Liu et al., 1997; Yu et al., 2002; Figure 2B). Mice with
EPOR expression restricted to hematopoietic and endothelial
tissue and mice with targeted deletion of EPOR in neural cells
show no gross morphological defects but do exhibit reduced
neural cell proliferation and viability, and increased susceptibility
to glutamate damage and stroke (Tsai et al., 2006; Chen et al.,
2007). Conversely, EPO infusion into adult rodent brain increases
the number of newly generated interneurons (Shingo et al.,
2001). In animal models of brain injury, preconditioning with
EPO infusion is protective for ischemia or middle cerebral
artery occlusion – induced learning disability and neuron
death (Sadamoto et al., 1998; Sakanaka et al., 1998; Bernaudin
et al., 1999). In a rodent model of neonatal hypoxia/ischemia,
EPO protection was associated with brain revascularization and
neurogenesis (Iwai et al., 2007).

For clinical application of EPO for ischemic injury, a Phase
I clinical trial for EPO treatment of ischemic stroke provided
evidence for the safety and potential efficacy showing an
association with improvement in clinical outcome at 1 month
(Ehrenreich et al., 2002). A following Phase II/III clinical
trial of EPO treatment with acute ischemic stroke treated 460
patients with EPO or placebo. Unexpectedly, 63% received
recombinant tissue plasminogen activator for treating systemic
thrombolysis that was not approved for use in ischemic stroke
at the time of the Phase I trial. Favorable effects of EPO
were not demonstrated, and overall death rate was 1.8 times
higher in the EPO group than in the placebo group (Ehrenreich
et al., 2009). Further subgroup analysis including post stroke
biomarkers suggested that patients with ischemic stroke not
receiving thrombolysis likely benefited from EPO treatment
(Ehrenreich et al., 2009, 2011). This negative German Multicenter
EPO Stroke Trial underscores the complexity posed by standard
of care and difficulties in translating positive results from animal
studies to the clinic.

Alternate EPO Receptors and EPO
Derivatives
High hematocrit resulting from chronically administered EPO,
particularly at high dose, is associated with adverse effects such
as hypertension and thromboembolism and could counteract
the neuroprotective and cardioprotective effects of EPO. The
potential to activate EPO/EPOR protective response in non-
hematopoietic tissue via an alternate EPO receptor or an
EPO mimetic without increasing erythropoietic activity and
hematocrit is of particular interest. An alternate EPO receptor
has been proposed for non-hematopoietic tissues such as brain
and heart, consisting of a heterodimer between EPOR and the
beta common (βc) receptor, also a member of the class I cytokine

receptor superfamily and shared by receptors for granulocyte-
macrophage colony stimulating factor and interleukins 3 and
5 (Jubinsky et al., 1997; Brines et al., 2004). EPO protection
in a model of experimental colitis in mice is proposed to be
mediated via activation of the EPOR/βc receptor heterodimer
(Nairz et al., 2017). The role of the βc receptor in EPO response is
controversial and evidence of direct interaction between EPOR
and the βc receptor is lacking. In EPO responsive neural SH-
Sy5y and PC12 cells, βc receptor is below the level of detection,
and in rat brain, βc receptor does not colocalize with either EPO
or EPOR (Nadam et al., 2007; Um et al., 2007). Furthermore,
cardioprotection in mice by darbepoetin, a long acting derivative
of EPO, did not require the βc receptor (Kanellakis et al., 2010).
Biophysical analyses show that the extracellular domains of
EPOR and the βc receptor do not directly interact in the presence
or absence of EPO (Cheung Tung Shing et al., 2018), and the role
of the βc receptor in EPOR response to EPO remains uncertain.
Other proposed EPO binding receptors include the Ephrin B4
receptor on cancer cells and the orphan cytokine receptor CRLF3
on insect neural cells (Pradeep et al., 2015; Hahn et al., 2017).

Erythropoietin derivatives that can promote non-
hematopoietic tissue protective effects, especially
neuroprotection and cardioprotection, without stimulating
erythropoiesis, have been proposed to bind alternate EPO
receptors such as the EPOR/βc receptor heterodimer. These
include asialoerythropoietin, carbamylated EPO, ARA 290
[cibinetide; helix B surface peptide (11 amino acid peptide
derived from the EPO sequence)], and recombinant EV-3 (an
EPO derived a spliced variant with exon 3 deleted) (Erbayraktar
et al., 2003; Brines et al., 2004, 2008; Fiordaliso et al., 2005;
Robertson et al., 2013; Bonnas et al., 2017). Clinical studies
explored the safety and use of EPO and carbamylated EPO
to increase frataxin levels for treatment of Friedreich’s Ataxia
(Boesch et al., 2014; Egger et al., 2014; Santner et al., 2014). ARA
290 treatment in phase 2 trials for Sarcoidosis-associated small
nerve fiber loss showed improved abundance of corneal nerve
fiber and neuropathic pain following 28 day treatment (Dahan
et al., 2013; Culver et al., 2017). Another phase 2 trial focused on
the potential benefit of ARA 290 treatment in subjects with type
2 diabetes for neuropathy as well as metabolic control (Brines
et al., 2015). These EPO derivatives suggest the potential to
therapeutically activate the tissue-protective activity associated
with EPO while minimizing the risk attributed to increases in
erythropoiesis and hematocrit.

Skeletal Muscle EPO Response
Reporter gene expression in transgenic mice during development
revealed EPOR expression shared resemblance with the
expression pattern in developing muscle associated with E-box
binding basic-helix-loop-helix muscle transcription factors,
MyoD and Myf-5, localizing in the visceral arches, proximal
forelimb and intercostal area (Sadamoto et al., 1998; Figure 2C).
Primary satellite cells isolated from mouse and human skeletal
muscle express EPOR (Ogilvie et al., 2000; Rundqvist et al., 2009).
Like erythroid progenitor cells, EPO increases proliferation of
C2C12 myoblasts and induces EPOR expression that decreases
with cell differentiation (Ogilvie et al., 2000). EPOR expression
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is regulated by GATA3, GATA4, and TAL1, and can also be
transactivated by MyoD and Myf-5 (Ogilvie et al., 2000; Wang
et al., 2012). EPO stimulates myoblast proliferation and survival,
increases GATA4 and TAL1 that retard myogenic differentiation,
mediated in part by Sirt1 activity, and inhibits expression
of myogenin associated with differentiating myoblasts and
myotube formation (Wang et al., 2012). Improved survival was
demonstrated by transplantation of myoblasts over-expressing
EPOR into skeletal muscle (Jia et al., 2009). In skeletal muscle,
Pax-7+ satellite cells can self-renew or differentiate to Myf5+
committed muscle progenitor cells that contribute to growth,
maintenance and repair of skeletal muscle (Kuang et al., 2007).
Mice that express high transgenic human EPO have increased
skeletal muscle Pax-7+ satellite cells and isolated primary
myoblasts had enhanced proliferation in culture compared to
wild type cultures (Jia et al., 2012). These mice subjected to
skeletal muscle injury exhibited improved muscle repair and
recovery and increased maximum load tolerated by isolated
muscle. In contrast, 1EpoRE have fewer Pax-7+ satellite cells
and isolated primary myoblasts from 1EpoRE mice do not
proliferate in culture, and in skeletal muscle injury, these
mice show delayed muscle repair and recovery, and reduced
maximum load tolerated by isolated muscle (Jia et al., 2012).
Furthermore, EPO treatment increases Pax-7+satellite cells and
promotes repair and recovery from skeletal muscle injury (Jia
et al., 2012). Skeletal muscle myoblasts produced endogenous
EPO that increased at low oxygen, and transgenic mice with high
transgenic human EPO exhibit mouse EPO and elevated human
EPO expression in primary myoblasts, raising the possibility of
an autocrine EPO response in skeletal muscle (Jia et al., 2012).
Transgenic knockdown of circulating EPO levels did not show
any change in EPOR gene expression in mouse skeletal muscle
(Hagström et al., 2010; Mille-Hamard et al., 2012).

In humans, a single injection of EPO increased myogenic
regulatory factor MYF6 mRNA (Lundby et al., 2008) and EPO
treatment increased PAX7 and MYOD1 content in human
satellite cells (Hoedt et al., 2016), suggesting a role for EPO
and its receptor in muscle development or remodeling. EPO
administration also enhanced muscle mitochondrial oxidative
phosphorylation and electron chain transport capacity following
8 weeks of treatment (Plenge et al., 2012). EPO stimulation
in C2C12 myoblasts increased JAK2, STAT5 (Sadamoto et al.,
1998) and AKT phosphorylation (Jia et al., 2009), and mice
expressing elevated EPO in skeletal muscle by gene transfer also
exhibited increased AKT phosphorylation (Hojman et al., 2009).
In humans, a single EPO injection followed by exercise was
not sufficient to activate the AKT pathway in skeletal muscle
(Lamon et al., 2016).

EPO and Skeletal Muscle Fiber Type
Skeletal muscles of vertebrates contain mainly two types of
muscle myofibers, type I (slow twitch) and type II (fast twitch)
that differ in their function, mitochondrial density, and metabolic
properties (Zierath and Hawley, 2004). Type I muscle fibers
contain a high concentration of mitochondria and high oxidative
capacity, and exhibit fatigue resistance and prolonged duration
of muscle activity (Zierath and Hawley, 2004). Endogenous

EPO contributes to muscle myofiber type. In 1EpoRE mice
with EPO activity restricted to erythroid tissue, skeletal muscles
exhibit fewer type I muscle fibers and reduced mitochondrial
activity (Wang et al., 2013a). In contrast, skeletal muscles from
transgenic mice with high EPO production with high transgenic
EPO production show an increase in the proportion of type
I muscle fibers and increased mitochondrial activity (Wang
et al., 2013a). Furthermore, mice with high EPO production
show prolonged position holding time to an inverted wire
grid, suggesting that elevated EPO results in improved muscle
response to fatigue (Jia et al., 2012). PGC-1α is expressed
mainly and preferentially in type I muscle fibers and activates
mitochondrial biogenesis and oxidative metabolism in mice (Lin
et al., 2002). EPO treatment of primary skeletal myoblast cultures
increases mitochondrial biogenesis gene expression including
PGC-1α, increased cytochrome C and oxygen consumption rate
that can contribute to skeletal muscle fiber programming and
development of type I muscle fibers (Wang et al., 2013a).

EPO PROTECTION IN DIET INDUCED
OBESITY

Erythropoietin regulation of metabolism extends beyond oxygen
delivery and contributes to maintenance of white adipose
tissue and metabolic homeostasis. Diet-induced obesity gives
rise to glucose intolerance and insulin resistance, leading to
type 2 diabetes. Animal studies suggest that EPO may be
protective in diet-induced obesity, improves glucose tolerance,
reduces insulin resistance and regulates fat mass accumulation,
particularly in male mice (Wang et al., 2014; Zhang et al., 2014;
Alnaeeli and Noguchi, 2015).

EPO and Inflammation in Obese White
Adipose Tissue
The anti-apoptotic and protective effects of EPO in select
tissues such as adult and preterm brain contribute to
an anti-inflammatory response, inhibiting expression of
proinflammatory cytokines and reducing macrophage infiltration
(Villa et al., 2003; Wassink et al., 2017). The immune-modulatory
activity of EPO as observed in the gut is mediated by JAK2
activation and inhibition of macrophage NF-kB response
(Nairz et al., 2011). In diet-induced obesity, EPO modulates the
proinflammatory response of macrophage infiltration in white
adipose tissue and promotes an anti-inflammatory phenotype
(Alnaeeli et al., 2014).

In white adipose tissue, macrophages are found in the
stromal vascular fraction. High fat diet feeding in C57BL/6
mice results in inflammation and macrophage infiltration of
white adipose tissue, resulting in crown-like structures of
macrophages surrounding necrotic adipocytes. Among non-
hematopoietic tissues, EPOR is highly expressed in white adipose
tissue and specifically on adipocytes and macrophages in the
stromal vascular fraction, and EPO treatment exhibits anti-
inflammatory activity in white adipose tissue of obese mice
(Alnaeeli and Noguchi, 2015). In obese C57BL/6 male mice,
short term EPO treatment (2 weeks) increases hematocrit without
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affecting body mass, improves glucose tolerance and insulin
resistance, and shifts the inflammation of white adipose tissue
associated with high fat diet feeding toward an anti-inflammatory
phenotype (Alnaeeli et al., 2014). EPO treatment reduces
inflammation and crown-like structures in white adipose tissue,
decreases pro-inflammatory cytokine/chemokine expression, and
increases anti-inflammatory cytokine interleukin 10 expression.
EPO reduces the total number of macrophages and shifts the
remaining macrophage population toward the anti-inflammatory
macrophage subtype. EPO promotes STAT3 phosphorylation
in white adipose tissue macrophages and the EPO stimulated
increase in the anti-inflammatory macrophage subtype is
dependent on interleukin 4/STAT6 signaling. Furthermore,
1EpoRE lack EPOR expression in white adipose tissue and
exhibit higher circulating inflammatory monocytes on high
fat diet feeding compared with wild type mice, suggesting
a role for immune regulation by endogenous EPO/EPOR
signaling (Alnaeeli and Noguchi, 2015). 1EpoRE mice on
high fat diet show even greater inflammation and crown-like
structures in white adipose tissue, elevated cytokine/chemokine
expression in perigonadal white adipose tissue stromal vascular
fraction, glucose intolerance and insulin resistance. When treated
with EPO, 1EpoRE mice exhibit the expected increase in
hematocrit without significant difference in glucose tolerance or
inflammation in white adipose tissue (Alnaeeli et al., 2014).

Insulin resistance associated with diet induced obesity has
been linked to inflammation of white adipose tissue (Lumeng
and Saltiel, 2011; Han and Levings, 2013; Chen et al., 2019).
This suggests that the activity of EPO to reduce white adipose
tissue inflammation in diet induced obesity may contribute to
EPO stimulated improvement in insulin resistance. Other EPO
associated metabolic activity can also affect insulin resistance.
Adipocyte response to EPO contributes to insulin sensitivity and
C57BL/6 mice with adipocyte-specific deletion of EPOR on high
fat diet exhibit decreased glucose tolerance and insulin sensitivity,
an effect that may depend on mouse background strain (Luk
et al., 2013; Wang et al., 2013b). In pancreatic β-cells EPO exerts
JAK2 dependent protective effects and induces proliferative,
anti-inflammatory and angiogenic activity within the islets in
mouse diabetic models (Choi et al., 2010). EPO enhances AKT
activation in liver, inhibits gluconeogenesis in high fat diet fed
mice and reduces liver inflammation associated with diet induced
obesity (Meng et al., 2013). EPO activity in brain, particularly the
hypothalamus, also influences metabolic homeostasis (Teng et al.,
2011b; Dey et al., 2016).

Endogenous EPO Is Required for
Erythropoiesis and Regulates Fat Mass
Accumulation
Expression of EPOR beyond erythroid tissue and the protective
effects of EPO administration in animal models of ischemia
and traumatic injury in non-hematopoietic tissue such as
the cardiovascular system, brain and skeletal muscle raise
questions about the requisite role of EPO beyond regulation
of red blood cell production. 1EpoRE mice with EPOR
expression restricted to erythroid tissue were created using an

erythroid specific transgene expressing EPOR cDNA driven by
the erythroid transcription regulatory regions of the GATA1
erythroid transcription factor to rescue the EPOR knockout
mouse (mEPOR-/-) (Suzuki et al., 2002). These mice survive
through adulthood, providing evidence that the primary and
necessary function of EPO is to regulate red blood cell
production, and that the non-hematopoietic EPO activity is
dispensable for embryonic development.

While 1EpoRE mice created on a C56BL/6 background
exhibit no gross morphologic defects, they exhibit a
disproportionate accumulation of fat mass with age (Teng
et al., 2011b). By 4 months, the body mass is 60% greater in
female 1EpoRE mice than wild type control mice and 25%
greater in male 1EpoRE mice than wild type control mice
(Figures 3A,B). The increase in body mass in 1EpoRE mice is
due to an increase in both the visceral and subcutaneous white
fat. Fat mass continues to disproportionately increase in 1EpoRE
mice and by 8 months, fat mass is more than doubled in female
1EpoRE mice compared to control. 1EpoRE mice are glucose
intolerant and with increasing accumulation of fat mass become
insulin resistant by 4 months in female and by 6 months in male
mice. While there is no difference in food intake by 1EpoRE
mice on normal chow, 1EpoRE mice exhibited greater body
weight gain normalized to food intake, consistent with decreased
energy expenditure. Even before overt obesity, young 1EpoRE
mice exhibited decreased locomotor activity and decreased
metabolic rate assessed by indirect calorimetry. On high fat diet,
1EpoRE mice behaved similarly with food intake comparable
to wild type control mice and had decreased locomotor activity
and metabolic rate.

C57BL/6 mice with targeted deletion of EPOR in adipocytes
fed normal chow exhibited a modest increase in body weight
and fat mass with lower total activity and oxygen consumption
(Wang et al., 2013b). High fat diet feeding further accentuated
these differences, although food intake was comparable with wild
type control mice. Young mice that lack EPOR in adipocytes
fed high fat diet for 6 weeks showed a 1.4-fold increase in fat
mass compared with control mice and higher blood glucose and
serum insulin levels, glucose intolerance and insulin resistance,
suggesting that endogenous EPOR expression on adipocytes
contributes significantly to metabolic regulation.

EPO Activity in Adipocytes and
Regulation of Fat Mass Accumulation
Initial studies in mice suggesting EPO activity in metabolic
homeostasis involved skeletal muscle gene transfer to over-
express EPO that resulted in weight reduction in obese mice
due to reduction in fat mass accompanied by increased muscle
oxidation and normalization of glucose sensitivity (Hojman et al.,
2009; Teng et al., 2011b). Further studies of exogenous EPO
treatment in mice including genetic mouse models of obesity
and transgenic mice constitutively overexpressing human EPO
showed that elevated serum EPO levels decreased blood glucose
and decreased body weight, especially body weight gain in obese
mice (Katz et al., 2010). Interestingly, hemodialysis patients on
short-term EPO treatment showed improved glucose metabolism
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FIGURE 3 | Endogenous and exogenous EPO signaling regulates white fat mass accumulation. (A,B) Body weight to 48 weeks of age are indicated for wild type
mice (solid line) and mice with EPOR restricted to erythroid tissue (Suzuki et al., 2002) (1EpoRE) (dashed line) for females (A) and males (B). (C,D) Hematocrit (C)
and % body weight normalized to starting body weight (D) for male wild type mice subjected to 3 weeks of EPO treatment at 3000 U/kg three times weekly (dashed
line) or saline (solid line). Arrow indicates end of EPO treatment. ∗p < 0.05; ∗∗p < 0.01 (from Teng et al., 2011b, with permission).

indicated by a reduction in insulin resistance and decreased
glycated hemoglobin and hyperleptinemia (Osman et al., 2017).
Accompanying the increase in hematocrit with EPO treatment
in C57BL/6 male mice is a decrease of body weight in mice
fed normal chow and a reduction in weight gain and fat mass
accumulation in mice on high fat diet feeding (Teng et al., 2011b;
Figures 3C,D). However, 1EpoRE treated with EPO show the
expected increase in hematocrit without change in body weight
indicating that EPO regulation of fat mass is independent of EPO
stimulated red blood cell production (Teng et al., 2011b). Mice
with selective deletion of EPOR on adipocytes exhibit increased
hematocrit with EPO treatment, but only a non-significant
decreasing trend in body weight, exemplifying the direct role of
EPO response in adipocytes to EPO regulation of body weight
and fat mass accumulation in addition to glucose metabolism and
insulin sensitivity (Wang et al., 2013b).

In white adipose tissue, EPOR is expressed at high level (about
60% of spleen, a mouse hematopoietic tissue), and in culture, EPO
treatment decreases preadipocyte differentiation and induces
ERK activation in primary mouse embryonic fibroblasts but not
in embryonic fibroblasts generated from 1EpoRE mice (Teng
et al., 2011b). Despite the increase in fat mass in 1EpoRE
mice, analysis of adipocyte size distribution in gonadal fat pads
showed a shift to smaller cells in 1EpoRE mice indicating
a marked increase in adipocyte number with loss of EPOR
in non-hematopoietic tissue, providing further evidence that
endogenous EPO contributes to regulation of adipocyte number
in addition to fat mass accumulation (Teng et al., 2011b).

Insulin stimulates AKT activation and analysis of white
adipose tissue from male C57BL/6 mice revealed that EPO
treatment also increased AKT phosphorylation in white adipose
tissue, but not in mice with targeted deletion of EPOR in
adipocytes, suggesting that EPO modulates AKT activation in

white adipose tissue and potentially affects insulin signaling
(Wang et al., 2013b). Further analysis of white adipose tissue
shows that EPO treatment promotes a brown fat-like program,
increases mitochondrial biogenesis independent of changes in
body weight, and increases cellular respiration rate, and decreases
the white fat-like program (Wang et al., 2013b). Conversely,
white adipose tissue from mice with targeted deletion of EPOR in
adipocytes shows decreased mitochondrial biogenesis, decreased
cellular respiration rate and suppression of brown fat-like
program and increase in white fat-like program, and no response
to EPO stimulation (Wang et al., 2013b). EPO activity in white
adipocytes is mediated via increased PPARa that cooperates with
increased activity of metabolic sensor Sirt1, an NAD-dependent
class III histone deacetylase sirtuin.

In addition to EPO regulation of fat mass accumulation in
white adipose tissue, EPO decreased lipid accumulation in the
liver while stimulating STAT3/STAT5 activation and promoting
lipolysis in white adipose tissue, suggesting benefit in non-
alcoholic fatty liver disease (Tsuma et al., 2019). In brown adipose
tissue of young C57BL/6 mice, EPO treatment stimulated STAT3
and upregulated transcription factor PRDM16 that controls
brown adipocyte differentiation and total UCP1 that is essential
for brown adipose tissue thermogenesis (Kodo et al., 2017).

EPO Regulation of Proopiomelanocortin
(POMC) and Food Intake
Erythropoietin treatment in male mice fed high fat diet showed
both increase in activity and decrease in food intake, pointing
to potential EPO regulation in the central nervous system to
regulate food intake and energy expenditure (Teng et al., 2011b).
The hypothalamus regulates appetite by production in the arcuate
nucleus of the orexigenic or appetite-increasing neuropeptide
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Y and agouti-related protein, and the anorexigenic or appetite-
suppressing precursor protein, POMC. EPOR is expressed in
brain, and EPOR expression level in hypothalamus is comparable
to white adipose tissue and EPOR in the hypothalamus
colocalizes to POMC expressing neurons in the arcuate nucleus
(Teng et al., 2011b). EPO treatment in C57BL6 male mice
increases hypothalamus expression of POMC and α-MSH, a
POMC cleavage product, but not expression of neuropeptide Y
or agouti-related protein (Teng et al., 2011b; Dey et al., 2016).
Leptin stimulates STAT3 activation in the hypothalamus resulting
in production of several neuropeptides including POMC to
regulate appetite; hypothalamus neural cultures show that EPO
also activates STAT3 (Dey et al., 2016). Conversely, 1EpoRE
mice show a decrease in STAT3 activation in hypothalamus
and reduced POMC levels with and without EPO treatment,
suggesting that EPO regulates appetite, and potentiates leptin
response (Dey et al., 2016).

In the pituitary, POMC production gives rise to ACTH.
Although EPO treatment in wild type mice increases
hypothalamus production of POMC, EPO treatment decreases
plasma ACTH level (Dey et al., 2015). On the other hand,
plasma concentration of ACTH is high in 1EpoRE mice with
reduced POMC production in the hypothalamus, suggesting
that both endogenous and exogenous EPO contributes to
regulation of plasma ACTH. EPO treatment in cultures of
mouse corticotroph pituitary cell line shows decrease in basal
intracellular calcium levels, no change in POMC mRNA and
increased intracellular ACTH, indicating disruption of post-
translational processing of POMC and inhibition of ACTH
secretion. EPO regulation of pituitary derived ACTH plasma
levels suggests a wider role for EPO regulation of metabolism
and obesity via the neuroendocrine hypothalamic-pituitary axis
(Dey and Noguchi, 2017).

Gender Specificity of EPO Action and
Regulation of Fat Mass
Estrogen can affect EPO action via direct regulation of EPO
production or modulation of tissue specific EPO response. For
example, in adult female mice, estrogen dependent induction of
EPO in the mouse uterus contributes to angiogenic activity and
blood vessel formation in the uterine endometrium, contributing
to the cyclic remodeling in the estrus cycle transition from
diestrus to proestrus (Yasuda et al., 1998). With regards to
environmental hypoxia, EPO affects the hypoxic ventilatory
response via EPOR expression in brain and carotid body, and
this response is increased in women and female mice compared
with men and male mice (Soliz et al., 2012). This sexual
dimorphism of EPO stimulated hypoxic ventilatory response is
attributed, in part, to carotid body sensitivity to sex hormones,
particularly estrogen.

Erythropoietin regulation of metabolism also appears
to be sex-dependent. In 1EpoRE mice the age dependent
accumulation of excess body fat is greater in female that develop
obesity and insulin resistance by 4 months of age compared with
male mice that exhibit a slower rate of body fat accumulation,
becoming obese and insulin resistance at 6 months of age

(Teng et al., 2011b; Figures 3A,B). In contrast, fat mass is not
altered by EPO treatment in female C57BL/6 mice on normal
chow or high fat diet, while EPO treatment in male mice on
normal chow decreases fat mass and EPO treatment in male
mice on high fat diet reduces the accumulation of fat mass
(Zhang et al., 2017; Figures 4A,B). Gender-specific response
was also observed in gene expression in white adipose tissue
where EPO treatment in mice increased expression in select
oxidative genes in male mice on normal chow and on high fat
diet, but not in female mice. The greater increase in fat mass
in male mice on high fat diet compared with female mice is
evidence of the protective effect of female hormones against diet
induced obesity (Figures 4A,B) and raises the possibility that
female hormones interfere with the anti-obesity effect of EPO
observed in male mice. The anti-obesity effect of EPO on mice
fed high fat diet was restored in ovariectomized mice. Like male
mice, ovariectomized mice on high fat diet treated with EPO
showed the decrease in fat mass (Figure 4C). The protective
effect of estrogen to diet induced obesity was demonstrated
in ovariectomized mice supplemented with estradiol which
was more effective in reducing fat mass than EPO, and fat
mass was not further enhanced with estrogen combined with
EPO (Figure 4C). EPO stimulated increase in hematocrit
was comparable in male in female mice indicating that the
sex-dependent regulation of fat mass is independent of EPO
regulated response in erythroid tissue.

To further examine the relationship of EPO level with
body weight in human, endogenous plasma EPO concentration
was assessed in a subset of full-heritage Southwestern Native
Americans studied to understand the high prevalence of obesity
and type 2 diabetes (Smith et al., 1996; Pavkov et al., 2007). As
expected, endogenous plasma EPO level negatively associated
with hemoglobin (p = 0.005) and no association was found
for EPO and percent weight change per year in the study
group of 79 individuals (Reinhardt et al., 2016). However, when
segregated by sex, males exhibited an association between higher
EPO concentrations and higher 24-h energy expenditure and an
inverse association of endogenous EPO level with percent weight
change per year (p = 0.02) (Figure 5A). In contrast, females
exhibited a positive association of EPO plasma level with weight
change per year (p = 0.02) (Figure 5B). Hence, endogenous EPO
association with weight loss in men and with weight gain in
women is distinct from EPO regulation of erythropoiesis that
is comparable in both men and women and provides additional
evidence for non-hematopoietic and gender-specific endogenous
EPO action on regulation of body weight.

Elevated EPO in Human and Decreasing
Obesity Prevalence at Increasing Altitude
In humans, as one ascends to high altitude increased EPO
production via HIF regulation induces an EPO response
that increases iron utilization for hemoglobin synthesis with
expansion of red blood cell production with elevated blood
hemoglobin and hematocrit (Gassmann and Muckenthaler, 1985;
Smith et al., 2008). The relationship between elevated EPO
and reduction in fat mass suggested by metabolic studies in
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FIGURE 4 | EPO regulation of fat mass is gender specific. (A,B) Cumulative body weight change was monitored in male (A) and female (B) mice (16 weeks) fed high
fat diet and treated with EPO at 3000 U/kg three times weekly (solid symbol) or saline (open symbol) for 3 weeks. (C) Cumulative body weight change in female
ovariectomized (OVA) mice with placebo (p) or estradiol pellet-supplement and treated with EPO (E) or phosphate-buffered saline (P). ∗∗p < 0.01; #p < 0.001 (from
Zhang et al., 2017, with permission).
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FIGURE 5 | EPO and % weight change per year were associated in opposing directions in males and females. (A,B) In full-heritage Southwestern Native Americans,
the association of plasma EPO concentrations (adjusted for creatinine, hemoglobin, and storage time) and % weight change per year was negative in men (A)
(closed squares, N = 41; r = –0.35, p = 0.02). Plasma EPO concentration was positively associated with % weight change per year in females (B) (open circles,
N = 38; r = 0.37, p = 0.02) (modified from Reinhardt et al., 2016, with permission).

male mice (Teng et al., 2011b; Zhang et al., 2017), raises
the possibility that increased EPO levels may explain in part
the lower obesity rate reported for humans associated with
residence at high altitude (Voss et al., 2013, 2014). In the
United States, obesity prevalence is associated inversely with
elevation and urbanization after adjusting for diet, ambient
temperature, physical activity, smoking and demographic factors,
and among overweight service members (proportion male of
93% at low altitude and 94% at high altitude), those stationed
at high altitude were associated with lower incidence of obesity
(Voss et al., 2013, 2014).

Note that high EPO levels can increase the risks of
adverse effects such as cardiovascular complications and
thromboembolic events, seizures, pulmonary embolism and
death. For individuals in residence above 2500 m above sea level,
about 5–10% can develop excessive erythrocytosis and associated
Chronic Mountain Sickness (Villafuerte and Corante, 2016).
However, Tibetan high-altitude natives are the exception and
exhibit a different adaptive response from the hypoxia induction
of EPO, allowing more efficient use of oxygen in their tissues
(Horscroft et al., 2017). Even without high altitude, increase risk
of adverse effects are evident with high endogenous EPO. In the
elderly, elevated EPO levels were associated with increased risk
of death, and in renal transplant recipients higher endogenous
plasma EPO was associated with cardiovascular mortality and
all-cause mortality (den Elzen et al., 2010; Sinkeler et al., 2012).
Elevated EPO levels may be indicative of EPO resistance resulting
from underlying co-morbidities including inflammation, iron
status, malnutrition and disrupted NO metabolism (Ganz and
Nemeth, 2016; Yokoro et al., 2017). The increase risk of
adverse effects with high exogenous EPO administration is
exemplified in extreme athletes who use EPO as a performance-
enhancing drug. Around the time that EPO received FDA
approval in 1989 for treatment of anemia in chronic renal disease,
death associated with EPO doping was suspected in eighteen
young professional cyclists who died from unknown causes
(Noakes, 2004). While patients with renal failure clearly benefit
from EPO treatment to correct anemia (Eschbach et al., 1987;

Us Renal Data System, 2007; Hasegawa et al., 2018) several
clinical trials of EPO treatment to normalize hemoglobin values
in kidney disease showed increase cardiovascular morbidity and
mortality associated with high dose EPO treatment (Drueke et al.,
2006; Singh et al., 2006). With increased concerns about safety of
high dose EPO, the FDA issued a “Black Box” warning in 2007
indicating reduced EPO dose to achieve lower target hemoglobin
levels. Labeling for erythropoiesis-stimulating agents was further
modified by the FDA in 2011 to lower dosing recommendations.
Hence, potential benefits and potential risks must be considered
with EPO treatment.

EPO PROMOTES CONTEXT-DEPENDENT
BONE REMODELING

In bone, functional EPO receptors are expressed by osteoblasts
and osteoclasts that remodel the bone and by BMSCs that
differentiate into osteoblasts, bone marrow adipocytes and
chondrocytes. Studies on the effects of EPO on these specific
cell types and overall bone homeostasis have utilized in vitro
cultures (Kim et al., 2012; Rolfing et al., 2014a; Li et al., 2015),
in vivo BMSC osteogenic assays using ectopic ossification models
(Suresh et al., 2019), bone fracture healing models (Holstein
et al., 2007; Mihmanli et al., 2009; Rolfing et al., 2014b; Omlor
et al., 2016), transgenic mouse model with high human EPO
(model for chronic EPO exposure) (Hiram-Bab et al., 2015;
Suresh et al., 2019), administration of exogenous EPO in healthy
mice (Shiozawa et al., 2010; Singbrant et al., 2011; Hiram-
Bab et al., 2015; Suresh et al., 2019) (model for acute EPO
exposure) and, recently, 1EpoRE mice that do not express
EPOR in non-erythroid cells (Suresh et al., 2019) (model for
endogenous EPO signaling).

Osteoclasts and EPO Response
Several reports including conflicting results suggest EPO
regulating osteoblasts, osteoclasts and BMSCs in in vitro culture
conditions. Osteoclast differentiation assays using marrow
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mononuclear cells (Shiozawa et al., 2010), non-adherent bone
marrow cells (Hiram-Bab et al., 2015) and RAW264.7 mouse
monocyte/macrophage cell line show EPO increasing osteoclast
numbers (Li et al., 2015), but not osteoclast activity (Shiozawa
et al., 2010; Li et al., 2015). However, increase in osteoclast
numbers was not reported in other studies using mouse
bone marrow cultures (Suresh et al., 2019) and in osteoblast-
osteoclast cocultures treated with EPO (Singbrant et al.,
2011). In cultures of preosteoclasts, EPO activates JAK2/PI3K
pathways without affecting proliferation and in osteoclasts, EPOR
expression decreases with differentiation (Hiram-Bab et al.,
2015). Transgenic mice with chronic exposure to high levels
of human EPO had more osteoclasts lining the bone surface
(Hiram-Bab et al., 2015). Osteoclasts from these mice produced
EPO and corresponding BMSC derived cultures from these mice
exhibited a greater number of giant multinucleated osteoclasts
(Suresh et al., 2019).

Osteoblasts and EPO Response
For osteoblast differentiation assays, studies have utilized mouse
primary calvarial osteogenic cells as well as adherent BMSCs.
EPO treatment of primary mouse calvarial osteogenic cells did
not affect differentiation (Hiram-Bab et al., 2015; Suresh et al.,
2019). However, in transgenic mice expressing high human EPO,
calvarial osteoblasts produced human EPO and showed increased
ALP expression and mineralization (Suresh et al., 2019).
Conversely, primary calvarial osteoblasts lacking endogenous
EPO signaling had reduced ALP expression and mineralization
(Suresh et al., 2019). Other osteoblast assays using human and
mouse BMSCs treated with EPO reported increased osteoblast
differentiation with the activation of EphrinB2/EphrinB4 (Li
et al., 2015), mTOR (Kim et al., 2012), JAK2/PI3K pathways
(Rolfing et al., 2014a). BMSC cultures with low EPO doses
less than 5 U/mL reduced osteoblast mineralization whereas
high EPO doses (50 U/mL–250 U/mL) increased the BMSC
proliferation and differentiation into osteoblasts (Rauner et al.,
2016). EPO stimulation of HSCs to produce BMP and thereby
stimulating osteoblasts are also reported (Shiozawa et al., 2010).
In a recent study using mesenchymal stem cells from young and
old healthy individuals and patients with MDS, EPO treatment
increased mineralization only in cells from young healthy
individuals and not in cells from older healthy donors and cells
from MDS patients (Balaian et al., 2018), suggesting that EPO
bone remodeling activity may be age dependent. EPO treatment
of mesenchymal stem cells from MDS patients inhibited Wnt
signaling and reactivation of Wnt signaling combined with
EPO treatment promoted their differentiation to osteoblasts
(Balaian et al., 2018).

EPO and Bone Fracture Repair
A role for EPO in bone regulation was initially reported in
mouse models of fracture repair, where 5000 U/kg EPO doses
for 6 days stimulated early endochondral ossification and bone
mineralization along with reduced EPOR in differentiating
chondrocytes (Holstein et al., 2007). A follow up study showed
accelerated bone healing with much reduced dose of EPO
at 500 U/kg for five-week treatment where EPO promoted

endosteal vascularization and reduced NF-KB expression in
the fracture callus suggesting anti-inflammatory role for EPO
(Garcia et al., 2011). In alveolar bone regeneration studies in
rats, EPO administration into the tooth sockets, promoted new
bone formation while inhibiting bone resorption (Li et al.,
2015). In rabbits with mandibular distraction osteogenesis,
150 IU/kg EPO treatment for 30 days resulted in new bone
formation with increased osteoblasts, blood vessels and reduced
osteoclasts (Mihmanli et al., 2009). In rabbits, implantation
of gelatin sponges soaked with EPO near the bone defects
followed by a single high EPO dose of 4900 IU/kg accelerated
bone healing and vascularization in the callus (Omlor et al.,
2016). In porcine models with calvarial defects, a single EPO
dose of 900 IU/ml in collagen carrier moderately increased
bone healing without any increase in vasculature (Rolfing
et al., 2014b). However, in a separate study in porcine
models, EPO enhanced bone healing only in combination with
bone marrow concentrate containing mesenchymal stem cells
(Betsch et al., 2014).

Studies have also utilized the potential of EPO in recruiting
BMSCs to sites of bone healing. In rats with intratibial fracture,
tail vein injection of BMSCs along with intramuscular injection
of EPO was shown to mobilize BMSCs to bone defects and
enhanced bone regeneration while increasing bone strength (Li
et al., 2019). EPO loaded scaffolds in BALB/c mice showed
increased recruitment of multipotent stem cells, this study also
demonstrated that in mouse calvarial defect model, implantation
of scaffolds with EPO resulted in accelerated bone healing
compared to BMP2 scaffolds (Nair et al., 2013). Two-week
EPO treatment of murine cranial defect models with BMP2
scaffolds implanted at the defect site also accelerated healing
while promoting stem cell recruitment to the scaffolds (Sun
et al., 2012). In patients with tibiofibular fracture, administration
of 4000 IU of EPO in the fractures site 2 weeks after
surgery had 2 week faster union and fewer non-union rates
compared to the placebo group (Bakhshi et al., 2013; Nemati
and Fallahi, 2013), suggesting possibility of clinical EPO use
in accelerating fracture healing. Thus, using multiple species
and various EPO doses and mode of administration, EPO
treatment has been demonstrated to exert a beneficial role
in bone healing.

Bone Loss Concomitant With EPO
Stimulated Erythropoiesis in Mice
In contrast to the bone formation potential of EPO in
fracture healing studies, EPO administration in healthy mice
results in significant reduction of trabecular bone volume.
EPO administration in 9 week old male C57BL/6 mice for
10 days at a physiological dose of 300 U/kg resulted in
significant trabecular bone loss in tibia along with increase in
the number of osteoclasts and osteoblasts, indicating increased
bone turnover induced by EPO treatment (Singbrant et al.,
2011). However, dynamic morphometry analysis revealed that
EPO administration did not affect mineral apposition rate
or double labeled surface, but significantly reduced single
labeled surface, suggesting a reduction in osteoblast activity
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(Singbrant et al., 2011). Reduction in trabecular bone coupled
with increased osteoclast numbers in the femurs of 12-week-
old female mouse models was also observed in chronic and
acute EPO exposure (Hiram-Bab et al., 2015). Since addition
of EPO increased only osteoclast differentiation in vitro and
did not affect osteoblast differentiation in cultures, the reduced
bone formation in vivo with EPO treatment was attributed to
an indirect effect of EPO (Hiram-Bab et al., 2015). However
in subsequent studies, a very low dose of EPO administration
in mice was shown to significantly reduce osteoblast activity
without affecting bone resorption (Rauner et al., 2016). In
contrast, in mice with chronically elevated high EPO, both
osteoblast and osteoclast differentiation was increased suggesting
increased remodeling contributing to their reduced bone mass
(Suresh et al., 2019). Thus, the dose of EPO is important in
determining the effect on osteoblasts and subsequently on its
impact in bone health.

Studies in transgenic mice with conditional deletion of PHD2
have shown the importance of PHD2-HIF2α-EPO signaling in
bone remodeling. Low bone density due to reduced osteoblast
activity without affecting osteoclasts was observed in transgenic
mice with conditional deletion of PHD2 in hematopoietic lineage,
renal and neural cells. In these mice PHD2 deletion resulted
in excessive HIF-2α induced EPO production increasing the
hematocrit to 86%. Surprisingly, deletion of PHD2 in osteoblastic
lineage increased bone density and reduced osteoclast numbers
in vivo with no change in hematocrits. While deletion of PHD2
in osteoclast lineage did not result in any bone phenotype
(Rauner et al., 2016).

Reduced trabecular bone was also observed in the femurs of
C57BL/6 mice with 10 day EPO administration at 1200 U/kg
(Suresh et al., 2019). In contrast to these studies, increased bone
formation with EPO treatment was reported in the vertebrae of
young and older mice receiving supraphysiologic doses of EPO
up to 6000 U/kg for three times a week for 28 days (Shiozawa
et al., 2010). Of note, the reported modest increase in hematocrits
with such high doses of EPO treatment has not been explained
(Shiozawa et al., 2010). These changes in hematocrit are in
marked contrast to the expected increase in hematocrit associated
with EPO dose. For example, low dose of 150 U/kg of EPO
elevated hematocrits to 60% (Foskett et al., 2011) whilst higher
doses of 3000 U/kg of EPO increased hematocrits to 70% in
C57BL/6 mice (Zhang et al., 2017).

Osteoblasts exhibit the potential for EPO production. In
genetically modified mice, targeted deletion of VHL in osteoblasts
over-stabilizes the hypoxic response and gives rise to high EPO
production in osteoblasts that leads to severe polycythemia
(Rankin et al., 2012). Conversely, inactivation of HIF-2 in
osteoblasts resulted in decreased EPO expression in bones
of neonatal mice and remained at the limit of detection in
adult mice. This novel finding that osteoblasts could produce
EPO raises the potential for autocrine regulation of EPO
response in osteoblasts. In other studies, EPO stimulated FGF23
production in HSCs was associated with an increase in serum
FGF23 and reduced serum phosphate suggesting a possible
mechanism of EPO induced bone reduction due to disrupted
mineralization (Clinkenbeard et al., 2017).

Endogenous EPO Contributes to Bone
Formation and Maintenance
Understanding of the effect of EPO in bone is derived
predominantly from animal models with overexpression of EPO
or acute EPO administration. Recent studies using 1EpoRE mice
demonstrated the importance of endogenous EPO signaling in
bone formation and maintenance. These mice had significant
reduction in trabecular bone in both male and female mice of
mature skeletal age (Suresh et al., 2019; Figure 6). Osteoblasts
and BMSCs from 1EpoRE mice did not express EPOR, while
osteoclasts expressed EPOR because the erythroid transgene in
this model was GATA1 dependent and preosteoclasts express
GATA1, suggesting that reduction in bone formation in these
mice is related to loss of EPO response in osteoblasts rather
than osteoclast activity. Administration of EPO in 1EpoRE
mice increased hematocrits but did not reduce trabecular bone
(Figure 6) indicating that EPO induced bone reduction is
independent of erythropoiesis.

In addition to reduced trabecular bone, lack of endogenous
EPO-EPOR signaling increased bone marrow adipocytes leading
to fatty marrow. This raised the possibility of endogenous EPO
signaling regulating BMSC differentiation to either osteoblastic
or adipogenic lineage.

EPO Regulates Bone Marrow Stromal
Cell Differentiation and Bone Formation
The potential for BMSCs to differentiate to osteoblasts
or adipocytes can be assessed using transplantation into

FIGURE 6 | Endogenous and exogenous EPO signaling regulates bone
formation. Micro-CT 3D images of trabecular bone from wild type (wt) mice
and mice with EPOR restricted to erythroid tissue (1EpoRE) (Suzuki et al.,
2002). Mice (age 8 weeks) were treated with EPO at 1200 U/kg for 10 days
(EPO) or saline. Images from saline treatment (left) show reduction in bone
formation in 1EpoRE mice that lack EPOR in non-hematopoietic tissue.
Furthermore, the reduction in bone parameters with EPO treatment in wild
type mice (top) is not seen in 1EpoRE mice (bottom), indicating that bone
loss with EPO treatment is mediated by non-erythroid response (from Suresh
et al., 2019, with permission).
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FIGURE 7 | Ectopic bone formation assay with BMSC. Adherent BMSC were selected from cultures of bone marrow cells harvested from wild type and genetically
altered mice. Cells were absorbed into Gelfoam and surgically transplanted into immunocompromised NSG mice (Jackson Laboratory). After 8 weeks, ectopic bone
ossicles formed and were analyzed by micro-CT. Ossicles formed in transplants from 1EpoRE mice that lack EPOR in non-hematopoietic tissue (bottom) showed
similar structure to control mice (top) with a trend toward fewer trabeculae, consistent with a reduction in endogenous bone formation in 1EpoRE mice. Bone
formation was markedly reduced with hardly any trabecular bone in ossicles in transplants from transgenic mice expressing high level of human EPO (Ruschitzka
et al., 2000) (middle) compared with control mice (top), reflecting the even greater reduction of endogenous bone formation in these transgenic mice compared
with 1EpoRE mice and control mice (modified from Suresh et al., 2019, with permissions).

immunodeficient mice and monitoring bone ossicle formation.
In vivo implantation of gelatin sponge cubes (Gelfoam) carrying
BMSCs in immunodeficient mice model showed that BMSCs
from 1EpoRE mice that lack of endogenous EPO signaling
results in reduced ectopic bone formation and increased
marrow adipogenesis (Suresh et al., 2019; Figure 7). In contrast,
transplanting BMSCs from transgenic mice expressing elevated
EPO significantly attenuated both ectopic bone formation and
marrow adiposity (Figure 7). Furthermore, systemic elevated
EPO inhibited BMP2 induced ectopic bone formation without
affecting osteoclasts (Suresh et al., 2019). Thus, EPO is a critical
regulator of bone. In the absence of endogenous EPO signaling
there is reduced bone and increased marrow adiposity. Elevated
EPO is also detrimental to bone formation demonstrated by
several animal models of EPO administration in healthy animals
resulting in significant bone reduction. On the other hand,
other animal studies point to EPO potential in accelerating bone
healing. Future studies focusing on optimizing the EPO dose and
duration of treatment for clinical use along with the observation
of any adverse events are warranted.

CONCLUSION

Hypoxia induction of EPO is an important response to
ischemic stress resulting in increased red blood cell production
to increase tissue oxygen delivery. Animal models have
been useful in demonstrating EPOR expression beyond
erythroid tissue and EPO response in non-hematopoietic
tissue. For example, EPOR expression in vascular endothelium
provides the potential for direct response via increase eNOS
activation and NO production to regulate vascular tone

and oxygen delivery (Beleslin-Cokic et al., 2004, 2011).
This acute response is in contrast to the time required to
stimulate survival, proliferation and differentiation of erythroid
progenitor cells to produce mature red blood cells. Requirement
for eNOS for EPO protective activity in heart ischemic
reperfusion injury also points to the potential benefit of this
acute endothelial response. EPO stimulation of improved
oxygen delivery may also contribute to protective action in
other non-hematopoietic tissue such as brain ischemia and
skeletal muscle injury.

Erythropoietin receptor expression is not for erythroid cells
only and expression in non-erythroid tissues provides for tissue
specific EPO protective response during ischemic challenge
or injury. EPOR expression and EPO activity include the
following tissues: endothelium to regulate vascular tone, improve
oxygen delivery and provide cardioprotection to ischemic
injury; brain (particularly neurons) to provide protection to
ischemic stress or injury; skeletal muscle (myoblasts) for tissue
maintenance or repair; white adipose tissue (adipocytes and
macrophages) to protect from inflammation and from increase
in fat mass in male mice during diet-induced obesity; and
BMSC and osteoblasts to maintain normal bone development
and bone remodeling accompanying exogenous EPO stimulated
erythropoiesis (Figure 1). Sites of EPO production also extend
beyond fetal liver and adult kidney and include the other side
of the blood-brain barrier (astrocytes and neurons) (Masuda
et al., 1994; Marti et al., 1996), skeletal muscle myoblasts (Kuang
et al., 2007), and osteoblasts (Rankin et al., 2012), and estrogen
stimulated induction in the uterus contributing to angiogenesis
(Yasuda et al., 1998), raising the possibility of EPO/EPOR
autocrine response even with low EPOR expression in select
non-hematopoietic cells.
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In regulation of skeletal bone formation, endogenous EPO
contributes to development and maintenance of skeletal bone
and bone marrow adipocytes, and loss of non-hematopoietic
EPO activity results in decreased bone formation and increased
marrow adiposity (Suresh et al., 2019). EPO administration has
also demonstrated the capacity to affect bone remodeling, but in
two disparate ways: accelerate bone healing in animal models of
bone fracture, and cause bone loss in healthy animals responding
with increased erythropoiesis. More studies in understanding
the role of EPO in bone in specific pathological conditions
are warranted as patients with diseases associated with high
circulating EPO such as thalassemia (Vichinsky, 1998), sickle cell
disease (Sarrai et al., 2007), and polycythemia vera (Farmer et al.,
2013) have debilitating bone conditions.

Sex-specific differences in plasma concentration of EPO
are not detected (Jelkmann and Wiedemann, 1989). However,
estrogen can affect EPO response and confer gender specific
EPO action. In ventilatory response in mice, hypoxia induction
of EPO modulates ventilatory response, which exhibits a sex-
dimorphic behavior mediated via interaction with carotid body
cells that is also sensitive to ovarian steroids (Soliz et al., 2012).
The sex-dependent EPO regulation of fat mass is demonstrated
with EPO treatment during high fat diet feeding that reduces
fat mass gain in male mice and in female ovariectomized
mice but not in female non-ovariectomized mice and not in
ovariectomized mice supplemented with estradiol pellets (Zhang
et al., 2017). Endogenous EPO signaling may cooperate with
estrogen regulation of fat mass in female mice but mask reduction
of fat mass by exogenous EPO treatment. In human, sexual
dimorphic response is observed in the association between
endogenous plasma EPO concentration and percent weight
change per year. A negative relationship is observed in males
where the higher EPO level is related to lower percent weight
change, while a positive relationship is evident in females
(Reinhardt et al., 2016). Elucidation of the potential cross-talk
between estrogen and EPO will further the understanding of
gender-specific EPO response in non-hematopoietic tissue.

Translation of animal studies that demonstrate protective
effects of EPO treatment in non-hematopoietic tissues to human
disease manifestations can be problematic. Neuroprotection
observed with EPO treatment in animal models of ischemic
stroke and brain injury and the encouraging results in the
Phase I clinical trial of EPO administration for ischemic
stroke (Ehrenreich et al., 2002) did not predict the adverse
events associated with the combination of EPO and systemic
thrombolysis therapy (Ehrenreich et al., 2009), although
some benefit with EPO treatment was suggested in further
subgroup analysis of patients not receiving thrombolysis
therapy (Ehrenreich et al., 2011). EPO shows promise in
treatment of extremely low birth weight premature infants where
thrombolysis therapy is not used. EPO treatment in extremely
low birth weight infants appears to be well tolerated with no
excess morbidity or mortality, and, in addition to improving
anemia, is associated with overall benefit in developmental
assessment and cognitive development (Fauchere et al., 2008;
Juul et al., 2008; Neubauer et al., 2010; Fischer et al., 2017). The
potential long-term neurodevelopmental outcomes and whether
benefit is a consequence of EPO stimulated erythropoiesis
to improved oxygen delivery or a direct consequence of
EPO response in the premature brain await further study
(Fischer et al., 2017).
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Mean values of hematological parameters are currently used in the clinical laboratory
settings to characterize red blood cell properties. Those include red blood cell indices,
osmotic fragility test, eosin 5-maleimide (EMA) test, and deformability assessment
using ektacytometry to name a few. Diagnosis of hereditary red blood cell disorders
is complemented by identification of mutations in distinct genes that are recognized
“molecular causes of disease.” The power of these measurements is clinically well-
established. However, the evidence is growing that the available information is not
enough to understand the determinants of severity of diseases and heterogeneity
in manifestation of pathologies such as hereditary hemolytic anemias. This review
focuses on an alternative approach to assess red blood cell properties based on
heterogeneity of red blood cells and characterization of fractions of cells with similar
properties such as density, hydration, membrane loss, redox state, Ca2+ levels, and
morphology. Methodological approaches to detect variance of red blood cell properties
will be presented. Causes of red blood cell heterogeneity include cell age, environmental
stress as well as shear and metabolic stress, and multiple other factors. Heterogeneity
of red blood cell properties is also promoted by pathological conditions that are not
limited to the red blood cells disorders, but inflammatory state, metabolic diseases
and cancer. Therapeutic interventions such as splenectomy and transfusion as well as
drug administration also impact the variance in red blood cell properties. Based on the
overview of the studies in this area, the possible applications of heterogeneity in red
blood cell properties as prognostic and diagnostic marker commenting on the power
and selectivity of such markers are discussed.

Keywords: red blood cells, heterogeneity, morphology, erythroid precursor cells, age

INTRODUCTION

Our understanding of red blood cells (RBCs) evolved from acknowledgment of the basic and
fundamental role of these cells as key players in gas exchange to the state where we assign multiple
complex functions related to sensing and signaling, maintenance of homeostasis of pH and redox
state and participation in control of vascular tone, clotting (Andrews and Low, 1999; Bernhardt
et al., 2019), and other processes (Helms et al., 2018; Pernow et al., 2019).
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Broadening of RBC functions was accompanied with our
awareness of complexity of the cellular architecture and
biochemistry. Spatial compartmentalization of processes and
resources in RBCs was discovered (Hoffman et al., 2009;
Chu et al., 2012). Complex dynamics precise orchestration of
processes occurring in the circulating RBCs in response to
the changes in micro- and macro-environment (hormonal and
mechanical stimulation, changes in local or ambient oxygen
availability, temperature, circadian rhythm-related processes and
others) is becoming evident (e.g., O’Neill and Reddy, 2011;
Cahalan et al., 2015; Zhou et al., 2019).

With time it became clear that these changes and responses do
not necessarily involve all the circulating cells. As our knowledge
of these cells accumulates more and more reports mention the
presence of “responding” and “non-responding” cells in the
circulation (e.g., Kaestner et al., 2012; Makhro et al., 2013; Wang
et al., 2013; Rotordam et al., 2019). As we recognize the existence
of multiple fractions of RBCs that are functionally different from
each other, we feel a growing need to unravel the nature of these
differences, their causes and the potential information hidden in
RBC heterogeneity on systemic distress and pathology. In this
review we aimed to summarize the current state of knowledge
in this rapidly developing research area. We focus on RBCs
of healthy humans and give only a few examples of how RBC
heterogeneity may be used to predict RBC disease nature and
severity. Heterogeneity of stored or transfused RBCs is a broad
topic also out of the scope of this review.

INTER-INDIVIDUAL HETEROGENEITY

Inter-individual variation in properties of circulating RBCs of
healthy donors reflects genetic and epigenetic variance as well
as the state in which the organism resides over the past 3–
4 months during which the cells undergo transitions from
erythroid progenitors to young, mature, and senescent state.
Variance spreads to the number of copies of proteins per cell,
activity of enzymes and ion transporters, shapes, differences in
density, deformability, membrane stability, redox state, and the
collection of Hb variants in a given cell. Most of the studies for
healthy humans were performed on stored blood to assess its
quality and identify a cohort of best donors (Sparrow, 2017).

The possible causes of this inter-individual variation originate
at the level of erythroid precursor cells (as in case of ineffective
erythropoiesis (Oikonomidou and Rivella, 2018), for more details
see section Cellular Heterogeneity During Erythropoiesis) or
emerge later on as the cells enter the circulation and get
exposed to a variety of microenvironments (osmolarity gradients
in the kidneys, shear in capillaries and spleen, changes in
oxygen availability and pH within peripheral tissues, changes in
redox state next to the inflammatory side or to the exercising
muscle). Development of heterogeneous RBC populations may
be an intrinsic property of blood (e.g., RBC aging), or be
triggered by the changes in life style or environmental conditions
(e.g., hypoxia, microgravity) or state of the organism (e.g.,
stress, inflammation, changes in dietary preferences and blood
metabolites). Finally, it may result from hereditary diseases

that destabilize the RBC membrane or perturb its rheological
properties, redox or metabolic state. In this review we focus on
the possible physiological causes of heterogeneity.

PARAMETERS SHOWING
INTER-CELLULAR HETEROGENEITY
AND METHODS TO DETECT THEM

Table 1 summarizes the information on the parameters
displaying inter-individual and inter-cellular heterogeneity, as
well as methodological approaches for detection of heterogeneity.

Shape and Size
First descriptions of RBCs as “red corpuscles” given by Jan
Swammerdam and dates back to 1658 (Swammerdam, 1737;
Bessis and Delpech, 1981; Hajdu, 2003). Since then, substantial
progress was made in imaging equipment as well as in fixation
and staining of RBC. Blood smears still remain a part of common
diagnostic practice in most of the clinical laboratories (Bain,
2005) despite the fact that smear preparation results in distortions
of RBC morphology and lysis of the most fragile of them (Wenk,
1976). This technique allows to discriminate between numerous
shapes from discocytes to a broad variety of “static” shapes such
as echinocytes and stomatocytes, for healthy humans. The list of
shape types will extend manifolds for patients with hereditary or
acute disorders.

The biggest drawback of the whole approach with smears is
that it provides an immediate snapshot of the shape distribution,
whereas living RBCs are very dynamic entities. So are their
shapes, and, rather than discussing their “absolute shape,” it
would be feasible to assign them a probability to be observed
in one of the shape types. The first attempts to address RBC
shapes in terms of probability density distribution are recently
undertaken (Reichel et al., 2019). Each cell has its “static shape”
that is preferred over the other ones if no force is applied to
it. There are also several preferred shape types caused by shear
stress in flow. The probability to observe one of those depends on
the shear rates and flow dynamics (Abkarian et al., 2008; Dupire
et al., 2015; Lanotte et al., 2016; Kihm et al., 2018; Mauer et al.,
2018; Reichel et al., 2019). The restoration of the initial shape
of the cells as soon as the flow stops got the name of “shape
memory” (Fischer, 2004; Cordasco and Bagchi, 2017). Acute
shape changes associated with the ion movements across the cell
membrane (dehydration or overhydration) are often reversible
(Brugnara, 1997; Cossins and Gibson, 1997; Zhu et al., 2018)
whereas shape alterations related to the permanent damage of the
cytoskeleton or membrane loss are irreversible (Gallagher, 2005;
Perrotta et al., 2008).

Preferred shapes reflect the optimal cytoskeletal
conformation, hemoglobin concentration, redox state and
metabolic balance and free Ca2+ levels that, in turn, define the
activity of ion transporters, hydration state and phosphorylation
state of proteins. Some of these variables will be addressed below.

Parameters to describe dynamics of RBCs morphology are
currently in development. Former classifications of shapes
performed by eye (Bessis and Lessin, 1970; Bessis and Delpech,
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TABLE 1 | Overview of parameters showing inter-cellular heterogeneity as well as basic principle and methodological approaches of their detection in single cells and
sub-populations.

Parameter Indicator Method References

Shape/size Direct:
Shape classification
Projected area
Perimeter/roughness
Sphericity/elongation

Microscopy:
Blood smears, images of living cells
(snapshots, time series in flow,
microfluidics),
Imaging flow cytometers

Gonzalez-Hidalgo et al., 2015; Quint
et al., 2018; Herold-Garcia and
Fernandes, 2019

Volume Confocal microscopy + 3D
deconvolution

Sadafi et al., 2019

Scanning probe microscopy (semi
quantitative)

Kihm et al., 2018

Indirect:
Forward and side light scatter
Impedance (coulter principle)

Flow cytometry
Coulter counters
Multiple Blood analyzers

Density Direct:
Separation according to RBC density

Fractionation in Percoll-, Stractan or
similar density gradients

Lutz et al., 1992

Lab-on-a-chip approaches Catarino et al., 2019

Indirect:
Swelling- or shrinkage- resistance (e.g., the
changes in SS and FS within the swelling test)
Single cell rheology

Flow cytometry
Cell-flow properties analyzer

Kaul et al., 2008; Barshtein et al., 2016;
Fermo et al., 2017

Membrane surface/EMA test Flow cytometry

Free Ca2+/channel
activity

Fluorescent dyes for Ca2+

Detection of ionic currents across the
membranes of single cells

Flow cytometry and fluorescence
microscopy
Patch-clamp incl. automated planar
chips

Kaestner et al., 2006; Makhro et al.,
2013; Wang et al., 2013; Fermo et al.,
2017; Rotordam et al., 2019

Redox state and
metabolism

Fluorescent dyes for reduced thiols (e.g., thiol
tracker, monobromobimane),
Fluorescent dyes for N2O3 (DAF-DA),
Dyes for detection of H2O2, ONOO, HO* (e.g.,
H2DCF-DA)
Single cell metabolomics
(not yet used for red blood cells)

Flow cytometry
Fluorescence microscopy
Mass-spectrometry

Jemaa et al., 2017; Gilmore et al., 2019

Hb levels and variance Antibodies with fluorescent tags
Chromicity
Sodium metabisulfite (Na2S2O5) and similar
deoxygenation-based sickling tests
Hemoglobin Distribution Width (HDW)

Flow cytometry,
Fluorescence microscopy

Microscopy

Kunicka et al., 2001; Darrow et al.,
2016; Jung et al., 2016

Age Labeling of cells (biotin conjugated with
fluorescent tag or staining with PKH dyes)
Reticulocyte count RNA-positive or Transferrin
receptor-positive

Flow cytometry, microscopy Mock et al., 1999;
Piva et al., 2010

1982) are non-numerical and cannot be reliably translated into
the algorithms for automated segmentation and classification of
smears and images of living cells. New approaches are currently
developing (Tomari et al., 2014). Roundness, roughness,
projected areas are among such numeric descriptors of RBC
shapes. 3D volume reconstruction of, e.g., confocal recordings are
more informative than 2-dimentional images. High resolution
3D-imaging was performed for fixed RBC (Abay et al., 2019).
First attempts to get the 3D imaging working for RBCs in flow are
undertaken but is not yet available as a high-throughput mode
(Quint et al., 2018). Cell shape recognition and classification
involving artificial intelligence (AI) algorithms based on artificial
neural networks (Kihm et al., 2018). New optical concepts
using optofluidic microlenses-like behavior of RBCs (Mugnano
et al., 2018) and indirect adaptive optics as well as label-
free quantitative phase imaging (Miccio et al., 2015) enables

assessment of cell volume of individual cells, and monitoring
of morphometric features (e.g., label-free optical markers) that
make high throughput reliable quantification of cell phenotypes
possible. It allows to stay unbiased, omit “human factor,” and
allocate RBC shapes to a continuous scale with high throughput
and precision. The challenge is that artificial neural networks
need to be set up, customized and most notably trained. This type
of analysis will become available routinely in the nearest future.

Hydration State and Density
The best method to visualize the variance in RBC density
is fractionation on a Percoll (Figure 1), Ficoll, Stractan, or
phtalate density gradient (Danon and Marikovsky, 1964; Corry
et al., 1982; Salvo et al., 1982; Mosca et al., 1991; Lutz et al.,
1992). Upon centrifugation in isotonic solution of any of these
materials forming continuous or discontinuous gradients, RBCs
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FIGURE 1 | An example of heterogeneity of RBC density revealed by
fractionation of RBCs on a self-forming Percoll density gradient. Composition
of light, medium and high-density fractions vary depending on human health
and environmental stress. About 15–20% of RBCs of healthy human donors
forming low density are reticulocytes. However, along with young cells this
fraction is “contaminated” with swollen RBCs at the terminal senescence
stage (Lew and Tiffert, 2013). Medium fraction is formed by mature RBCs,
and heavy dehydrated cells are those with senescent phenotype.

distribute within them according to their densities. As RBCs
of healthy human donors are fractionated on a self-forming
Percoll gradient, three to five fractions may be collected. A small
fraction of cells with lower density bands as the top layer,
followed by one or several RBC populations with a medium
density and a minor fraction of cells is presented with the
highest density (Lutz et al., 1992; Makhro et al., 2013; Makhro
et al., 2016b). RBCs of patients with hereditary hemolytic
anemias are generally characterized with a broader variance in
densities. Often this diversity may contain clinically relevant
information on the severity of disease state. For sickle cell
disease the abundance of dense cells was suggested to be
a predictor of severity of disease manifestation due to the
increased probability of irreversible aggregation of HbS (Kaul
et al., 1983). For hereditary spherocytosis severity is associated
with an increase in abundance of well-hydrated cells that are
lost before they have time to mature and lose some of their
membrane (Huisjes et al., 2019). Increase in heterogeneity is
high in patients with cryohydrocytosis (Bogdanova et al., 2010),
Gardos channelopathy (Fermo et al., 2017) beta-thalassemia,
G6PD, and pyruvate kinase (PK) deficiency (Mosca et al., 1991).

Factors defining RBC density include changes in water and
ion content and membrane loss. During the density fractionation
RBCs experience shear stress during centrifugation as they move
through the isotonic Percoll solution containing micromolar
concentrations of Ca2+ in the absence of EGTA. Shear forces may
activate mechano-sensitive channels such as PIEZO1 channels
(Cahalan et al., 2015) and NMDA receptors (Hanggi et al., 2014)
that are permeable for Ca2+. Uptake of Ca2+ via these receptors
triggers loss of K+ mediated by opening of Ca2+-dependent
Gardos channels. Thus, fractionation of RBCs on Percoll should
be viewed as a functional test in which distribution of the cells
is not only driven by the steady state density, but also by their
mechano-sensitivity.

Indirect methods to assess heterogeneity in RBC density
include detection of hypo- and hyperchromic cells in blood
smears, HDW as well as the shape of the curve in osmotic
fragility test of the right arm of the osmoscan curve obtained
by ektacytometry (Clark et al., 1983; Lutz et al., 1992).
Hight throughput devices for evaluation of RBC density using
functional tests at the single cell level are being developed.

Ca2+ Levels (Static and Dynamic Tests)
and Electrophysiological Properties
Heterogeneity in basal free Ca2+ levels was recorded in RBCs
of healthy humans (Kaestner et al., 2006; Makhro et al., 2013;
Fermo et al., 2017). Stimulation of Ca2+ uptake by treatment
of healthy human RBCs with PGE2 (Danielczok et al., 2017),
lysophosphatidic acid (Steffen et al., 2011; Kaestner et al., 2012;
Wang et al., 2013; Wesseling et al., 2016) or glutamate (Makhro
et al., 2013; Hanggi et al., 2014; Makhro et al., 2016a; Petkova-
Kirova et al., 2019) increases variance in the intracellular Ca2+.
Not all cells respond to shear stress or pro-oxidative condition
with an increase in Ca2+.

Molecular causes for this heterogeneity in responses to various
stressors are poorly understood. It is obvious, that they relate to
the differences in abundance of either Ca2+ channels (Kaestner
et al., 1999; Makhro et al., 2013; Kaestner and Egee, 2018;
Rotordam et al., 2019) or of the primary receptors responding
to the stressor (such as LPA or prostaglandin receptors; Wang
et al., 2013; Danielczok et al., 2017). In human RBCs several
ion channels are known to mediate Ca2+ uptake including
PIEZO1, TRPC6, NMDA receptors, CaV2.1 and several others
(for a recent review see Kaestner et al., 2020). As a result of
stochastic distribution and opening probability, Ca2+ entry into
individual RBCs varies in response to stimulation by individual
Ca2+ channels substantially giving rise to “responders” and “non-
responders” cellular sup-populations. This uneven behavior may
be further amplified due to the existence of feedback loops
supporting Ca2+-dependent Ca2+ uptake (Kaestner et al., 2018).

Most documented is inter-cellular variance in distribution of
the Ca2+-dependent K+ (Gardos) channel in RBCs. However,
majority of the recordings for this best-studied channel in RBCs
were performed as mean values for the unseparated populations,
using radioactive tracer kinetics technique or single channel
recordings. Reports based on whole-cell recordings for this
channel are still sparse (Kucherenko et al., 2005; Kucherenko
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et al., 2013; Fermo et al., 2017). A further factor that may
amplify heterogeneity of Gardos channel recordings in RBCs is
its inactivation upon hypoxic exercises (Mao et al., 2011).

Redox State and Metabolism
Staining of individual cells with fluorescent probes sensitive
to pro-oxidative free radicals such as dicarbofluorescein (Amer
et al., 2003; Grinberg et al., 2005) and monobromobimane
(Kosower and Kosower, 1995) provide a possibility to follow
the changes in redox balance in individual cells. One more
approach to record redox state in sub-fractions of RBCs is
based on pre-fractionation of cells into low, medium and high
density fractions before assessment of reduced and oxidized
glutathione (GSH and GSSG) and NAD(P)H (Piccinini et al.,
1995; D’Alessandro et al., 2013) in these sub-populations. Dense
cells were shown to be deprived of GSH and enriched with GSSG
compared to the mature RBCs of medium density. Accumulation
of GSSG and reduction in GSH was not associated with any
substantial changes in the intracellular ATP or NADPH (Sass
et al., 1965; D’Alessandro et al., 2013). Finally, redox state of RBCs
may be expressed as the ability to tolerate oxidative challenge
(Lisovskaya et al., 2008; Sinha et al., 2015) which differs between
individual RBCs as well.

Shifts in redox equilibrium in RBCs of healthy donors are
associated with age-dependent decrease in pyruvate kinase,
hexokinase, glucose-phosphate dehydrogenase, aldolase activities
(Salvo et al., 1982; Suzuki and Dale, 1988). Oxidative stress
is a hallmark of RBCs of patients with hereditary hemolytic
anemias presented with one or two alleles of mutated glucose-
6 phosphate dehydrogenase (G6PD). The resulting in acute
hemolytic condition known as favism is associated with depletion
in NADPH in favor of NADP+ (Mason et al., 2007; Peters and van
Noorden, 2017). Furthermore, systemic oxidative stress caused
by inflammatory processes, infection and other causes may result
in release of reduced glutathione from RBCs and temporary
increase in oxidative load and aggravate the differences in redox
state between the cells of different ages (Giustarini et al., 2008).

Hb Levels and Variants
Inter-cellular heterogeneity in intracellular hemoglobin content
in clinical settings is reflected by the abundance of hypochromic
and hyperchromic cells in blood smears. The abundance of
hypochrome RBCs for healthy humans should not exceed 2.5% of
circulating RBCs (Macdougall et al., 1992; Schaefer and Schaefer,
1995; Braun et al., 1997), dropping below 1% in patients with iron
overload, and increasing to 20% and more in patients with iron
deficiency. Higher levels of hyperchromic cells was also reported
for patients with hereditary spherocytosis (Conway et al., 2002)
and sickle cell disease (Ballas and Kocher, 1988).

Even more intercellular heterogeneity is introduced by a
pronounced variance in the presence of fetal hemoglobin in
a small fraction of cells (F-cells) in healthy humans (Boyer
et al., 1975; Thein and Craig, 1998). The abundance of F-cells
increases during high altitude exposure (Narayan et al., 2005).
Pregnancy has an impact on this parameter (Prus and Fibach,
2013). Moreover, the abundance of F-cells as well as the amount
of HbF in them may differ from cell to cell in patients with

beta-thalassemia (Narayan et al., 2005). In sickle cell disease,
HbF abundance furthermore strongly depends on the haplotype
(Menzel and Thein, 2019). Sickle cell trait results in uneven
distribution of HbS between the cells, and the pattern for such
variance seems to be hereditary (Anyaibe et al., 1985).

CAUSES OF HETEROGENEITY

If we want to make extensive use of RBC heterogeneity as a
diagnostic and prognostic marker, we have to understand the
origin of the observed variance in RBC properties.

This may stem from the different pools of erythroid precursor
cells that equip the resulting reticulocytes with various sets of
proteins that may only be produced as long as the synthesis
machinery is active before the enucleation.

The other cause of heterogeneity are the age-dependent
differences between the young, mature and senescent RBCs. The
third cause occurring at the systemic level originates from the
alteration in the micro- and macro-environmental conditions
(changes in hormonal and metabolic levels, inflammation, shear
stress load, hyperthermia and others).

These three sources of heterogeneity will be reviewed below.

Cellular Heterogeneity During
Erythropoiesis
Accumulated evidence over the last 25 years has demonstrated
the existence of heterogeneity within the erythroid compartment
schematically shown in Figure 2. Although it is quite expected to
have a heterogenic population within the mature RBC population
due to the long- life span of mature RBCs (100–120 days in
human) representing cells of various ages, it is less clear and more
intriguing the reasons for erythroid precursors/progenitors to be
heterogeneous in multiple facets of their form and function.

One of the most established and well-explained aspect
of erythroid precursor heterogeneity pertains to erythroid
precursors possessing differing sensitivities to erythropoietin
(EPO). Soon after discovering the precise molecular function of
EPO to be a cell survival function (Koury and Bondurant, 1988,
1990), studies revealed that even within a highly homogenous
population in terms of the differentiation stage (operationally
defined as colony-forming unit-erythroid; CFU-E), erythroid
precursors underwent apoptosis following EPO withdrawal in
an asynchronous manner (Kelley et al., 1993). These studies
demonstrated a dose response effect as reflected by increasing
numbers of CFU-Es undergoing apoptosis as EPO concentrations
were gradually decreased. These observations clearly highlighted
the built-in heterogeneity within the developing erythroid cell
compartment with respect to the biochemical nature of each cell
within an otherwise “homogenous” precursor pool as defined
by morphological characteristics. One of the possible causes
supporting heterogeneity are the gradients in various signaling
messengers, growth factors, chemokines, oxygen levels and
the resulting reactive oxygen species, and other factors (e.g.,
Thompson et al., 2010; Spencer et al., 2014; Itkin et al., 2016)
making conditions in which precursor cells differentiate unique
and dependent on their location within the bone marrow
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FIGURE 2 | Schematic representation of the possible causes of heterogeneity
for erythroid precursor cells within bone marrow. Gradients in oxygen
availability, chemokines and other signaling messengers create a plethora of
conditions in which cells find themselves during differentiation. For details see
the text.

(Figure 2). An elegant model proposed by Koury and Bondurant
(1992), explained the basis of differing EPO sensitivities as a built-
in mechanism to prevent all erythroid precursors undergoing
apoptosis during low EPO levels in circulation such as in patients
with renal failure. The work by several other groups (Miura et al.,
1991; Landschulz et al., 1992; Nakamura et al., 1992; Kelley et al.,
1993) had shown that heterogeneic EPO response within the
same precursor population cannot be attributed to the numbers
of EPO-receptors, affinity or structure, thereby suggesting
differences in signal transduction as the likely mechanism for
the existence of heterogeneity in EPO response. Based on
these findings one can appreciate the existence of signaling
heterogeneity within the erythroid precursor compartment as
a necessary component during the development process to
yield mature red blood cells. Recently developed single-cell
intracellular flow cytometry approaches (Liu et al., 2019) are
bound to further uncover previously unrecognized levels of
regulatory heterogeneity during erythroid cell development.

Besides the existence of biochemical/signaling heterogeneity
within the developing erythroid precursors other aspects of
erythroid precursor heterogeneity have been observed especially
most recently due to the advancement of single-cell technologies
at both trascriptomic and phenotypic levels (Woll et al., 2014;
La Manno et al., 2018; Brierley and Mead, 2019). Within the
erythroid compartment especially during the early stages of
erythropoiesis a significant level of transcriptomic variability and
heterogeneity seem to exist at least based on mouse bone marrow
erythroid precursors (Tusi et al., 2018). The same study also
found that cell cycle in erythroid precursors are continuously
remodeled during the differentiation program but consistent
with very early studies using bulk erythroid precursors (CFU-
E), the vast majority of cells were in the S-phase of the cell cycle
(Iscove, 1977). These results demonstrate that an individual cell,

especially during development, has the ability to program itself to
act not in concert each other with respect to signal transduction,
gene transcription, cell cycle and many other aspects even though
morphologically a cell population may look alike at a particular
stage of differentiation.

Overall, accumulated data suggests that heterogeneity during
erythroid development may not be evenly spread during the
entire development cascade. Most data points to greatest
level of inter-cellular heterogeneity during the early phases of
development when these cells are responsive to various growth
factors. Beyond the late polychromatic stage, when the cells
have exited the cell cycle one observes less heterogeneity and
most cells undergo dramatic reduction in cell size, chromatin
condensation and enucleation. However, it is conceivable even
in the bone marrow niche within the blood island not all
erythroblasts undergo enucleation adding another layer of
heterogeneity. It is also conceivable that due to differing levels of
chemokine receptors on these cells the progenitors also exhibit
varying degrees of migration within the bone marrow niche.
Overall, it may seem the inter-cellular heterogeneity during
erythroid precursor development. Each cell is possessing different
sensitivity to EPO, and as a result a vast majority of precursors die
due to apoptosis, the strategy that seems quite wasteful. However,
we speculate that such heterogeneity is critical in order to respond
to rapid changes in the micro and macro environment such as
changes in oxygen concentration due to changes in altitude, pro-
inflammatory and oxidative stress conditions as well as sudden
blood loss due to trauma and onset of anemia due to renal failure.

Age of RBCs
Most of the findings for the age-related variance for RBCs of
healthy humans were obtained for the fractions of cells of low,
medium and high density, that were enriched with young, mature
and senescent cells, respectively (Mueller et al., 1985, 1987; Lutz
et al., 1992; Figure 1). Gradual changes occurring with cell aging
were described in several reviews (Lutz and Bogdanova, 2013;
Lew and Tiffert, 2017; Badior and Casey, 2018; Minetti et al.,
2018) and article collections (Beutler, 1988; Mangani, 1991), and
schematically represented in Figure 3.

Recent studies of the age-dependent changes in RBCs involve
single cell approaches such as flow cytometry and microscopy as
well as proteomics (D’Alessandro et al., 2013; Minetti et al., 2013).

Deamidation of asparagine residue 502 of the band 4.1 protein
was shown to occur gradually with RBC age as the deamidation
rate is an exclusive function of temperature and time (Inaba and
Maede, 1988, 1992). Deamidation is manifested as an appearance
of a double band on the gels as the native and deamidated form
of the protein differ in electrophoretic mobility of the protein.
Fractionation of RBCs of healthy humans according to their
density has shown that young cells have lower density than
mature cells. Senescence is associated with further increase in
RBC density and mean corpuscular hemoglobin concentration,
and reduction in RBC volume. Using the changes in deamidation
of band 4.1 protein or direct labeling of RBCs and monitoring of
their aging (Luthra et al., 1979), increase in density were revealed
as an intrinsic feature of in vivo aging of RBCs of healthy humans.
Dense cells obtained by fractionation of leukodepleted RBCs on
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FIGURE 3 | Selected parameters that change during RBC aging following
exponential or linear kinetics as cells turn from reticulocytes to mature cells
and finally enter the senescent stage. Percentage of reticulocytes, mature
cells, and dense senescent cells shown in the scheme correspond to those in
adult healthy donors. For more details see Lutz and Bogdanova (2013) and
the text.

Percoll density gradient were presented with substantially lower
GSH levels and GSSG levels that were doubled compared to
the mature RBCs, whereas ATP and NADPH levels were only
slightly reduced in the densest cell fractions (Sass et al., 1965;
D’Alessandro et al., 2013). These changes were associated with
the age-driven decrease in pyruvate kinase, hexokinase, glucose-
6-phosphate dehydrogenase, aldolase activities (Salvo et al., 1982;
Suzuki and Dale, 1988). Some of the terminally senescent RBCs,
that lose control over their Na+ gradients and volume regulation
due to the reduction in Na,K-ATPase activity, were reported to
swell and lyse (Lew and Tiffert, 2013, 2017).

Reports on the changes in free Ca2+ levels are controversial
and depend on the techniques used for assessment of these
parameters (Romero and Romero, 1997, 1999; Makhro et al.,
2013; Lew and Tiffert, 2017). Both Ca2+-permeable channel
activity and that of plasma membrane Ca2+ pumps decreases
with cellular aging (Romero et al., 2002; Makhro et al., 2013).
Despite this inconsistency, changes in the intracellular free
Ca2+ and the ability to maintain low levels of Ca2+ are the
factors in control of RBC longevity (Bogdanova et al., 2013;
Lew and Tiffert, 2017).

Further hallmarks of RBC aging include the changes in
phosphorylation pattern (Fairbanks et al., 1983) and membrane
loss (Mohandas and Groner, 1989).

Physical Activity, High Altitude, and
Other Stress Conditions
How substantial would the change be at the level of circulating
RBCs if the gene expression reprogramming occurs at the level
of precursor cells? Simple calculations assuming that the RBC
longevity is not affected by these changes and all cells are equally
affected by this change, gives a rough estimate of∼0.82% of RBC
population changing per day for the “normal” production rate

of 2.4 × 106 cells/s. If erythropoiesis is boosted to its maximum
(10-fold increase, 8.2% of new cells will appear daily (Elliott and
Molineux, 2009). This means that acute reversible changes at
the bone marrow level will hardly be noticed if stress conditions
persist for just 24 h. On the contrary, when stress conditions
boosting erythropoiesis persist for a week, 5.7–57% of cells will
get a new feature.

Such kinetics does not favor de novo production as an efficient
strategy for acute adaptation to hypoxia or single endurance
sport exercise bout, dietary changes, or to pathological conditions
such as infection or sepsis, cancer, diabetes, or cardiovascular
diseases (Figure 4). These changes in turn translate into the
changes in shear stress, oxygen availability, pH, hormones
and proinflammatory cytokines and other microenvironmental
factors sensed by RBC directly. Species that undergo such
acute changes from hyperoxygenation to severe hypoxia, such
as Rainbow trout (Oncorhynchus mykiss) (Fago et al., 2001)
or Rüppell’s griffon vulture (Gyps rueppelli). Rüppell’s griffon
vulture was spotted at 37,000 feet (11277.6 m) when colliding
with the plane (Laybourne, 1974) permanently possess several
hemoglobin variants. Hemoglobin A and D chains are present in
RBC vulture producing high and low affinity hemoglobin variants
and allowing these unique birds to fly above 10,000 m with no
need to engage any complex adaptive processes as they land
(Weber et al., 1988; Hiebl et al., 1989).

Adult humans have by far lower adaptive capacity, possessing
generally one Hb variant, HbA with some minor additions of
HbF. However, plasticity of O2 delivery, and its fast on-demand
optimization upon the changes in environmental O2 availability
may be associated with other types of heterogeneity in RBC
structure and function. Potential adaptive role of variance in RBC
properties has to be further explored.

FIGURE 4 | Summary on the environmental causes imposing heterogeneity of
circulating RBCs. Exposure of the organism to high altitude or practicing
endurance sport as well as dietary preferences cause durable or acute impact
on the RBC properties. Along with RBC diseases (anemia, polycythemia),
pathologies such as hypertension, diabetes, infection, trauma, cancer, and
further systemic diseases are influencing both erythropoietic niche and the
circulating cells. All these macroenvironmental stresses translated into the
changes in microenvironment for erythroid precursors and circulating RBCs.
Shear, alterations in pH and oxygen levels, proinflammatory cytokines, and
hormones, as well as drugs work to shape the features of each individual RBC
resulting in an increase in the inter-cellular heterogeneity.
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It is largely accepted that multiple forms of pathologies,
both related to abnormal structure RBC membrane or cytosolic
proteins and lipids, as well as systemic disorders such as cancer,
diabetes, cardiovascular diseases, sepsis and other diseases of
inflammation are associated with anemia, RBC damage and their
premature removal from the circulation and increase in their
heterogeneity (e.g., Salvagno et al., 2015; Feng et al., 2017; Ahmad
et al., 2018; Ko et al., 2018; Yin et al., 2018; Parizadeh et al.,
2019; Wang et al., 2019). The causes and consequences as well as
predictive power of this increase in variability of RBC properties
is out of the scope of this review but deserve special attention.

SUMMARY AND THE STANDING
CHALLENGES

The present collection of information on the possible causes
and consequences of inter-cellular heterogeneity justifies the
increasing attention of researchers to the RBC sub-populations
and individual cells. It appears that vast amount of information
on the near and distant (within months) past is lost when
RBC properties are reduced to a set of single “mean” values.
This information appears to be of substantial importance when

severity of disease or efficacy of therapy are to be assessed for
individual patients. At present we do not have the commercially
available and standardized methodologies and machines to be
able to compare the data obtained of the single cell features
in different labs. These challenges are already addressed by
some researchers and will drive the transformation of our
understanding of red blood cell biology in the nearest future.
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Sickle cell anemia (SCA) was first described in the Western literature more than
100 years ago. Elucidation of its molecular basis prompted numerous biochemical and
genetic studies that have contributed to a better understanding of its pathophysiology.
Unfortunately, the translation of such knowledge into developing treatments has been
disproportionately slow and elusive. In the last 10 years, discovery of BCL11A, a major
γ-globin gene repressor, has led to a better understanding of the switch from fetal
to adult hemoglobin and a resurgence of efforts on exploring pharmacological and
genetic/genomic approaches for reactivating fetal hemoglobin as possible therapeutic
options. Alongside therapeutic reactivation of fetal hemoglobin, further understanding of
stem cell transplantation and mixed chimerism as well as gene editing, and genomics
have yielded very encouraging outcomes. Other advances have contributed to the FDA
approval of three new medications in 2017 and 2019 for management of sickle cell
disease, with several other drugs currently under development. In this review, we will
focus on the most important advances in the last decade.

Keywords: sickle cell disease, anti-sickling agents, gene editing, gene therapy, hemoglobinopathies

INTRODUCTION

Sickle cell disease (SCD) is an inherited blood disorder that first appeared in the Western literature
in 1910 when Dr. James Herrick described a case of severe malaise and anemia in a 20-year-old
dental student from Grenada (Herrick, 1910). On examining his blood smear, he noticed many
bizarrely shaped red blood cells, leading him to surmise that “. . . the cause of the disease may be
some unrecognized change in the red corpuscle itself ” (Herrick, 2014). More than 100 years later
we recognize that the change in the red corpuscle is caused by a single base substitution in β-globin,
and that the disease is not just present in the United States (US), but prevalent in regions where
malaria was historically endemic, including sub-Saharan Africa, India, the Middle East, and the
Mediterranean (Williams and Thein, 2018). Presence of SCD in the non-malarial regions is related
to the recent migration patterns.

Currently, an estimated 300,000 affected babies are born each year, more than 80% of whom
are in Africa. Due to recent population migrations, increasing numbers of individuals affected
by SCD are encountered in countries that are not historically endemic for malaria, such as the
US. It is estimated that 100,000 Americans are affected with SCD, the majority of whom are of
African descent (Hassell, 2010, 2016). The numbers affected with SCD are predicted to increase
exponentially; Piel et al. (2013) estimated that between 2010 and 2050, the overall number of
births affected by SCD will be 14,242,000; human migration and further globalization will continue
to expand SCD throughout the world in the coming decades. While 75% or more of newborns
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with SCD in sub-Saharan Africa do not make their fifth birthday
(McGann, 2014), in medium- to well-resourced countries almost
all of affected babies can now expect to live to adulthood but
overall survival still lags behind that of a non-SCD person by 20–
30 years (Telfer et al., 2007; Quinn et al., 2010; Elmariah et al.,
2014; Gardner et al., 2016; Serjeant et al., 2018). Despite these
global prevalence figures, and the fact that SCD is by far the
largest public health concern among the hemoglobinopathies, it
was not until 2006 when the World Health Organization (WHO)
recognized SCD as a global public health problem1.

In 1949, Linus Pauling showed that an abnormal protein
(hemoglobin S, HbS) was the cause of sickle cell anemia (SCA),
making SCD the first molecular disease and motivating an
enormous amount of scientific and medical research. Because of
its genetic simplicity, SCA has been used to illustrate many of
the advances in molecular genetics such as detection of a DNA
mutation by restriction fragment enzyme analysis, and was used
as proof of principle for the polymerase chain reaction (PCR) that
we now take for granted (Wilson et al., 1982; Saiki et al., 1985).

In the last 50 years, tremendous progress has been made
in understanding the pathophysiology and pathobiological
complexities of SCD, but developing treatments has been
disproportionately slow and elusive; a history of Perils and
Progress, so succinctly summarized by Wailoo (2017). We are
confident that in the next 30 years, the therapeutic landscape for
SCD will change due to a combination of recent advancements in
genetics and genomics, an increase in the number of competing
clinical trials, and also an increased awareness from the funding
bodies, in particular the NIH, USA.

Here, after a brief review of the pathophysiology, we will
focus on the advances in treatment of SCD that have occurred
in the last 10 years and that have reached phase 2/3 of clinical
trials (Figure 1).

PATHOPHYSIOLOGY OF SICKLE CELL
DISEASE

Sickle cell disease is caused by an abnormal HbS (α2β
S

2) in which
glutamic acid at position 6 of the β-globin chain of hemoglobin
is changed to valine. Goldstein et al. (1963) showed that this
amino acid substitution arose from a single base change (A>T) at
codon 6 (rs334). The genetic causes of SCD include homozygosity
for the rs334 mutation (HbSS, commonly referred as SCA) and
compound heterozygosity between rs334 and mutations that
lead to either other structural variants of β-globin (such as
HbC, causing HbSC) or reduced levels of β-globin production
as in β-thalassemia (causing HbS/β-thalassemia). In patients of
African ancestry, HbSS is the most common cause of SCD (65–
70%), followed by HbSC (about 30%), with HbS/β-thalassemia
being responsible for most of the rest (Steinberg et al., 2001).
SCA in which the intracellular concentration of HbS is almost
100%, is by far the most severe and well described (Brittenham
et al., 1985). The majority of the therapeutic developments
and interventions have focused on this genotype, which is also

1https://apps.who.int/iris/handle/10665/20890

the focus of this review, although they also impact the other
SCD genotypes.

The fundamental event that underlies the complex
pathophysiology and multi-systemic consequences of SCD
is the polymerization of HbS that occurs under low oxygen
tension (Figure 2). Polymerization of the de-oxygenated HbS
alters the structure and function of the red blood cells (RBCs).
These damaged (typically sickled shaped) RBCs are not only less
flexible compared to normal RBCs, but also highly adhesive.
Repeated cycles of sickling and unsickling shortens the lifespan
of the damaged sickle RBCs to about 1/6th that of normal RBCs
(Bunn, 1997; Hebbel, 2011). The outcome is the occlusion of
blood vessels in almost every organ of the body and chronic
hemolytic anemia, the two hallmarks of the disease, that result
in recurrent episodic acute clinical events, of which acute pain is
the most common, and accumulative organ damage. Acute sickle
pain is so severe that it is often referred to as “vaso-occlusive
sickle crisis” or VOC.

These events trigger a cascade of pro-inflammatory activity
setting off multiple pathophysiological factors that also involve
neutrophils, platelets, and vascular endothelium (Sundd et al.,
2019). The continual release of cell-free hemoglobin from
hemolysis depletes hemopexin and haptoglobin, a consequence
of which is the reduced bioavailability of nitric oxide (NO), and
vascular endothelial dysfunction that underlies the chronic organ
damage in SCD pathology.

The sickle red blood cells do not just interact with the vascular
endothelium but trigger activation of neutrophils, monocytes
and platelets. During steady-state, patients with SCD have above
normal values of neutrophils, monocytes and platelets which
further increase during acute events (Villagra et al., 2007).
Neutrophilia has been consistently correlated with SCD severity
(Ohene-Frempong et al., 1998; Miller et al., 2000); neutrophils
play a central role in vaso-occlusion through their interactions
with both erythrocytes and endothelium upregulating expression
of cytoadhesion molecules such as P- and E-selectins, current
therapeutic targets (Zhang et al., 2016).

Platelets, when activated, form aggregates with erythrocytes,
monocytes, and neutrophils both in patients and in murine
models (Wun et al., 1997; Zhang et al., 2016). As with neutrophils,
it appears that platelet aggregation is dependent on P-selectin. As
part of this constant inflammatory state, the coagulation cascade
is also hyperactivated in SCD. The repeated interaction between
RBCs and endothelium promote expression of pro-adhesive and
procoagulant proteins evidenced by increased levels of plasma
coagulation factors, tissue factor (TF) and interactions between
monocyte-endothelium, platelet-neutrophil and platelet-RBC.
Patients with SCD have increased rates of venous and arterial
thrombotic events (Brunson et al., 2017).

Unraveling these pathophysiological targets has provided
insights on clinical trials on anti-platelet and anti-adhesion
agents, as well as anti-coagulation factors for the prevention of
acute VOC pain in SCD (Telen, 2016; Nasimuzzaman and Malik,
2019; Telen et al., 2019). A case in point is the development of
an anti-P-selection molecule (Crizanlizumab) for treatment of
sickle VOC, recently approved by the FDA in November 2019
and marketed as Adakveo R©.

Frontiers in Physiology | www.frontiersin.org 2 May 2020 | Volume 11 | Article 43559

https://apps.who.int/iris/handle/10665/20890
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00435 May 20, 2020 Time: 13:31 # 3

Salinas Cisneros and Thein Advances in Sickle Cell Disease Therapy

FIGURE 1 | Timeline review of historic events since the diagnosis of sickle cell disease with an emphasis over the last decade. SCD, sickle cell disease; HSCT,
hematopoietic stem cell transplant; HU, hydroxyurea.

FIGURE 2 | Schematic pathophysiology review of sickle cell disease and its main different targets for intervention. Hb S, hemoglobin S.
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New therapeutic approaches that use drugs to ameliorate the
downstream sequelae of HbS polymerization have not proved to
be as effective as hydroxyurea (HU) which has an “anti-sickling”
effect via induction of fetal hemoglobin (HbF, α2γ2) (Ware
and Aygun, 2009). Other effects of HU include improvement
of RBC hydration, reduction of neutrophil count, reduction of
leucocyte adhesion, and reduction of pro-inflammatory markers,
all of which add to the clinical efficacy of HU. In addition, HU
also acts as NO donor, promoting vasodilation (Cokic et al.,
2003). Increasing HbF is highly effective because it dilutes the
intracellular HbS concentration, thereby increasing the delay
time to HbS polymerization (Eaton and Bunn, 2017); in addition
to which, the γ-chains also have an inhibitory effect on the
polymerization process. Hydroxyurea, however, is only partially
successful because the increase in fetal hemoglobin is uneven and
not present in all cells. Nonetheless, the well-established clinical
efficacy of HbF increase, substantiated by numerous clinical and
epidemiological studies, has motivated both pharmacological and
genetic approaches to induce HbF (Nevitt et al., 2017).

A more detailed understanding of the switch from fetal to
adult hemoglobin, and identification of transcriptional regulators
such as BCL11A, aided by the developments in genetic and
genomic platforms, provide hope that genomic-based approaches
for therapeutic reactivation of HbF may soon be possible
(Vinjamur et al., 2018). In the meanwhile, a gene addition
approach that infects the patient’s stem cells with a virus
expressing an anti-sickling β-globin variant, T87Q, shows great
promise (Negre et al., 2016; Ribeil et al., 2017). The most
successful “curative” approach so far, is transplantation with stem
cells from an immunologically matched sibling but this is severely
limited by the lack of availability of matched donors (Walters
et al., 1996a; Gluckman et al., 2017).

Parallel to the new medications being developed blood
transfusions with normal red blood cells, remain an effective and
increasing therapeutic option for managing and preventing SCD
complications, but this strategy has limitations (not uniformly
accessible, accompanied by risks of alloimmunization, hemolytic
transfusion reactions and transfusional iron overload). Blood
transfusion improves the oxygen-carrying capacity and improves
microvascular perfusion by decreasing the HbS percentage.
A major complication of blood transfusion is hemolytic
transfusion reactions that occur primarily in RBC alloimmunized
patients and SCD patients, in particular, are at high risk
because of the mismatch in donor pool (predominantly Northern
European descent) while SCD patients are predominantly of
African descent (Vichinsky et al., 1990; Thein et al., 2020).
Limiting blood from ethnic-matched donors has reduced but
did not eliminate alloimmunization (Chou et al., 2013), and a
major cause is the mismatch between serologic Rh phenotype
and RHD or RHCE genotype due to variant RH alleles in a
large proportion of the individuals (Chou et al., 2013). RH
genotyping in addition to serologic typing may be required to
identify the most compatible RBCs and recent studies have shown
that a prospective rather than reactive (after appearance of allo-
antibodies) genotyping approach may be feasible (Chou et al.,
2018, 2020; Hendrickson and Tormey, 2018). Until prospective
genotyping of RBC antigens become a practical feasibility, as

a prevention, many blood transfusion centers have adopted
extended red cell phenotyping, including ABO, Rh, Kell, Kidd,
Duffy, and S and s antigens, and some centers have also adopted
molecular genotyping for red blood cell phenotype prediction
using microarray chips (e.g., the PreciseType HEA BeadChip
assay). It should be noted that, while blood transfusion remains
an important therapeutic option in SCD, evidence for its role in
management of acute or chronic complications is lacking except
for prevention of primary and secondary strokes (Howard, 2016).
Supportive evidence for the role of preoperative transfusion in
patients with HbSS or HbS/β0-thalassemia was demonstrated in
the Transfusion Alternatives Preoperatively in Sickle Cell disease
(TAPS) study (Howard et al., 2013).

Insight on the pathophysiology of SCD (Figure 2) has
allowed different targets for interventions in patients with SCD
summarized under four categories of its pathobiology – (1).
Modifying the genotype, (2). Targeting HbS polymerization, (3).
Targeting vasocclusion, and (4). Targeting inflammation.

Understanding of the kinetics of HbS polymerization suggest
that there are many ways to inhibit HbS polymerization
(Eaton and Bunn, 2017) other than induction of HbF
(Table 1). One approach is to increase oxygen affinity
of the hemoglobin molecule, an example is OxbrytaTM

(Voxelotor/GBT440) (Vichinsky et al., 2019) that was recently
approved by the FDA in November 2019, making this the second
anti-sickling agent.

One of the biggest challenges in managing SCD is the clinical
complexity and extreme variable clinical course that cannot be
explained by the specific disease genotype. Patients with identical
sickle genotype still display extreme clinical course; both acquired
and inherited factors contribute to this clinical complexity of
SCD (Gardner and Thein, 2016). Although laboratory prognostic
factors (HbF, hemoglobin, reticulocyte count, leukocytosis)
and clinical phenotypes (such as stroke/TIA, acute chest
syndrome/pulmonary hypertension, avascular necrosis, kidney
injury, or skin ulcers) have been described and analyzed,
classifying disease severity remains complex and should be
assessed individually. Prediction of disease severity and clinical
course of SCD has been the topic of many reviews and, to date
there is no clear algorithm using genetic and/or imaging, and/or
laboratory markers that can reliably predict mortality risk in SCD
(Quinn, 2016).

CURRENT ADVANCES IN THERAPY

(1) Modifying the Patient’s Genotype
Modifying the patient’s genotype via hemopoietic stem cell
transplantation (HSCT) was first reported to be performed over
30 years ago in an 8-year-old child who had SCD (HbSS)
with frequent VOCs; she subsequently developed acute myeloid
leukemia. The patient received HSCT for the acute myeloid
leukemia from an HLA-matched sister who was a carrier for HbS
(HbAS). She was cured of her leukemia and at the same time,
her sickle cell complications also resolved (Johnson et al., 1984;
Johnson, 1985). Until then, HSCT had not been considered as a
therapeutic option for SCD. This successful HSCT demonstrated
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TABLE 1 | Current advances on therapy for sickle cell disease.

Changing the genotype

(1) Allogeneic stem cell
transplant

Myeloablative regimens (MAC), reduced intensity regimens (RIC),
and non-myeloablative regimens (NMA)

50 clinical trials listed in ClinicalTrials.gov

(2) Autologous transplant 10 clinical trials listed in ClinicalTrials.gov

a) Gene therapy

Lentiviral strategies (NCT02247843, NCT02140554,
NCT02186418)

Inducing fetal hemoglobin Downregulation of BCL11A (NCT03282656)
Globin chromatin structure manipulation
Downregulating betas globin expression

b) Gene editing

Using zinc finger nucleosomes (ZFN), transcription activator-like
effector nucleases (TALENs), CRISPR/Cas9 techniques
(NCT03745287)

Downregulation of BCL11A
Reactivation of HbF by HPFH mutations
Globin gene repair

Hemoglobin S
polymerization

Hydroxyurea (FDA approved) Ribonucleotide diphosphate reductase inhibitor

LBH589/Panobinostat (NCT01245179) Pan histone deacetylase inhibitor

Voxelotor/GBT440 (NCT03036813) (FDA approved) α-Globin reversible binding

Decitabine/THU (NCT01685515) DNMT1 inhibition

Sanguinate (NCT02411708) Targeting carbon monoxide delivery

IMR-687 (NCT04053803) Phosphodiesterase 9 inhibitor

Vasocclusion L-Glutamine (FDA approved) Increase NADH and NAD redox potential

Crizanlizumab (NCT03264989) (FDA approved) P-selectin inhibitor

Heparinoids: Sevuparin (NCT02515838) P-selectin and L-selectin inhibitor

Poloxamer and Vepoloxamer Nonionic block copolymer surfactant

Inflammation Prasugrel, ticagrelor (NCT02482298) P2Y2 inhibitors

Intravenous immunoglobulin (NCT01783691) Effects on neutrophils and monocytes activation

Simvastatin (NCT03599609) Vascular endothelium

Rivaroxaban (NCT02072668) Anti factor Xa

N-Acetylcysteine (NCT01800526) Oxidative stress reduction

HbF, hemoglobin F; HPFH, hereditary persistence of fetal hemoglobin; THU, tetrahydrouridine; DNMT1, DNA methyltransferase type 1.

that reversal of SCD could be achieved without complete reversal
of the hematological phenotype to HbAA, and paved the way for
bone marrow transplant (BMT) as a curative option for children
with severe SCD (Walters et al., 1996b).

The conclusion was that, as long as stable mixed hemopoietic
chimerism after BMT can be achieved, patients can be cured of
their SCD without complete replacement of their bone marrow
(Walters et al., 2001).

Allogeneic Bone Marrow Transplant
Hematopoietic stem cell transplant (HSCT) has now become
an important therapeutic option for patients with SCD.
Currently there are about 35 clinical trials at ClinicalTrials.gov
studying allogeneic BMT in patients with SCD. As described
by Walters et al. (2010), HSCT can establish donor-derived
erythropoiesis, but even more importantly, can stabilize or even
restore function in affected organs of patients with SCD when
performed in time.

Between 1986 and 2013, 1,000 patients received HLA-identical
matched sibling donor (MSD) HSCTs (Gluckman et al., 2017).
The outcomes for both children and adults were excellent,
demonstrating 93% overall survival. Eighty seven percent of the
patients received myeloablative chemotherapy (MAC) and the

rest (13%) received reduced intensity chemotherapy (RIC). It
is important to note that patients 16 years or older had worse
overall survival (95% vs. 81% p = 0.001) and a higher probability
of graft versus host disease (GVHD)-free survival (77% vs.
86% p = 0.001). These results should encourage physicians to
provide early referrals to SCD patients for transplant evaluation
so that the donor search can be started in a timely matter
(Gluckman et al., 2017).

Although myeloablative conditioning has achieved high rates
of overall and event free survival, the conditioning is too toxic
for adult patients with pre-existing organ dysfunction. Reversal
of the sickle hematology without complete replacement of the
patient’s bone marrow led to the development of less intense
conditioning regimens expanding allogeneic transplantation in
adult patients, who otherwise would not be able to tolerate
the intense myeloablative conditioning. Donors could be HbAA
or HbAS, and in order to reverse the sickle hematological
genotype, the myeloid donor chimerism has to be >20%
(Fitzhugh et al., 2017).

In an international, multicenter study, 59 patients had MSD
HSCT, of which 50 survived and were cured of SCD. Of the nine
patients that had a negative outcome, five had graft rejection
and four intracranial hemorrhage. Thirteen patients developed
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mixed chimerism. Of those patients that developed mixed
chimerism, there was no GVHD or disease recurrence/graft
rejection. Patients with stable mixed chimerism did not have
worse outcomes related to complications of SCD. Hsieh et al.
(2009) developed a protocol for non-myeloablative HSCT with
low dose total body radiation, alemtuzumab, and sirolimus. In the
initial 10 patients with SCD, nine had long-term, stable, mixed
donor chimerism and reversal of their sickle cell phenotype
(Hsieh et al., 2009). An updated report showed that 87% of the 30
patients had long-term stable donor engraftment without acute or
chronic graft-versus-host disease (Clinical trials [NCT00061568])
(Walters et al., 2001; Hsieh et al., 2014). More recent data
reported at least 95% cure rate in 234 children and young adults
(<30 years) with SCA after MSD with no increased mortality
compared to SCA itself and better quality of life. The data
also showed that myeloablative HSCT can be a safe option for
patients <15 years old if a MSD is available unless there is
a clear and strong recommendation not to undergo transplant
(Bernaudin et al., 2020).

However, in the US, less than 15% of patients with SCD
have HLA- matched siblings as donors, but a promising
alternative donor source is haplo-identical family members.
Studies are now underway in several centers to find a balance of
conditioning regime that provides adequate immunosuppression
without rejection and minimal GVHD (Joseph et al., 2018).
Matched unrelated donors (MUD) have shown promising results
in patients with thalassemia major and are currently being
evaluated in patients with SCD (Fitzhugh et al., 2014). One
of the main limitations, unfortunately, is the low probability
of finding suitable donors for African and African American
populations as per the National Marrow Donor Program and
so, not sufficient MUD transplants have been completed in
patients with SCD. HLA-haploidentical HSCT following RIC
has been reported to show promising results with prolonged
and stable engraftment, but for both unrelated umbilical cord
blood (UCB) and haploidentical HSCT, rejection remains a major
obstacle in the context of RIC (Bolanos-Meade et al., 2012;
Angelucci et al., 2014; Fitzhugh et al., 2014; Saraf et al., 2018;
Bolanos-Meade et al., 2019).

Although encouraging options with promising results
in clinical trials, acute and chronic GVHD remain major
complications which can be life threatening and have
severe effects on quality of life. Multiple factors affect the
development of GVHD in patients undergoing transplant,
including the source of the stem cells, the intensity of
immunosuppression in the conditioning regime (dose
of anti-thymoglobulin) and the mismatch status of the
donor to the recipient (Shenoy, 2013; Inamoto et al., 2016;
Bernaudin et al., 2020).

Acute GVHD remains a concern in patients receiving
mismatched donor transplants but UCB continues to show
reduced rates of chronic GVHD (Kamani et al., 2012). Reduced-
intensity conditioning regimens have also been studied in related
and unrelated HSCT, and while a suitable option for patients with
a matched sibling, patients with unrelated donor should be made
aware of the not-so-favorable short and long-term outcomes
(Guilcher et al., 2018).

As new transplant modalities emerge with less transplant
related mortality, better immunomodulators to prevent
GVHD are being developed and graft rejection has become
less frequent and accepted indications for HSCT have
become less restrictive (Table 2). Nonetheless, clinicians
continue to have reservation toward transplant and tend to
delay the referral to a HSCT specialist because of concerns
for GVHD, mortality/morbidity related to transplant
itself and the risk of graft rejection, which has not been
eliminated completely (Leonard and Tisdale, 2018). An
ongoing clinical trial will compare 2-year overall survival and
outcomes related to SCD in patients that undergo transplant
compared with current standard of care (ClinicalTrail.gov
Identifier: NCT02766465).

In allogeneic transplant, the source of hematopoietic stem cells
(HSCs) is from a donor (matched sibling, haplo-identical family
members, UCB or MUD). Allogeneic BMT using HSCs from
the latter 3 donor sources are still risky; and donor availability
presents a huge limitation. These limitations can be overcome by
autologous transplant, in which the patient receives his own cells
after being modified by gene therapy.

TABLE 2 | Indications for HSCT balanced with donor availability: Risk/benefit ratio considerations.

Matched sibling donor Matched unrelated donor or minimally mismatched
good quality cord product

Mismatched marrow donor, haploidentical donor

• Stroke
• Elevated TCD velocity
• Acute chest syndrome
• VOC
• Pulmonary Hypertension/tricuspid

regurgitation jet velocity.2.5 m/s
• Osteonecrosis/AVN
• Red cell alloimmunization
• Silent stroke specially with cognitive

impairment
• Recurrent priapism
• Sickle nephropathy

• Stroke
• Elevated TCD velocity
• Recurrent acute chest syndrome despite supportive care
• Recurrent severe VOC despite supportive care
• Red cell alloimmunization despite intervention plus

established indication for chronic transfusion therapy
• Pulmonary hypertension

• Recurrent stroke despite adequate chronic transfusion
therapy

• Inability to tolerate supportive care though strongly
indicated, e.g., red cell alloimmunization, severe VOC
and inability to take hydroxyurea

HSCT, hematopoietic stem cell transplantation; AVN, avascular necrosis; TCD, transcranial doppler; VOC, vaso-occlusive crisis.
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Autologous Hematopoietic Stem Cell Transplant
Modification: Gene Editing or Gene Therapy
Genetically engineered autologous cells eliminate the need to
find a HSCT donor, and thus available to all patients. Since
these are the patient’s own stem cells, there is no need for
immunosuppression, thus eliminating the risks of GVHD and
immune-mediated graft rejection (Esrick and Bauer, 2018;
Orkin and Bauer, 2019).

Sickle cell disease patients represent a special and complicated
population for this therapy for two major reasons. First, patients
that undergo autologous stem cell transplant require collection
of hematopoietic stem cells (CD34+) and the traditional method
of collection is a bone marrow harvest done by a specialist
but in patients with SCD this process yields CD34+ cells with
suboptimal quantity and quality requiring multiple harvests,
each harvesting procedure increasing the risk of triggering
acute pain crisis. Second, the current gold standard procedure
for cell mobilization is with granulocyte-colony stimulating
factor (G-CSF) but this is contraindicated in patients with
SCD due to risk of causing complications such as pain crisis,
acute chest syndrome, and even death, from the increased
white cell counts.

Recently, great advances have been made in using an
alternative approach for harvesting CD34+ cells using Plerixafor.
Plerixafor acts by reversibly blocking the binding between
chemokine CXC-receptor 4 (CXCR4) and the stromal cell
derived factor-1α triggering the mobilization of progenitor cells
into the peripheral blood. It allows peripheral mobilization of
stem cells by releasing CD34+ cells from the bone marrow
niches, without the massive increase in white blood cells.
Its development has been crucial in optimization of CD34+
collection in patients with SCD. Results have shown appropriate
mobilization of CD34+ cells 6 h after a single dose of
Plerixafor and are of higher quality and purity, decreasing the
need for multiple bone marrow harvests and the associated
stress/pain. Associated with hyper-transfusion therapy, it has
become the preferred way of marrow stimulation to yield
appropriate hematopoietic stem/progenitor cells in patients with
SCD (Boulad et al., 2018; Esrick et al., 2018; Hsieh and Tisdale,
2018; Lagresle-Peyrou et al., 2018).

The genetic defect in the sickle HSPCs can be corrected via
several approaches.

(A) Gene addition using lentiviral vector-based strategies
(a) Anti- or non-sickling strategies: Several gene therapies based
on gene addition using viral vectors to carry therapeutic
genes in HSCs are being actively developed with curative
purposes. Gene addition strategies that have reached clinical
trials include a promising one where the patient’s stem cells are
infected with a lentivirus expressing an anti-sickling β-globin
variant, T87Q. The unique feature of this vector is that the
amino acid substitution (βA−T87Q) allows for high performance
liquid chromatography (HPLC) monitoring of the transgene
globin levels in the patient’s cells (Cavazzana-Calvo et al.,
2010). The first SCD patient who received this Bluebird vector
(protocol HGB-205) was reported in 2017; engraftment was
stable with no sickle cell crises reported at 15 months of

follow up (Ribeil et al., 2017), with further undergoing studies
(ClinicalTrials.gov Identifier: NCT02140554, NCT03282656).
Other approaches to anti-sickling gene therapy in erythroid-
specific lentiviral vectors include utilizing a β-globin gene with
three specific point mutations that confer anti-sickling properties
(ClinicalTrials.gov Identifier: NCT02247843) or the introduction
of a γ-globin coding sequence in a β-globin gene to increase
HbF levels and decrease HbS (ClinicalTrials.gov Identifier:
NCT02186418) (Cavazzana et al., 2017). Thus far, the most
promising of these LV vectors is the one utilizing anti-sickling
β-globin variant, T87Q.
(b) Hb F induction: The well-established efficacy of increasing
HbF has motivated both pharmacological and genetic approaches
to HbF induction.

A gene addition approach that is already in clinical trials
(ClinicalTrials.gov Identifier: NCT03282656) utilizes a lentiviral
mediated erythroid specific short hairpin RNA (shRNA) for
BCL11A. This shRNA is modified to target the specific gene
and downregulate its expression (Brendel et al., 2016). As
of December 2018, three adults have been enrolled, utilizing
plerixafor mobilized HSC, all three patients showed prompt
neutrophil engraftment, and at 2 months follow up, the average
HbF was 30% (ASH abstract #1023 – 2018 ASH conference).
Other lentiviral therapies using zinc-finger nucleases (ZFN)
directed against the γ-globin promoter have been proposed. This
would force an interacting loop between the LCR and γ-globin
which would reactivate γ-globin production, increasing HbF and
decreasing HbS production at the same time. These lentiviral-
based approaches still need preclinical in vivo studies to address
safety and specificity before they can be considered in human
patients (Breda et al., 2016; Orkin and Bauer, 2019).

Viral vectors, such as lentivirus, are a great tool for gene
therapy but these results underscore the need to develop gene
transfer protocols that ensure efficient and consistent delivery
of the therapeutic globin gene cargo to HSC. Their major
limitations include:

(1) Their immunogenicity which can create an inflammatory
response in the donor which can lead to degeneration of the
transducted tissue, (2) they can produce non-specific toxins,
(3) due to the semi-random integration to the genome, there
is a theoretical risk of insertional mutagenesis, (4) they have
limitations of transgenic capacity size. An additional challenge
in SCD is the ability to maintain a persistent myeloid donor
chimerism of >20% to prevent return of SCD symptoms
(Fitzhugh et al., 2017). Due to these limitations, long-term
monitoring of patients to evaluate both safety and efficacy is
necessary. Until now, over the last decade of clinical trials, no
genotoxicity secondary to LV vectors has been reported but the
main challenge has been to keep the myeloid donor chimerism
above the 20% threshold (Nayerossadat et al., 2012).

(B) Gene editing
Gene-editing corrects a specific defective DNA in its native
location. SCD with its simple single base change presents a
very attractive prototype. Over the last couple of decades, there
has been a spectacular growth of such strategies, setting the
scene for developing therapies that could precisely genetically
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correct a single base mutation in patient with SCD. These
strategies include ZFNs, transcription activator-like effector
nucleases (TALENs) and the clustered regularly interspaced
short palindromic repeat (CRISPR)-associated nuclease Cas9
approach which is the most advanced of the three. The CRISPR-
Cas9 technology typically make a double-stranded break (DSB)
in a particular genomic sequence directed to that site by a
guide RNA. The most common method of DSB repair is non-
homologous end joining, often resulting in gene disruption or
knockout. This strategy is currently being tested in a clinical
trial (ClinicalTrials.gov Identifier: NCT03745287) in which the
patient’s own BCL11A gene (a major inhibitor of γ-globin gene
expression) is disrupted to induce HbF expression. BCL11A
also has roles in lymphoid and neurological development but
gene-editing for SCD exploits the erythroid-specific enhancers
in intron 2 of the gene (Bauer et al., 2013; Brendel et al., 2016).
CRISPR-Cas9 technology is also being explored to mimic the
rare, genetic variants that promote expression of the γ-globin
genes as in hereditary persistence of fetal hemoglobin (Traxler
et al., 2016; Wienert et al., 2018). Disrupting the putative
binding sites for γ-globin repressors like BCL11A to induce
HbF production will be an attractive therapeutic strategy for
both β-thalassemic and SCD patients (Masuda et al., 2016;
Liu et al., 2018; Martyn et al., 2018). The ultimate challenge,
however, is to genetically correct the mutation, a single nucleotide
change in the codon of the globin gene from GAG to GTG,
by providing a homology template with the correct sequence
at the sixth codon. Although this has been completed in
preclinical studies, current techniques do not allow for specific
transversion mutations like those required to cure SCD in
humans (Dever et al., 2016; Orkin and Bauer, 2019). The
enormous selective advantage of red blood cells with normal
hemoglobin or anti-sickling hemoglobin predicts that genetic
modification of a proportion of HSCs (estimated 10–20%) may
suffice as a one-off treatment (Fitzhugh et al., 2017). Before
gene therapy can become a reality, however, many hurdles
need to be overcome; genetically manipulated HSCs need to be
able to retain long-term repopulating potential; pre-transplant
conditioning is toxic and needs to be modified to reduce the
morbidity. A clinical trial exploring antibody-mediated non-
chemotherapy conditioning is being evaluated in patients with
severe combined immunodeficiency, in an attempt to reduce the
exposure to chemotherapy and its toxicities is currently recruiting
patients (ClincialTrials.gov Identifier: NCT02963064). Further
understanding of this technology could represent a new option
for patients with SCD.

Although different gene strategies have reached clinical trials
showing promising results they remain in early phases of
development and allogeneic HSCT remain the only curative
treatment modality for SCD. For the majority of patients without
a MSD, haploidentical HSCT with recent promising data of
improved overall survival presents an alternative for curative
therapy. Multiple gene therapy strategies utilizing patient’s own
stem cells, are also being pursued, but this has the disadvantage
of myeloablative conditioning (Leonard et al., 2020).

In addition to great advances in HSCT and gene therapy, new
pharmacological anti-sickling approaches have developed.

(2) Targeting Hemoglobin S
Polymerization
Approaches targeting HbS polymerization presents a very
attractive strategy as this “puts out the fire” rather than dealing
with the sequelae of the sickling event (Eaton and Bunn,
2017). HbF has long been known to have a major beneficial
effect in SCD – increased intracellular HbF not only dilutes
the intracellular HbS concentration but inhibits sickling as the
mixed hybrid tetramers do not partake in HbS polymerization.
Hydroxyurea (HU) works via induction of fetal hemoglobin
(HbF, α2γ2) synthesis, but hydroxyurea is only partially
successful as the increase in HbF is uneven and not equally
present in all the red blood cells (Ware, 2015). Nonetheless,
use of HU therapy in SCD has expanded substantially in recent
years. Follow on studies include demontration of its efficacy and
safety in the pediatric population (BABY HUG) (Wang et al.,
2011), the Transcranial doppler with Transfusion Changing to
Hydroxyurea Study (TWiTCH) that showed HU was comparable
to blood transfusions for primary stroke prevention (Ware
et al., 2016) although the Stroke with Transfusion Changing
to Hydroxyurea study (SWiTCH) concluded that HU is not
comparable to blood transfusion in secondary stroke prevention
(Ware et al., 2011).

More recently, two clinical studies have shown that HU
is relatively safe in Sub Saharan Africa, a setting with high
infectious disease and SCD burden. Hydroxyurea has been
shown to not only decrease complications from SCD such as
VOC, acute chest syndrome, frequency of transfusions, death
and infections – including malaria but also to be a feasible
approach in these under-resourced countries (Opoka et al., 2017;
Tshilolo et al., 2019).

Despite having a significant impact in patients with SCD,
there are still multiple unanswered questions regarding HU. Its
mechanism of action has not been fully understood and its impact
on HbF will decrease over time. Older patients become more
sensitive to the dosage and they require frequent blood tests
and readjustment of their dose. Regardless of the advances, there
is no clear evidence of the long-term effect of hydroxyurea in
preventing end organ damage (Nevitt et al., 2017; Luzzatto and
Makani, 2019). There is also conflicting evidence of the effects
of HU on male fertility (DeBaun, 2014). Chronic complications
of SCD such as recurrent episodes of priapism, asymptomatic
testicular infarctions and primary hypogonadism have been
described as potential etiologies of low fertility in male SCD
patients. Studies in transgenic SCD mice showed that SCD itself
was associated with inhibition of spermatogenesis and primary
hypogonadism but when compared to HU (25 mg/kg/day),
testicular volume was lower in those mice with SCD exposed
to HU, inferring lower spermatogenesis. Berthaut et al. (2008)
measured the semen quality of 4 patients with SCA at baseline
and 4 years after starting hydroxyurea. In three of four patients
the spermatozoan concentration continued to drop while patients
were taking the medication and did not return to baseline after
discontinuing HU (Berthaut et al., 2008). Although the evidence
is limited, full disclosure regarding implications on male fertility
should be given to patients and families in order to make an
informed decision before starting HU (Jones et al., 2009).
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Other than HU, other pharmacological options to increase
HbF are still experimental undergoing clinical trials. Molecular
studies on γ-globin identified regulatory elements in the
gene expression and subsequent HbF production. Such
molecules; histone deacetylase (HDAC), DNA methyltransferase
1 (DNMT1), BCL11A and SOX6 modifying HbF expression have
been explored as possible therapeutic options.

One of the proposed mechanisms for HU effect on HbF
is stimulation of cyclic guanosine monophosphate (cGMP).
Phosphodiesterase 9 (PDE9) is a specific enzyme in charge
of degrading cGMP and is highly present in neutrophils and
RBCs of patients with SCD. A novel, potent and selective
PDE9 inhibitor (IMR-687) has been shown to increase levels of
cGMP and HbF without signs of myelosuppression in cell lines
of patients with SCD. An open-label extension to a previous
phase 2a study is ongoing in adults with SCD (ClinicalTrials.gov
Identifier: NCT04053803) (McArthur et al., 2019).

Panobinostat is a pan HDAC inhibitor currently being studied
in adult patients with SCD as a phase 1 study (ClinicalTrials.gov
Identifier: NCT01245179). In vitro analysis of human erythroid
progenitor cells that underwent shRNA knockdown of HDAC1 or
HDAC2 genes resulted in increased levels of γ-globin but without
altering cellular proliferation of the cell cycle phase.

Associated with HU, HDAC gene inhibition produced a more
pronounced increase of γ-globin and HbF (Esrick et al., 2015).

DNA Methyltransferase 1 is involved in the shutting down
of γ-globin gene after birth and its subsequent production.
DNA methylransferase inhibitor 5-azacytidine was one of the
chemotherapeutic agents used to reactivate HbF but it was
quickly abandoned due to its toxicity and carcinogenicity.
Decitabine, an analog of 5-azacytidine, is also a potent DNMT1
inhibitor with a more favorable safety profile but decitabine
is rapidly deaminated and inactivated by cytosine deaminase,
if taken orally. To overcome this limitation, a clinical study
combines decitabine and tetrahydrouridine (THU), a cytosine
deaminase inhibitor, as a therapeutic strategy for inducing HbF
(ClinicalTrials.gov Identifier: NCT01685515). In a phase 1 study,
Molokie et al. (2017) showed that the inhibition of DNMT1
led to appropriate blood levels of decitabine that were safe and
induced a large increase in fetal hemoglobin in healthy red blood
cells. These agents did not induce cytoreduction, but increased
platelets count that can potentially trigger vaso-occlusion in SCD
patients (Molokie et al., 2017).

Voxelotor (Oxbryta/GBT440) binds specifically to the
N-terminus of the alpha subunit of HbS to stabilize the
oxygenated hemoglobin state (Strader et al., 2019), thus reducing
the predisposition to sickling. Voxelotor (Oxbryta/GBT440) was
approved by the FDA in November 2019 for the treatment of
SCD in adults and pediatric patients 12 years of age and older.
The HOPE study showed an increase in hemoglobin levels and
reduced markers of hemolysis in 274 patients with HbS that
were randomly assigned to receive the study drug versus placebo.
These findings have not correlated with reduced episodes of pain
crisis and/or end organ damage. Agents that shift Hb oxygen
affinity present some concerns of potential negative effects as the
bound oxygen cannot be off loaded in tissues with high oxygen
requirements, particularly concerning in a disease characterized

by decreased oxygen delivery (Hebbel and Hedlund, 2018;
Thompson, 2019). These concerns are being addressed in a
current phase 3, double-blind, randomized, placebo-controlled,
multicenter study of Voxelotor (ClinicalTrials.gov Identifier:
NCT03036813) (Vichinsky et al., 2019).

Dehydration of the RBC appears to be closely controlled by
the efflux of potassium through 2 specific pathways; one is the
potassium chloride cotransport and the other, calcium-activated
potassium efflux (Gardos channel). Senicapoc blocks the Gardos
channels, thus preventing dehydration of the red cells. Preclinical
and phase 1/2 showed that inhibition of potassium flow through
the Gardos channel increased Hb levels and decreased hemolysis
(ClinicalTrials.gov Identifier: NCT00040677). A phase 3 study
was terminated for lack of efficacy (ClinicalTrials.gov Identifier:
NCT00294541) (Ataga et al., 2008; Ataga and Stocker, 2009).

N-Methyl D-aspartate receptors (NMDARs) are non-selective
calcium channels present in erythroid precursors and circulating
RBCs and have been shown to be abnormally increased in RBCs
of patients with SCD (Hanggi et al., 2014). These channels are
closely related with RBC hydration that affects the intracellular
HbS concentration and thereby HbS polymerization and sickling
of RBCs. Memantine is a NMDAR inhibitor which has shown to
improve hydration of RBCs of patients with SCD in vitro and
to reduce sickling in the setting of deoxygenation. It is being
explored in an ongoing phase 2 clinical trial (ClinicalTrials.gov
Identifier: NCT03247218).

Sanguinate which is a bovine PEGylated hemoglobin product
attempts to block polymerization by targeting carbon monoxide
(CO) delivery. By binding to HbS polymers, CO enhances their
melting and minimize their persistence in peripheral blood.
However, this equilibrium is based on high concentrations of
CO. A phase 1/2 single-blind, randomized, placebo-controlled
study of this agent in the management of pain crisis has been
carried out but no results have yet been posted (ClinicalTrials.gov
Identifier: NCT02411708).

(3) Targeting Vasocclusion
Increased expression and activation of normally inactive
erythroid adhesion molecules promote cytoadherence of sickle
RBCs to the endothelium accompanied by platelets and
leukocytes. Activated leukocytes and platelets further increase the
risk to develop VOC (Nasimuzzaman and Malik, 2019; Sundd
et al., 2019; Telen et al., 2019).

Previous in vitro studies had demonstrated that glutamine
depletion contributed to red blood cell membrane damage and
adhesion. Uptake of L-glutamine uptake is markedly increased
in patients with SCD, primarily to increase the total intracellular
NAD level (Morris et al., 2008). In a phase 3 study, L-glutamine
demonstrated a 25% reduction in the median number of pain
crisis, 30% less hospitalizations and reduced acute chest episodes
in children and adults with SCD with or without HU over a 48-
week period. There were 36% drop-out rate in the glutamine
arm and 24% in the placebo control arm from unknown
reasons. L-Glutamine appears to significantly increase NADH
and NAD redox potential and decrease endothelial adhesion, but
its mechanism remains still unknown and there are concerns
regarding its use in patients with renal impairment, a common
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sickle-related complication (Quinn, 2018). In July 2017, the
pharmacological grade of L-glutamine (Endari) was approved by
the FDA for use in patients with SCD, 5 years or older (Niihara
et al., 2018). Of note, L-glutamine has not been approved by the
European Medicines Agency for treating SCD.

In the future it could be a useful combination therapy with
HU (Minniti, 2018) but uptake among patients is still low, one
of the reasons is the unpleasant taste. There are potentially less
expensive pharmaceutical formulations of L-glutamine available
off the counter, but purity of the effective agents in these
compounds have not been validated.

As the endothelium emerge as a key factor in the
constant activation of adhesion molecules in sickle RBCs, these
adhesion molecules present a very attractive therapeutic target.
Selectins, which are present in endothelial cells and are the
initial step toward a firm adhesion between RBCs and the
endothelium, have been further studied and targeted as possible
therapeutic approaches.

Crizanlizumab is a monoclonal antibody to P-selectin
and its mechanism of action is to block the adhesion of
activated erythrocytes, neutrophils and platelets. In a phase
2, multicenter, randomized, placebo controlled double blind
study, crizanlizumab with or without hydroxyurea (SUSTAIN
study) (ClinicalTrails.gov Identifier: NCT01895361) showed that
patients on the treatment arm had significantly lower rate of
sickle-related pain crises compared to placebo with a lower
incidence of adverse events - 10% of patients suffered from
moderate side effects while one patient suffered from an
intracranial bleed during treatment with this drug that could also
interfere with platelet function via its effects on selectins (Ataga
et al., 2017). Post hoc analyses showed that more patients were
VOC event-free in the crizanlizumab arm than in the placebo
arm, and that crizanlizumab also significantly increased time-to-
first VOC compared to the placebo (Kutlar et al., 2019). A phase
3 interventional, multicenter, randomized, double-blind clinical
trial is ongoing to assess safety and efficacy of crinalizumab
with or without hydroxyurea in patients with SCD and
history of VOC (ClinicalTrials.gov Identifier: NCT03814716).
In November 2019, the US Food and Drug Administration
approved crizanlizumab-tmca (ADAKVEO, Novartis) to reduce
the frequency of VOC in adults and pediatric patients aged
16 years and older with SCD.

Rivipansel is a pan-selectin inhibitor with its strongest activity
against E-selectin. In a multicenter, randomized, double−blind,
placebo−controlled phase 2 study (ClinicalTrails.gov Identifier:
NCT01119833), Rivipansel showed clinical and meaningful
reductions in multiple measures of VOC compared with those
receiving standard of care treatment (Telen et al., 2015). A phase
3 study (Identifier: NCT02187003) to evaluate the efficacy and
safety of rivipansel in the treatment of VOC in hospitalized
patients with SCD was terminated (posted on ClinicalTrials.gov
February 20, 2020) based on failure of the primary study
(NCT02433158) to meet the study efficacy endpoints of time to
readiness-for-discharge.

In a phase 1, dose-escalation study propranolol showed
it significantly reduced epinephrine-stimulated sickle RBCs
adhesion. A phase 2 study (NCT01077921) showed decrease in

adhesion molecules such as E-selectin and P-selectin but results
were not statistically significant and no clinical endpoints were
discussed (De Castro et al., 2012).

Due to their P-selectin mediated adhesion inhibition
properties, heparinoids have been additionally investigated
with interesting results. Sevuparin, a heparin derivate
polysaccharide that has shown to bind to P− and L−selectins,
thrombospondin, fibronectin and von Willebrand factor, all
of which are thought to contribute to vasocclusion in SCD.
It has been reported to inhibit sickle RBC adhesion to the
endothelial cells and to reduce tumor necrosis factor-induced
vasocclusion. It is currently being tested in a phase 2 clinical
trial, placebo controlled, to study its efficacy and safety in
patients with SCD during VOC (ClinicalTrials.gov Identifier:
NCT02515838) (Telen et al., 2016). Other heparinoids such
as Dalteparin showed incomplete evidence to support or
refute its effectiveness in the management of patients with
SCD. There are ongoing trials (ClinicalTrials.gov Identifier:
NCT02098993) to assess the feasibility of unfractionated heparin
in patients with SCD admitted with pain crisis. Well-designed
studies are still needed to clarify its role in the management
of patients with SCD and to assess the safety of this approach
(van Zuuren and Fedorowicz, 2015).

Poloxamer 188 is a non-ionic block copolymer surfactant
thought to seal stable defects in the microvasculature leading to
an improvement in blood flow and decreasing blood viscosity.
Although its mechanism is not well understood, a randomized,
double-blind, placebo-controlled trial showed that it decreased
the duration of sickle crisis by 8 h compared to placebo (133 h
vs. 141 h, p = 0.04) and more patients receiving the medication
reported crisis resolution (52% vs. 37%, p = 0.02) (Orringer
et al., 2001). In an early phase 2 study, one patient receiving
the medication developed renal dysfunction due to presence of
low molecular weight substances and a purified version was
designed (Adams-Graves et al., 1997). Vepoloxamer, a purified
form of Poloxamer 188 with multi mechanistic properties, was
believed to improve RBC adhesion, membrane fragility and organ
damage. Unfortunately, a phase 3 study failed to reduce the mean
duration of VOC in patients with SCD compared to placebo
(Adams-Graves et al., 1997).

(4) Targeting Inflammation
Continual background inflammation contributes to organ
damage in patients with SCD. Persistent activation of platelets,
neutrophils, monocytes, endothelium, and coagulation factors
are key participants in this vicious cycle. Different therapeutic
approaches have been proposed to assess the impact in patients
with SCD (Nasimuzzaman and Malik, 2019; Sundd et al., 2019;
Telen et al., 2019).

Intravenous immunoglobulin (IVIG) and statins have been
studied for their anti-inflammatory effects on neutrophils
and monocyte adhesion. Patients on statin demonstrated a
decrease in C-reactive protein, soluble ICAM1, soluble E-selectin
and vascular endothelial growth. Simvastatin was found to
reduce adhesion of white blood cells and in combination with
hydroxyurea, was found to decrease the number of pain crisis
and markers of inflammation (Hoppe et al., 2017). Currently,
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FIGURE 3 | The different therapeutic approaches for sickle cell disease and their mechanisms and current status in clinical trials. Orange: targeting hemoglobin S
polymerization; gray: targeting vasocclusion; light blue: targeting inflammation and green: modification of the genotype. shRNA, short hairpin RNA; Hb S,
hemoglobin S; Hb F, hemoglobin F; PDE9, phosphodiesterase 9. *FDA approved July 2017; **FDA approved November 2019; ***Terminated in February 20, 2020
due to failure to meet primary endpoints.

there is an active clinical trial to assess the effect of simvastatin
on central nervous system vasculature in patients with SCD
(ClinicalTrials.gov Identifier: NCT03599609).

N-Acetylcysteine (NAC) commonly used in respiratory
conditions has also been tested for patients with SCD. In a phase
2 study, NAC proved to inhibit dense cell formation and restored
glutathione levels toward normal. The decrease in irreversible
sickling of RBCs was not statistically significant but a downward
trend was observed (Pace et al., 2003; Nur et al., 2012). Further
studies have shown decreased red cell membrane expression
of phosphatidylserine which seems to reflect overall reduced
oxidative stress. To better assess its clinical effect in patients
with SCD, a pilot study, currently enrolling with invitation is
studying its effect in redox and RBC function during VOC
(ClinicalTrials.gov Identifier: NCT01800526).

Aberrant activation of the coagulation cascade, abnormal
excess of TF on the endothelial wall and high plasma levels
of different coagulation factors drive increased thrombin and
fibrin production leading to further inflammation and risk of
VOC (Sundd et al., 2019). In a SCD mouse model, factor
Xa, TF, and thrombin differentially contributed to vascular
inflammation (Sparkenbaugh and Pawlinski, 2013). Factor Xa
inhibition demonstrated a decrease in vascular inflammation as
assessed by the lower interleukin 6 levels. Although thrombin
had no effect on interleukin 6, it was a significant factor for

neutrophil infiltration and further inflammation (Sparkenbaugh
et al., 2014). A retrospective analysis of rivaroxaban, a
factor Xa inhibitor, demonstrated non-inferiority with regard
to thrombosis compared to warfarin with the advantage of
less outpatient visits and monitoring (Bhat and Han, 2017).
Currently, a two-treatment phase clinical trial with rivaroxaban
on the pathology of SCD has been completed but results are
pending (ClinicalTrials.gov Identifier: NCT02072668). Patients
with SCD have increased platelet levels at baseline that are
further increased during acute VOC. Platelet activation triggers
further leukocyte activation and promote RBC adhesion to
an exposed endothelium (Conran and Belcher, 2018) setting
off a vicious cycle of adhesion events. Antiplatelet therapy
with Clopidogrel in patients with SCD, unfortunately, were
disappointing. New, third generation P2Y12 inhibitors such
as ticagrelor and prasugrel have also been studied in patients
with SCD. Prasugrel showed appropriate levels of anti-platelet
aggregation compared to healthy patients in ex vivo studies, and
was well tolerated by patients, but on a 24-month follow up,
patients on the treatment arm failed to show reduction in the
frequency of VOC (Heeney et al., 2016; Conran and Rees, 2017).
Ticagrelor, in a phase 2b study, was well tolerated, but failed
to show effect in the frequency of VOC (Kanter et al., 2019)
(ClinicalTrials.gov identifier: NCT02482298). Previous studies
have also showed that aspirin as an anticoagulant therapy did not
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provide benefit over placebo, although it is used as an analgesic in
many parts of Africa (Sins et al., 2017).

In patients with SCD, continual lysis of RBCs activates
the inflammasome triggering the release of multiple cytokines,
including IL-1β (Awojoodu et al., 2014). Canakinumab is a
humanized monoclonal antibody that targets interleukin 1-β (IL-
1β), and thus potentially could be useful in mitigating some of
the inflammation in SCD. Canakinumab was shown to be well
tolerated and not associated with major side effects in pediatric
and young adult patients (Rees, 2019). A clinical trial to assess
its efficacy, safety and tolerability is ongoing in the pediatric
population (ClinicalTrials.gov Identifier: NCT02961218).

CONCLUSION

In the last 30 years, there has been a revolution in the medical
sciences, and SCD because of its genetic simplicity, has been at
the forefront of the numerous scientific discoveries. Tremendous
progress has been made in understanding its pathophysiology
and pathobiological complexities, but developing treatments,

has been disproportionately slow and elusive. However, after a
century of neglect, going back to basics offers hope for translating
these insights into better therapeutic options – pharmacological
and genetic – and for finding curative genetic options for SCD
(Figure 3). Although frequent in the US, SCD is far more
prevalent in Africa where patients have less access to resources,
medical treatment and facilities and the consequences of the
disease are devastating. As we move forward, we have to continue
focus our therapeutic approaches so that they can be accessed by
those that suffer the most.
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In the recent years, the progress in genetic analysis and next-generation sequencing
technologies have opened up exciting landscapes for diagnosis and study of molecular
mechanisms, allowing the determination of a particular mutation for individual patients
suffering from hereditary red blood cell-related diseases or anemia. However, the huge
amount of data obtained makes the interpretation of the results and the identification of
the pathogenetic variant responsible for the diseases sometime difficult. Moreover, there
is increasing evidence that the same mutation can result in varying cellular properties and
different symptoms of the disease. Even for the same patient, the phenotypic expression
of the disorder can change over time. Therefore, on top of genetic analysis, there is a
further request for functional tests that allow to confirm the pathogenicity of a molecular
variant, possibly to predict prognosis and complications (e.g., vaso-occlusive pain crises
or other thrombotic events) and, in the best case, to enable personalized theranostics
(drug and/or dose) according to the disease state and progression. The mini-review will
reflect recent and future directions in the development of diagnostic tools for red blood
cell-related diseases and anemias. This includes point of care devices, new incarnations
of well-known principles addressing physico-chemical properties, and interactions of
red blood cells as well as high-tech screening equipment and mobile laboratories.

Keywords: point of care, functional screening, physico-chemical properties, mobile laboratory, sickle cell
disease, personalized medication, artificial intelligence

DO WE NEED NOVEL DIAGNOSTIC TOOLS?

There is a demand for novel diagnostic assays and devices from several perspectives. (i) Since we
are still facing huge economic differences across our planet, there is a need (and a market) for
low-cost diagnosis of common and rare red blood cell-related diseases. This includes sickle cell
disease, thalassemia, malaria, and other less common hereditary and acquired hemolytic anemias.
(ii) Scientific progress and the omics era allowed to unravel new diseases. This covers so far
undiagnosed red blood cell diseases as well as identifying new pathogenetic variants in previously
phenomenologically defined diseases. However, the huge amount of data obtained need to be
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interpreted, and often variants predicted at in silico analysis
as possibly pathogenic—the so-called variants of unknown
significance (VUS)—may have no or very little impact on protein
function and obviously require further diagnostic tests to assess
their functional involvement in the disease. (iii) Even knowing
the molecular defect in diseases does not tell us much about
the severity and the current state of the disease (e.g., severity of
anemia, vaso-occlusive crisis in sickle cell disease). Thus, there
is a need to establish the prognosis and possible complications
of particular disease states and to determine an appropriate
treatment. This is not restricted to the selection or combination
of particular drugs but also the dose of these drugs. The concept
of personalized theranostics addresses this issue but requires new
approaches to become effective.

Given the rarity and the heterogeneity of this group of
disorders, the interest of pharmaceutical companies and device
maufacturers in developing drugs and technological devices,
respectively was limited in the past. The strong possibility not
to reach a sufficient volume of requests, the approach to rare
disorders, in particular the congenital ones, was scanty up to
some years ago. Funding initiatives for rare diseases, especially by
the European Commission (within the 7th Framework Program
and Horizon 2020) boosted research in the field of rare anemias,
and this will continue within the coming years (Horizon Europe).
A consensus document highlighting major achievements in
diagnosis and treatment of blood disorders, including rare red
blood cell disorders, and identifying the greatest unmet clinical
and scientific needs has been recently prepared by more than
300 experts belonging to the European Hematology Association
(EHA) (Engert et al., 2016).

POINT OF CARE DIAGNOSTIC DEVICES

There are many requirements that should be taken into
consideration in the development of a point of care device.
It is important that the test performed will be rapid, user-
friendly, easily interpretable, sensitive and specific (to avoid
false negative and positive results). Another aspect that should
always be considered in the development of point of care
diagnostic devices is their size. They need to be transportable
and in the best case being pocket size. Furthermore, such
devices need to be affordable, although the threshold for the
market price is different depending on the socio-economic
environment of the patient(s). In particular, one of the
technical developments of the past decade is in favor of such
developments: the smartphones (and tablets) are ever improving
mini-computers with innovative interaction interfaces that
often “only” require particular sensors and the complementary
software to turn into a diagnostic device. Even smartwatches
(or fitness watches) already measure routinely heart rate and
other health-related parameters start to become routine read-
outs such as oxygen saturation (see, e.g., Garmin watch portfolio)
or blood pressure. It is worthwhile to mention that most
point of care devices work completely non-invasive or at least
only require such small amounts of blood that can be taken
by finger prick avoiding venous puncture (e.g., Pandey et al.,

2018). Examples of early developments of smartphone-based
diagnostic devices in conjunction with an “App” and appropriate
sensors have been described for the detection of sickle cell
disease (Knowlton et al., 2015; Ung et al., 2015), although
not all point of care diagnostic devices are smartphone
based. Promising recent developments are the HemoTypeSC to
determine the hemoglobin types by Silver Lake Research (Azusa,
CA, United States) (e.g., Nankanja et al., 2019; Steele et al., 2019;
Mukherjee et al., 2020) or Sickle SCAN with a similar application
by BioMedomics (Morrisville, NC, United States) (Nguyen-Khoa
et al., 2018). Also, a recent enrichment on the market was
Q-POC by QuantuMDx (Newcastle, United Kingdom). Although
initially developed to diagnose infectious diseases, it is also
tested to diagnose all the different β-thalassemia mutations
(Elion, 2019).

A very special test for sickle cell disease was recently
developed. The test is utilizing filter paper and, thus, costs less
than 0.05€ per test (Delobel et al., 2018).

A NEW GENERATION OF DEVICES
PROBING FOR PHYSICO-CHEMICAL
PROPERTIES OF RED BLOOD CELLS

As outlined in the introduction, although the identification
of a molecular lesion is mandatory in genetic disorders to
confirm the diagnosis, clinical observations reveal that the
genotype/phenotype correlation is not always possible and that
other genetic/epigenetic factors (other than the molecular defect)
may contribute to the clinical phenotype. This is particularly
evident in case of intrafamily clinical variability in presence of
the same mutation, or in clinical variability in the same patient
during his life (Grace et al., 2018; Bianchi et al., 2020). Therefore,
diagnostic devices that address physico-chemical properties such
as cellular deformability, hemolysis, and red blood cell interaction
properties entered the market or are under development.

An example addressing cell deformability is the LoRRca (RR
Mechatronics, Hoorn, Netherlands) (Figure 1). The instrument
was developed and commercialized only some years ago. Initially,
it was used in a few highly specialized centers, but now, it is
increasingly used to routinely diagnose rare red cell disorders
(Da Costa et al., 2016; Zaninoni et al., 2018). Moreover, its new
oxygen scan application, measuring the relative oxygen pressure
at the critical point the red blood cells start to sickle, might offer
in the future new opportunities for monitoring sickling during
new treatment strategies, personalized medicine, and prediction
of complication in sickle cell disease (Rab et al., 2020).

A neat concept to test red blood cell stability based on a bead
mill and spectral measurement of hemoglobins was developed by
Blaze Medical Devices (Ann Arbor, MI, United States). Although
the concept was convincing (Tarasev et al., 2016), the device
never entered the market. However, measurements as a service
are offered by Functional Fluidics (Detroit, MI, United States).

Yet another example is a table top device called MeCheM
(mechanical and chemical modulator) that was developed by
Epigem Ltd. (Redcar, United Kingdom) within the project
CoMMiTMenT (Combined Molecular Microscopy for Therapy
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FIGURE 1 | Analysis of RBC membrane disorders and other rare haemolytic anaemias by ektacytometry analysis. (A) Image of the Laser Optical Rotational Red Cell
Analyzer (LoRRca Maxsis RR Mechatronics, Netherlands). (B) List of key parameters analyzed by the instruments. (C) Osmoscan profile in normal subjects and
parameters analyzed: the Omin value represents the 50% of the RBCs hemolysis in conventional osmotic fragility assays, reflecting mean cellular surface-to volume
ratio; the Elongation Index (EI) max corresponds to the maximal deformability obtained near the isotonic osmolality and is an expression of the membrane surface;
the Ohyper reflects mean cellular hydration status; the AUC correspond to the area under the curve beginning from a starting point in the hypo-osmolar region and
an ending point in the hyper-osmolar region. (D) Examples of typical osmoscan profiles in hemolytic anemias resulting from the analysis of 202 patients affected by
congenital hemolytic anemia of different etiology. Continuous line represents a daily control and shaded area the control range curve. (a) HS = hereditary
spherocytosis, (b) HE = hereditary elliptocytosis, (c) HSt = hereditary stomatocytosis: HSt-PIEZO1 (hereditary xerocytosis) (dotted line), HSt-KCNN4 (Gardos
channelopathy) (dashed line), (d) CDAII = congenital diserythropoietic anemia type II, (e) RBC enzymopathies (pyruvate kinase deficiency), (f) other rarer RBC
enzymopathies (glucosephosphate isomerase deficiency). Panels (A) and (C) are reproduced with permission from RR Mechatronics. Panels (D) is reproduced from
Zaninoni et al. (2018).
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FIGURE 2 | Diagnosis of a novel PIEZO mutation with automated patch-clamp technology. (A) Image of the SyncroPatch device (Nanion Technologies, Munich,
Germany). (B) List of key parameters of the SyncroPatch. (C) Illustration of a novel mutation (R2110W) of the Piezo 1 ion channel. Although detected per se, it was
unknown if the mutation has a functional effect on the red blood cells. Orange areas represent regions affected by previously reported mutations. (D) Raw data
traces of a red blood cell recording for illustration. Yoda1 is a specific activator of Piezo 1. The gray bar depicts the time point (= membrane potential), which was
used for the statistical analysis. (E) Statistical analysis of all measured cells (R2110W mutation vs. control) to exemplify the functional impact of the mutation. n gives
the number of successful measured and analyzed cells. (A) Reproduced with permission from Nanion Technologies. (C–E) Reproduced from Rotordam et al. (2019)
with permission of the Ferrata Storti Foundation.

Frontiers in Physiology | www.frontiersin.org 4 May 2020 | Volume 11 | Article 38776

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00387 June 4, 2020 Time: 12:0 # 5

Kaestner and Bianchi Trends in Diagnosis of Anemias

and Personalized Medication in Rare Anemias Treatments,
funded in the European Community 7th Framework Program).
It is a microfluidic device that can challenge red blood cells
chemically or with functional surfaces, while red blood cells are
microscopically observed. Although it is not yet on the market, it
is under investigation in several hematologic laboratories within
Europe and in a clinical trial testing the efficiency of Memantine
for the treatment of sickle cell disease (Makhro et al., 2020).

NOVEL SCREENS BASED ON
HIGH-TECH, ROBOTICS, AND
ARTIFICIAL INTELLIGENCE

The opposite of point of care devices are machines or procedures
that are so complicated and/or expensive that they are exclusively
established in expert centers or even in specialized research
laboratories. For these devices/procedures, it is sometimes hard
to distinguish between the generation of new knowledge and
diagnosis—at least this borderline is fuzzy. An example of such a
device is an automated patch-clamp robot that in the past proofed
to be useful for the investigation of red blood cells (Makhro
et al., 2013; Minetti et al., 2013). An image of the device and the
joint test is given in Figure 2. This patch-clamp robot, originally
developed for pharmacological compound screening, was used
for a functional diagnosis of a new variant of a mutation of the
mechanosensitive ion-channel Piezo1, which is associated with
hereditary xerocytosis (Rotordam et al., 2019).

Another procedure used to understand/diagnose diseases is
the in vitro erythropoiesis, which was refined and optimized
considerably also in the past decade. Although bioreactors for an
automated and controlled differentiation from peripheral stem
cells to erythrocytes are under development (Heshusius et al.,
2020), up to date, in vitro erythropoiesis still requires the human
resource of a scientist or technician to be performed. However,
we like to emphasize that recent results showed the importance
of erythropoiesis for determination of the severity of the disease
(Moura et al., 2019; Caulier et al., 2020).

Artificial intelligence based on artificial neuronal networks is
a concept that will enter all incarnations of diagnostic devices
as long as they involve computational power. A very old and
established diagnostic tool, the analysis of blood smears, is
currently reinvented based on the recordings of confocal stacks,
three-dimensional rendering of the cells, and classification of the
cell shapes by artificial neural networks (compare Bogdanova
et al., 2020 within this research topic). Whether it will indeed
be possible to link the occurrence of particular cell shapes with
concrete mutations still needs to be explored.

LOGISTIC CONCEPTS FOR HIGH-TECH
DIAGNOSIS AND RESEARCH

Given the rarity and the heterogeneity of this group of disorders,
the confinement between research and diagnostics is sometimes
faint, especially for the rare or undiagnosed diseases. In the
presence of very rare disorders (e.g., some rare red blood

cell enzyme defects or in defects of cell volume regulation),
each case seems unique and worth to be described and deeply
characterized. Networking activities to recruit similar cases and
to joint expertise and collaborations is utmost important in this
field (e.g., Vives Corrons et al., 2014; Fermo et al., 2017; Petkova-
Kirova et al., 2019). However, this requires a logistic organization
of collaboration, in particular for sharing the blood samples. The
most common mode is the shipment of samples. This is easy
and straightforward when cells or cell extracts can be preserved,
like for blood smears, chemically fixed cells for morphological
investigations (Abay et al., 2019), isolated RNA for genetic
investigations, frozen cells, e.g., for protein analysis, etc. However,
it is much more complicated when assays are based on living cells.
Some years ago, we performed a dedicated study on healthy red
blood cells to mimic transportation conditions (Makhro et al.,
2016). The outcome was surprising in the respect that different
red blood cell parameters require different conditions in terms
of anticoagulant and temperature to resemble the results of fresh
red blood cells. With cells of patients, the situation can be even
worse. In a recent study on cellular intracellular Ca2+ (Hertz
et al., 2017), the effect of the transportation was bigger than
the effect of the disease. In this particular study, the data could
be “rescued” by normalizing to healthy transportation controls.
However, we also found that in certain conditions, differences
between patients and control can easily be lost during some
hours in vitro (Rotordam et al., 2019). Taking all these indications
and although shipment of blood samples is the most common
and popular method of interlaboratory collaboration, it is by
far not an ideal configuration. However, a much better option
would be if the patients travel to the specialized laboratories.
Although we recently introduced this practice in our laboratory,
it does work only for a minority of patients (due to the state
of the patients, their compliance, or other restrictions) and is
only a kind of control that hardly can reach statistical power,
especially for rare and very rare diseases. The third option would
be mobile specialized laboratories. Surprisingly, this idea, so
far, got stuck within discussion among researchers, presumably
because appropriate funding programs are the restriction. From
the technical point of view, (i) we are, in principle, able to
catapult even confocal microscopes with biological samples into
space (Thiel et al., 2019) and (ii) an increasing number of
devices are designed for transportation. This is not restricted
to the classical point of care devices mentioned above but also
applies for fairly complicated machines such as flow cytometers
(e.g., CyFlow Cube6, Sysmex, Germany). Therefore, a mobile
laboratory down on earth for red blood cell-related diseases
should be a challenging project but with high chances of success
and only limited risks as it was realized for other purposes before
(e.g., Weidmann et al., 2018). However, the intended project/use
should define whether such a laboratory should be on wheels, on
a boat, or on board an aircraft.

CONCLUSION AND OUTLOOK

Point of care, artificial intelligence, and personalized
theranostocs are probably the major keywords that
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characterize current and future developments in diagnostic
devices for red blood cell-related diseases, in general,
and for rare anemias, in particular. From a conceptual
point of view, genetic analysis is well established, and
decrease in the size of devices and significant cost drops
will increase the spread and the regular use of this
diagnostic tool. In line with this, a targeted analysis of
a defined (group of) protein(s) will be replaced by a
full genome analysis. However, functional analysis (more
and more based on individual cells) on top of gene
characterization will become increasingly important. This
may go far beyond the samples given above and is
likely to include further miniaturized assays of well-
known tests such as the investigation of cell density
distributions or measurements considering filterability
properties.
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The study of elite athletes provides a unique opportunity to define the upper limits
of human physiology and performance. Across a variety of sports, these individuals
have trained to optimize the physiological parameters of their bodies in order to
compete on the world stage. To characterize endurance capacity, techniques such
as heart rate monitoring, indirect calorimetry, and whole blood lactate measurement
have provided insight into oxygen utilization, and substrate utilization and preference,
as well as total metabolic capacity. However, while these techniques enable the
measurement of individual, representative variables critical for sports performance,
they lack the molecular resolution that is needed to understand which metabolic
adaptations are necessary to influence these metrics. Recent advancements in mass
spectrometry-based analytical approaches have enabled the measurement of hundreds
to thousands of metabolites in a single analysis. Here we employed targeted and
untargeted metabolomics approaches to investigate whole blood responses to exercise
in elite World Tour (including Tour de France) professional cyclists before and after a
graded maximal physiological test. As cyclists within this group demonstrated varying
blood lactate accumulation as a function of power output, which is an indicator
of performance, we compared metabolic profiles with respect to lactate production
to identify adaptations associated with physiological performance. We report that
numerous metabolic adaptations occur within this physically elite population (n = 21
males, 28.2 ± 4.7 years old) in association with the rate of lactate accumulation
during cycling. Correlation of metabolite values with lactate accumulation has revealed
metabolic adaptations that occur in conjunction with improved endurance capacity. In
this population, cycling induced increases in tricarboxylic acid (TCA) cycle metabolites
and Coenzyme A precursors. These responses occurred proportionally to lactate
accumulation, suggesting a link between enhanced mitochondrial networks and the
ability to sustain higher workloads. In association with lactate accumulation, altered
levels of amino acids before and after exercise point to adaptations that confer
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unique substrate preference for energy production or to promote more rapid recovery.
Cyclists with slower lactate accumulation also have higher levels of basal oxidative
stress markers, suggesting long term physiological adaptations in these individuals that
support their premier competitive status in worldwide competitions.

Keywords: metabolomics, elite athletes, endurance, exercise, lactate, oxidative stress, amino acid metabolism,
mitochondrial metabolism

INTRODUCTION

The physiological and metabolic response to exercise has
fascinated scientists for centuries. In 1784, Antoine Lavoisier
and Pierre-Simon Laplace designed an ice-calorimeter to
measure the amount of heat emitted during combustion
and respiration, which enabled the measurement of oxygen
(O2) consumption during exercise (Underwood, 1944;
Karamanou and Androutsos, 2013). Since then, maximal
oxygen consumption (VO2max) has been considered the
gold standard to measure cardiorespiratory fitness (Shephard,
1984). In the last two decades, the monitoring of physiological
and metabolic response to exercise using this technique has
become increasingly popular in the area of sports medicine
and performance, fostered in part by studies involving elite
professional athletes. These studies have shaped programs for
individualized training, recovery and nutritional regimes and
have been based traditionally on VO2max as the representative
parameter due to its relatively easy measurement by indirect
calorimetry using commercially available metabolic carts
(Jensen et al., 2002).

Despite widespread use, laboratory physiological testing is not
ubiquitous as not all athletes have access to advanced exercise
laboratory facilities. In addition, respiration-based measurements
are not always reproducible in monitoring performance, due
to the multiple unmeasured variables that influence this the
measured output. As such, additional markers of training status
that are more acutely tied to cellular and tissue metabolism
have been proposed. Lactate is one such metabolic biomarker
that enables measurement of metabolic responses to exercise
and serves as a surrogate for muscle stress. Although it had
been considered a waste product of anaerobic metabolism,
foundational studies by Brooks and colleagues began to shift
this decades-old paradigm by demonstrating a higher degree
of lactate consumption under fully aerobic conditions than
previously thought using isotope tracing studies in rats (Brooks,
1986). Since then, lactate has been shown to be a major fuel
source for the body, and even possesses hormone-like properties
(Brooks, 2018).

Whole blood lactate measurement has been widely accepted
as a valid method to evaluate the metabolic responses to
exercise (Jacobs, 1986; Billat, 1996). This measurement also
serves as a monitor of training status, since well-trained athletes
have a higher lactate clearance capacity and decreased blood
lactate levels (Donovan and Brooks, 1983; Bergman et al.,
1999) likely due to enhanced mitochondrial function resulting
from training (McDermott and Bonen, 1993; Dubouchaud
et al., 2000). In addition to ease of measurement using

portable equipment, these findings have promoted lactate
monitoring as a viable readout for personalized athletic
training programs.

To expand upon metabolic programs that may elicit lactate
production, studies into substrate utilization (such as fat
and carbohydrate oxidation) during exercise using indirect
calorimetry have provided improved resolution of exercise
physiology (Frayn, 1983). The subsequent combination of blood
lactate measurement and substrate utilization during exercise has
thus offered novel approaches to measure metabolic function
and, indirectly, mitochondrial function and metabolic flexibility
(San-Millán and Brooks, 2018). However, despite growing
interest into the cellular responses to exercise, these techniques
only enable the monitoring of a limited number of parameters
thereby hampering our full understanding of metabolic responses
in exercise physiology.

The field of metabolomics has emerged strongly in the last
decade in many areas of scientific research as a powerful tool
to precisely measure metabolic pathways at the cellular and
systematic level (D’Alessandro, 2019). Chromatography-based
separation of metabolites combined with improved scanning
speeds and accuracy of mass detectors has greatly enhanced
the breadth and depth of metabolite coverage monitored in a
single experiment. These techniques are amenable to measuring
metabolites within any biological matrix (Nemkov et al., 2017)
and have been applied to multiple exercise-focused studies into
metabolic response to exercise that varies by type, intensity, and
duration (reviewed in Sakaguchi et al., 2019).

Given the predictive importance of lactate measurement in
sports physiology and the robustness of mass spectrometry-based
metabolomics, we hypothesized that identification of metabolic
pathways altered in conjunction with lactate production will
reveal molecular mechanisms of enhanced physical performance.
To test this hypothesis, we measured metabolite levels in
whole blood samples isolated from a team of elite professional
cyclists before and after a graded maximal physiological test
and compared metabolic profiles with respect to a lactate-
dependent performance cutoff (PC). Expansion of knowledge
around lactate-associated metabolic traits could serve to
improve multiple aspects of individualized training, nutrition,
overtraining, injury prevention and rehabilitation.

MATERIALS AND METHODS

Twenty-one international-level World Tour professional male
cyclists (Tour de France Level) performed a graded exercise test
to exhaustion on an electrically controlled resistance leg cycle
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TABLE 1 | Physiological parameters of male cyclists used in this study.

Age (year) 28.2 ± 4.7

Height (cm) 179.2 ± 7.6

Weight (kg) 70.7 ± 6.7

Body fat (%) 10.4 ± 0.7

ergometer (Elite, Suito, Italy). Physical parameters are included in
Table 1. After a 15 min warm-up, participants started leg cycling
at a low intensity of 2.0 W kg−1 of body weight. Exercise intensity
was increased 0.5 W kg−1 every 10 min as previously described
(San-Millán et al., 2009). Power output, heart rate and lactate
were measured throughout the entire test and recorded every
10 min including at the end of the test. All study procedures
were conducted in accordance with the Declaration of Helsinki
and in accordance with a predefined protocol that was approved
by all researchers and the Colorado Multiple Institutional
Review Board (COMIRB 17-1281). Written informed consent
was obtained from all subjects.

Blood Lactate Concentration
Measurement
At the end of every intensity stage throughout the graded training
period, a sample of capillary blood was collected to analyze
both intra- and extra-cellular levels of L-lactate (Lactate Plus,
Nova Biomedical, Waltham, MA, United States). Heart rate was
monitored during the whole test with a heart monitor (Polar
S725x, Polar Electro, Kempele, Finland).

Subjects Group Classification –
Performance Cutoff
Cyclists were separated into two groups based on the blood lactate
concentration at an exercise intensity of 5.0 W kg−1, designated
as the PC. Cyclists with PC lactate levels below the group average
of 5 mmol L−1 were classified as the Gold group, while cyclists
above the average were classified in the Silver group (Figure 2A).

Metabolomics Assessment
Sample Collection
Whole blood samples were collected using the Touch-Activated
Phlebotomy (TAP) device (Seventh Sense Biosystems, Medford,
MA) as previously described (Catala et al., 2018). Due to a
limited 100 µL sample volume collected with the TAP device,
and to assess the utility of whole blood analyses with the goal
of simplifying sample isolation by circumventing the need for
centrifugation, whole blood samples were frozen in dry ice within
15 min of isolation and stored at -80◦C until analysis. Prior to
LC-MS analysis, samples were placed on ice and re-suspended
with nine volumes of ice cold methanol:acetonitrile:water (5:3:2,
v:v). Suspensions were vortexed continuously for 30 min at 4◦C.
Insoluble material was removed by centrifugation at 18,000 g for
10 min at 4◦C and supernatants were isolated for metabolomics
analysis by UHPLC-MS. The extract was then dried down under
speed vacuum and re-suspended in an equal volume of 0.1%
formic acid for analysis.

UHPLC-MS Analysis
Analyses were performed as previously published (Nemkov
et al., 2017; Reisz et al., 2019). Briefly, the analytical platform
employs a Vanquish UHPLC system (Thermo Fisher Scientific,
San Jose, CA, United States) coupled online to a Q Exactive
mass spectrometer (Thermo Fisher Scientific, San Jose, CA,
United States). The (semi)polar extracts were resolved over a
Kinetex C18 column, 2.1 mm× 150 mm, 1.7 µm particle size
(Phenomenex, Torrance, CA, United States) equipped with a
guard column (SecurityGuardTM Ultracartridge – UHPLC C18
for 2.1 mm ID Columns – AJO-8782 – Phenomenex, Torrance,
CA, United States) using an aqueous phase (A) of water and
0.1% formic acid and a mobile phase (B) of acetonitrile and
0.1% formic acid for positive ion polarity mode, and an aqueous
phase (A) of water:acetonitrile (95:5) with 1 mM ammonium
acetate and a mobile phase (B) of acetonitrile:water (95:5) with
1 mM ammonium acetate for negative ion polarity mode. The Q
Exactive mass spectrometer (Thermo Fisher Scientific, San Jose,
CA, United States) was operated independently in positive or
negative ion mode, scanning in Full MS mode (2 µscans) from
60 to 900 m/z at 70,000 resolution, with 4 kV spray voltage,
45 sheath gas, 15 auxiliary gas. Calibration was performed
prior to analysis using the PierceTM Positive and Negative Ion
Calibration Solutions (Thermo Fisher Scientific). Acquired data
was then converted from.raw to.mzXML file format using Mass
Matrix (Cleveland, OH, United States). Samples were analyzed
in randomized order with a technical mixture injected after
every 15 samples to qualify instrument performance. Metabolite
assignments, isotopologue distributions, and correction for
expected natural abundances of deuterium, 13C, and 15N isotopes
were performed using MAVEN (Princeton, NJ, United States)
(Melamud et al., 2010). Discovery mode alignment, feature
identification, and data filtering was performed using Compound
Discoverer 2.0 (Thermo Fisher Scientific).

Graphs, heat maps and statistical analyses (either T-Test
or ANOVA), metabolic pathway analysis, partial least squares
discriminant analysis (PLS-DA) and hierarchical clustering was
performed using the MetaboAnalyst 4.0 package (Chong et al.,
2018). XY graphs were plotted through GraphPad Prism 8
(GraphPad Software Inc., La Jolla, CA, United States).

RESULTS

The Whole Blood Metabolome Changes
Significantly in Response to Exercise
In order to determine systemic metabolic changes during
intense cycling, untargeted metabolomics analyses using LC-
MS/MS were performed on whole blood samples isolated from
cyclists before (Pre) and after (Post) a graded exercise test
with cycling intensity normalized to individual cyclist body
mass (Figure 1A). Of the 2,790 putative compounds detected
in discovery mode analysis (ranging from Level 1 to Level
4 confidence, Schrimpe-Rutledge et al., 2016) 355 metabolites
were manually identified using accurate intact mass, isotopic
pattern, fragmentation and an in-house standard library. These
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FIGURE 1 | High-Throughput Metabolomics of Endurance Training in Elite Professional Cyclists. (A) Blood samples were drawn from subjects using a TAPTM

push-button blood collection device before and after 1 h of a graded exercise test. Samples were extracted for hydrophilic or non-polar metabolites and analyzed
using a high-throughput LC-MS based metabolomics platform. (B) Hierarchical Clustering Analysis of the top 50 T-Test significant metabolites is shown as a heat
map and are Z-score normalized, with the color-coded gradient depicted in the lower left corner. (C) Partial Least Squares Discriminant Analysis (PLS-DA) shows a
distinct clustering pattern of baseline (Pre, blue) and post-test (Post, blue) samples along Component 1 axis (12.5% variance explained), while inter-individual
variability is described by the Component 2 axis (12.4% variance explained). (D) PLS-DA cross validation details are shown for the first 5 components. (E) Parameter
with the top 15 variable importance in projection (VIP) scores are shown.

metabolites were systematically analyzed by multivariate analyses
such as Principal Component Analysis (PCA; Figure 1B) and
Hierarchical Clustering Analysis (HCA, Figure 1C). A table
including the molecular weight, retention time, polarity of
detection, and raw peak area top values is provided in
Supplementary Table 1. The top 50 significant metabolites
by a two-tailed Student’s T-Test were hierarchically clustered
to illustrate acute metabolic responses to cycling, showing
significant changes for metabolites involved in central energy

metabolism (glycolysis, TCA cycle), nucleotide homeostasis,
and lipid metabolism (Figure 1B). Partially supervised PLS-DA
distinguished samples by time point across Component 1 (12.5%
of metabolic difference described) and demonstrated variability
of metabolic responses amongst cyclists along the Component
2 axis (12.4% of the total metabolic difference described)
(Figure 1C). The PLS-DA model demonstrated a high degree of
accuracy using just the first component (R2 = 0.84, Q2 = 0.74,
Accuracy = 0.92, Figure 1D). A larger degree of biological
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variability was noted in the Post time point cluster relative to the
Pre time point, indicating that the cyclists’ responses to strenuous
exercise varied within this group. The top 15 metabolites
contributing to the clustering pattern include mitochondrial and
glycolytic metabolites, indicating importance of these pathways
(Figure 1E). A heatmap of metabolite values for the entire
manually curated dataset is provided in Supplementary Figure 1.

Metabolite Abundance Before and After
Exercise Associates With Lactate
Production in Response to Workload
Interval measurements of whole blood lactate levels in response
to workload serves as a personalized metric for cycling
performance (Jacobs, 1986). The training status of an individual
cyclist can be determined in large part based on the power
output (measured in watts per kilogram, W kg−1) at which lactate
is produced more rapidly than it is consumed and begins to
accumulate, also referred to as the lactate threshold (Brooks,
1985). As training status improves, the lactate threshold increases
allowing the cyclist to exert a higher workload for longer periods
of time prior to the onset of fatigue. Lactate levels in response
to power output varied significantly amongst this group of
cyclists. While all but 1 of the 21 cyclists monitored in this
study were able to maintain a power output of 5 W kg−1,
14 cyclists reached 5.5 W kg−1, and only three cyclists were
able to maintain 6 W kg−1 for 10 min (Figure 2A). To
understand how the network between metabolic pathways differs
in these cyclists (a concept we have previously referred to as
metabolic linkage (D’Alessandro et al., 2017) we first classified
the cyclists into two groups based on whether blood lactate
concentration was higher (Gold) or lower (Silver) than the overall
average at the designated PC of 5 W kg−1 (Figure 2A). Using
the metabolomics dataset from the Gold group, a Spearman’s
correlation matrix was prepared and hierarchically clustered
to identify regions of the metabolome that are positively and
negatively correlated (Figure 2B, left panel). A Spearman’s
correlation matrix of metabolite levels in the Silver group was
then prepared and plotted according to the same hierarchical
order of the Gold group, and the difference in Spearman’s
correlation coefficients for each relationship was calculated to
highlight changes in metabolic networks between the two groups
(Figure 2B, central and right panel, respectively). The Spearman’s
correlation matrix values are provided in Supplementary
Table 2. This metabolic network analysis revealed numerous
significant associations between blood lactate concentration
measured at 5 W kg−1 and metabolite levels before and after
the fitness test (Figure 2C). Most of the significant correlations
observed in this analysis are metabolites central to energy
homeostasis and involved in glycolysis, the TCA cycle, purine
homeostasis, and oxidative stress. While the top two negative
correlates with lactate at 5 W kg−1 were the tyrosine catabolite
4-hydroxyphenylacetylglycine (R = -0.58, p = 5.92 × 10−5) and
the late glycolysis intermediate phosphoenolpyruvate (R = -
0.58, p = 6.55 × 10−5), the top two positive correlates with
peri-test lactate production were the polyamine intermediate
N-acetylspermidine (R = 0.62, p = 1.06 × 10−5) and
post-test lactate (R = 0.59, p = 3.26 × 10−5) (Figure 2D).

Furthermore, these two groups appeared to be distinguishable
before the initiation of the graded-exercise test, suggesting that
the metabolic status prior to exercise could theoretically predict
performance (Supplementary Figure 2).

Performance Cutoff Is Associated With
Basal Oxidative Stress
Lactate production is principally fueled by the metabolic routing
of glucose through Embden–Meyerhof–Parnas glycolysis and
the pentose phosphate pathway (PPP). In both the Gold and
Silver groups, while whole blood glucose increased during
exercise due to ongoing glycogenolysis for energy generation,
all measured glycolytic intermediates significantly decreased in
conjunction with accumulation of end-stage products pyruvate
and lactate (Figure 3A). Although insignificant by T-test, glucose
levels trend higher both before and after exercise, along with
higher post-pyruvate and post-lactate levels in the Gold group,
indicating an increased glycolytic capacity in these cyclists.

The PPP serves as a primary source of NADPH, which
helps manage oxidative stress by functioning as a co-factor
for glutathione reductase to convert oxidized glutathione
(GSSG) to its reduced state reduced glutathione (GSH). Cycling
resulted in overall decreases in PPP intermediates, indicating
a preference of glucose metabolism through glycolysis for
energy generation (Figure 3B). However, PPP intermediates
6-phosphogluconolactone, 6-phosphogluconate, and erythrose
4-phosphate were observed at higher levels overall in the
Silver cycling group. This trend suggests increased activation
of NADPH generating pathways to cope with the oxidative
stress that arises during exercise. Interestingly, oxidative stress
markers including oxidized glutathione (GSSG) and methionine
sulfoxide (Met-O) were both significantly higher in the Gold
group both pre- and post-test, suggesting alterations to oxidative
stress and signaling pathways in these individuals (Figure 3C).
Since handling of these samples was performed in situ in the
exercise facility, a potential role of iatrogenic intervention on
these measurements cannot be ruled out. As such, increased
basal levels of these metabolites can be alternatively interpreted
as a larger redox reservoir for the athletes in the Gold group at
baseline and post-exercise.

Lactate to Pyruvate Ratio Is Associated
With Endurance Capacity
Through the activity of GADPH, NAD+ is reduced to NADH
during the conversion of glyceraldehyde 3-phosphate into 1,3-
bisphosphoglycerate. Under normal homeostasis in general,
and especially in cases of high glycolytic flux that is required
during high intensity exercise, lactate dehydrogenase oxidizes
NADH back to NAD+ in the conversion of pyruvate to lactate,
thereby maintaining necessary levels of the cofactor for the
continuation of glycolysis. Cyclists in the Gold group had a higher
post-test lactate-to-pyruvate ratio, which is proportional to
NADH/NAD+ and a marker of glycolytic capacity. Interestingly,
this ratio was lower at before the test, suggesting increased basal
pyruvate oxidation capacity in Gold group cyclists due to larger
mitochondrial networks (Figure 3A, lower right corner).
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FIGURE 2 | Blood lactate levels as a function of power output can metabolically distinguish cyclists. (A) Using blood lactate levels (in mM) at a power output of 5
W kg−1 (the maximum output of which most riders achieved, referred to as the performance cutoff, or PC), cyclists were assigned to the Gold or Silver performance
groups for having blood lactate levels below or above the group average, respectively (group average indicated with a black dashed line). (B) A Spearman Rank
Correlation matrix of metabolites measured in the Gold group was Hierarchically clustered and plotted as a heat map (left). A Spearman Rank Correlation matrix of
metabolites measured in the Silver group was then plotted according to the same hierarchical order determined for the Gold group (center). The difference of
Spearman correlation coefficients between the Gold and Silver group (Gold minus Silver) was then plotted as a heat map according to the same hierarchical order
determined for the Gold group. Positive Spearman differences are colored gold, and negative Spearman differences are colored silver. (C) The top significant positive
(red) and negative (blue) metabolite correlates with blood lactate concentration measured at 5 W kg−1 are shown, with the Spearman Correlation Coefficient (R) on
the x-axis, and -log(p) on the y-axis. (D) Individual plots are shown for the top 2 metabolites with negative (blue, Hydroxyphenylacetylglycine and
Phosphoenolpyruvate) and positive (red, N-acetylspermidine and Lactate post) Spearman correlations with blood lactate concentration measured at 5 W kg−1.
Associated Spearman Correlation Coefficients and p-values are provided for each. Statistically significant correlations with log(p) > 1.3 (p < 0.05) are indicated
above the dashed line.

Coenzyme A Synthesis Distinguishes
Lactate Production Capacity
In addition to its dehydrogenation into lactate for the
regeneration of NAD+, pyruvate can also enter the mitochondria
where it undergoes oxidative decarboxylation to form acetyl

coenzyme A (acetyl-CoA). Exercise stimulated significant
increases in many TCA cycle intermediates including
α-ketoglutarate, succinate, fumarate, and malate (Figure 4A).
The magnitude of increased TCA cycle intermediates in blood
was larger in the Gold group, suggesting that these cyclists have a
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FIGURE 3 | Energy and Redox Metabolism. Metabolite abundances (y-axis, Peak Area (AU)) are plotted for (A) Glycolysis, (B) pentose phosphate pathway, and
(C) Reduced (GSH) and oxidized (GSSG) glutathione, as well as oxidative-stress derived methionine sulfoxide (Met-O). Samples from the Gold (◦) and Silver (�)
groups are shown Pre and Post exercise test (divided by a dotted line). p-values from a two-tailed paired T-test of comparisons between the Pre and Post time
points using combined Gold/Silver group values are shown above the dashed line. p-values from a two-tailed unpaired homoscedastic T-test comparing the Gold
and Silver groups at each time point are shown on the respective side of the dashed line. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

larger mitochondrial capacity to generate energy during exertion,
possibly due to increased mitochondrial content in tissues
such as skeletal muscle. In addition, this group demonstrated
significantly higher levels of the coenzyme A (CoA) precursor
4’-phospho-pantetheine at baseline, and significantly higher
levels of the upstream precursor, 4’-phospho-pantothenate after
exercise. These trends point to enhancements in CoA synthesis

as a metabolic adaptation that occurs in association with lower
PC lactate levels.

In addition to its conjugation to carbohydrate-derived acetate,
CoA also plays a critical role in mobilizing fatty acids for
oxidation into acetyl-CoA. During aerobic periods of exercise,
catecholamine and endocrine signaling results in the lipase-
mediated liberation of fatty acids from di- and triacylglycerides
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FIGURE 4 | Mitochondrial Metabolism. (A) TCA Cycle metabolite abundances [y-axis, Peak Area (AU)] are plotted. Samples from the Gold (◦) and Silver (�) groups
are shown Pre and Post exercise test (divided by a dotted line). p-values from a two-tailed paired T-test of comparisons between the Pre and Post time points using
combined Gold/Silver group values are shown above the dashed line. p-values from a two-tailed unpaired homoscedastic T-test comparing the Gold and Silver
groups at each time point are shown on the respective side of the dashed line. Intra-subject ratios between the Post and Pre timepoints for both Gold and Silver
groups are shown for (B) free fatty acids, (C) saturated acylcarnitines, (D) unsaturated acylcarnitines, and (E) hydroxy acylcarnitines. *p < 0.05; **p < 0.01;
***p < 0.001; ****p <0.0001.

stored in lipid droplets of muscle tissue and adipocytes. These
fatty acids are chaperoned through circulation by albumin and
transferred to tissues, where they are reversibly conjugated to
carnitine and CoA for oxidation in the mitochondria. During
the graded exercise test, all cyclists mobilized similar levels of
free fatty acids (Figure 4B) and produced similar amounts of
acylcarnitines (Figures 4C–E).

Strenuous Exercise Depletes
Energy-Rich Nucleoside Phosphates and
Leads to Accumulation of Purine
Degradation Products
As expected, high energy phosphate compounds are depleted
during exercise. Utilization of phosphocreatine pools maintains
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a steady state of creatine, and fuels the significantly increased
pools of creatinine (Figure 5B). The conversion of creatine
to creatinine is an irreversible, non-enzymatic process that
is favored in low-pH and high-temperature environments
(Lempert, 1959) both of which onset during exercise. As
creatinine levels serve as a rough measure of muscle mass

(Virgili et al., 1994) higher basal levels in the Gold group
indicate increased muscle mass that is associated with lower
PC lactate (Figure 5B). In addition to dietary sources, creatine
can also be synthesized from arginine by Arginine:Glycine
amidinotransferase (AGAT), producing ornithine in the process.
While arginine levels decrease overall during exercise, ornithine

FIGURE 5 | High-Energy Phosphates and Purine Metabolism. (A) A pathway map for high-energy phosphate and purine homeostasis is shown. Spontaneous,
non-enzymatic reactions are shown in red arrows. Metabolite abundances [y-axis, Peak Area (AU)] are plotted for (B) Creatine homeostasis, (C) Purine salvage, and
(D) Purine catabolism. Samples from the Gold (◦) and Silver (�) groups are shown Pre and Post exercise test (divided by a dotted line). p-values from a two-tailed
paired T-test of comparisons between the Pre and Post time points using combined Gold/Silver group values are shown above the dashed line. p-values from a
two-tailed unpaired homoscedastic T-test comparing the Gold and Silver groups at each time point are shown on the respective side of the dashed line. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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levels are higher at baseline in the Gold group, suggesting
alterations to nitrogen metabolism that may serve to differentially
fuel creatine pools (Supplementary Figure 2).

In like fashion to the depletion of phosphocreatine, high-
energy pools of ATP and GTP are also utilized, resulting
in increased levels of purine catabolites and intermediates of
the salvage and deamination pathways, including hypoxanthine
(Figure 5C). Despite increased levels of the purine catabolite
xanthine, the end stage metabolite of enzymatic purine
catabolism, uric acid, did not increase (Figure 5D). Although
humans do not contain uricase, which converts uric acid
into 5-hydroxyisourate and allantoin, this process can proceed
spontaneously through the mediation of reactive oxygen species
(ROS). As such, ROS-driven production of allantoin is a marker
of oxidative stress in red blood cells (Kand’ár and Záková, 2008).
Higher baseline levels of 5-hydroxyisourate and allantoate were
observed in the Gold cyclists, suggesting higher levels of oxidative
stress in these individuals that could be due to adapted metabolic
pathways that result in lower PC lactate levels (Figure 5D).

Amino Acid Utilization, in Addition to
Performance Cutoff Can Distinguish
Cyclists
In addition to energy and redox metabolites involved in
glycolysis, the PPP, and the TCA cycle, amino acid levels at both
baseline and after exercise differ based on PC lactate. At baseline,
circulating levels of phenylalanine, lysine, asparagine, serine,
threonine, valine, tryptophan, and tyrosine were significantly
higher in Gold group cyclists (Figure 6A). In addition, the
post-exercise levels of most amino acids were lower only in the
Gold group, especially for isoleucine, leucine, and asparagine
(Figure 6B). Given that elevated protein synthesis during this
exercise period is unlikely to explain these changes due to both
time- and energetic-constraints, it is possible that these amino
acids are catabolized preferentially in the Gold group for ATP
production (Figure 6C). In support, acylcarnitines involved in
amino acid catabolism including C3-carnitine and C4-carnitine
appear to increase more in this group (Figure 4C).

Untargeted Metabolomics Identifies
Distinct Tyrosine Metabolic Profiles in
Relation to Performance Cutoff
In an attempt to improve and streamline the analysis of
complex biological systems, models have been developed to
catalog the system of metabolic reactions (Thiele et al.,
2013). Using large unannotated metabolomic datasets, these
models hold the potential to efficiently identify networks
of metabolic pathways that may be up or downregulated
in response to a biological stimulus or setting. In order
to gain better insight into basal metabolic differences in
cyclists with varying PC levels, we applied an unbiased
network analysis using the Recon2 model to the 2,790
putative compounds identified in this study. With a specific
focus on compounds that showed distinct levels in the Gold
versus Silver groups at baseline (Figure 7A), pathway analysis
revealed the significant enrichment of multiple regions of

metabolism including tyrosine, biopterin, ascorbate, nicotinate,
and glycine/serine/alanine/threonine metabolism (Figure 7B).
The most significantly enriched pathway, tyrosine metabolism,
is interesting given that it is responsible for catecholamine
synthesis, as well as the production of metabolites that can
fuel the TCA cycle directly, such as fumarate, or indirectly,
such as the ketone body, acetoacetate, and maleate. Subsequent
manual interrogation of this pathway highlighted that many of
the contained metabolites are elevated prior to exercise in the
Gold group, and many are depleted more so in this group than
in the Silver group (Figure 7C).

DISCUSSION

Studies on metabolic adaptations to exercise training in humans
have been ongoing for decades. While early studies observed
elevated activities and levels of glycolytic and electron transport
chain proteins in response to endurance training (Gollnick et al.,
1973; Holloszy et al., 1977) more recent work has elucidated the
molecular mechanisms of such adaptations [reviewed in Hawley
et al. (2018), Hackney (2019)]. Endurance training increases
the capacity for lactate consumption in the mitochondria, thus
increasing the lactate threshold and athletic output (Brooks,
2018). Lactate clearance capacity is enhanced through increased
mitochondrial biogenesis (Little et al., 2010) which is upregulated
at the transcriptional level in response to endurance training
(Mahoney et al., 2005; Perry et al., 2010) and is controlled
in large part by the key mediator, PGC-1α (Kim et al., 2015;
Stepto et al., 2012). Increased mitochondrial networks driven
by biogenesis, promotion of mitochondrial-rich Type I skeletal
muscle fibers (Joyner and Coyle, 2008) and overall upregulations
of muscle tissue synthesis, subsequently drive demand for
substrates in addition to glucose and lactate including fatty
acids and, to a lesser extent, amino acids. Lactate itself may
regulate transcriptional activity (San-Millán et al., 2020) possibly
through post-translation modifications of histones that alter the
epigenomic landscape (Zhang et al., 2019). Future studies in
sports and exercise science should focus on the extent of which
these latter mechanisms apply to endurance training-mediated
physiological adaptations.

The application of metabolomics to understand physiological
responses to exercise has led to great advancements in the field
of sports physiology over the past decade (Sakaguchi et al.,
2019). These investigations have explored the effects of exercise
intensity and workout duration on metabolism, as well as
metabolic adaptations to chronic training in male and female
populations over a range of training status (though female
populations have been underrepresented in studies up to the
present day). While the vast majority of studies involved amateur
subjects with various levels of training, few have included elite
or professional athletes assessed either at baseline (single sample)
(Al-Khelaifi et al., 2018) or over a 10-day period (Knab et al.,
2013). In this study, we analyzed the metabolome of whole
blood in 21 international-level World Tour professional male
cyclists using samples taken before and after a graded exercise
test to exhaustion on a leg cycle ergometer. By normalizing
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FIGURE 6 | Amino Acid Catabolism. (A) The baseline (pre-training) levels of amino acids (labeled with single letter code) are shown for the Gold and Silver
performance groups. (B) Fold changes of amino acid levels (Post/Pre) for both performance groups are shown. A ratio of 1 is indicated by a dashed red line. (C) A
generalized schematic of amino acid catabolism through the TCA cycle is shown. Glucogenic amino acids, which have the capacity to fuel gluconeogenesis, are
listed in red boxes. Ketogenic amino acids, which contribute to acetoacetate and acetyl-CoA pools, are listed in blue boxes. p-values from a two-tailed Student’s
T-test are shown as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

power output to body mass, all cyclists exerted similar effort
relative to their body type. Furthermore, the use of identical leg
cycle ergometers in an indoor, climate-controlled environment,
enabled a controlled monitoring of metabolic responses to
exertion in this elite population.

Previously published metabolomics studies have analyzed
other biological matrices including serum, plasma, saliva, and
urine. While these matrices possess unique advantages in their
own right, such as the ability to measure freely circulating
metabolites between tissues as is the case with plasma, they
disregard the metabolism of circulating blood cells by nature
of their collection methods. As appreciation is growing with

respect to blood cell adaptations to exercise (Bizjak et al., 2019; de
Oliveira Ottone et al., 2019; Estruel-Amades et al., 2019; Shi et al.,
2019; Uchida et al., 2019), whole blood analysis enables a more
complete representation of physiology. Furthermore, this sample
collection is less labor intensive than serum or plasma isolation.
The introduction of TAP capillary blood collection devices
have enabled field blood collection that does not necessitate
traditional venipuncture blood draw (Blicharz et al., 2018) yet
does provide comparable quantitative metabolomics data (Catala
et al., 2018). Thus, TAP use makes possible rapid sample
collection from large subject cohorts, such as participants in
cycling races or marathons, thereby fostering metabolomics
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FIGURE 7 | Unbiased metabolomic pathway analysis reveals a link between tyrosine metabolism and lactate levels at performance cutoff. (A) A heatmap of features
significantly different between the Gold and Silver groups at baseline is shown. (B) Pathway analysis using the Recon2 model identified the top five pathways
enriched in this discovery dataset. (C) Manually validated features within Tyrosine metabolism are shown. The ratio of median values between Gold and Silver groups
at baseline is shown on the left side of the circle, while the ratio of the median Delta values (calculated as the Post/Pre fold change) between Gold and Silver groups
is shown on the right side of the circle. Values are plotted according to the color scale shown in the lower right.

analyses of active exercise in substantially larger populations than
has been previously performed.

Use of whole blood lactate measurements taken during the
graded exercise test allowed us to analyze metabolic states
of individuals respective to lactate levels at the PC. One
advantage of this approach is that it highlighted unique metabolic
characteristics between two distinct groups classified based on the
amount of lactate produced at a specific power output. This point
should be acknowledged when comparing the best performing

athletes (Gold group) in this study to the rest of the cohort (Silver
group) at the post-exercise time point. However, it is interesting
to appreciate that this classification also revealed significant
differences at baseline, even prior to the graded exercise test. As
the measurements of blood lactate accumulation during a short,
graded exercise test can discriminate performance in different
groups of cyclists (San-Millán et al., 2009) these results indicate
that metabolomic measurements at baseline and during graded
exercise testing may serve to expand the predictive qualities of

Frontiers in Physiology | www.frontiersin.org 12 June 2020 | Volume 11 | Article 57891

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00578 June 5, 2020 Time: 11:46 # 13

San-Millán et al. Metabolomics of Endurance Capacity

lactate measurement alone. In support, it is noteworthy that the
World-Tour cycling season started two weeks after our testing
was performed. Many cyclists in the Gold group ended up
winning or reaching the podium in the first few races of the
season, while riders in the Silver group did not show a great
level of performance at the beginning of the year. These results
highlight the use of our metabolomics platform as a powerful tool
to monitor training status and predict athletic performance.

In agreement with many metabolomics studies, we observed
increases in TCA cycle intermediates immediately following
exercise. These increases may result from mild ischemia that
occurs once oxygen demand exceeds the rate in which it can be
supplied by erythrocytes (Zhang et al., 2018). Notably, cyclists
with lower PC lactate levels tended to have higher levels of
circulating TCA cycle metabolites following exercise. As lactate
consumption rate is a marker of mitochondrial content in skeletal
muscle (owing in most part to slow-twitch, Type I fibers), TCA
cycle metabolite concentrations may also serve as a measure
of muscle composition. Surprisingly, cyclists with lower PC
lactate had significantly higher levels of the CoA precursor 4’-
phospho-pantetheine at baseline, and 4’-phospho-pantothenate
after exercise, suggesting upregulation of CoA biosynthesis
in these athletes. Notably, these metabolites are intracellular
and not readily measurable in plasma. This upregulation may
represent a natural adaptation of which previously proposed
supplementation strategies have attempted to achieve (Williams,
1989). However, pantothenic acid supplementation alone was
shown to have no effect on cycling performance (Webster,
1998) indicating that improved bioavailability, in addition
to other adaptations, may be required for the body to
upregulate this system.

The preference for carbon sources to fuel the TCA cycle may
also depend on lactate threshold. All cyclists exhibited similar
mobilization of fatty acids and corresponding acylcarnitines for
beta oxidation, of which the medium and long-chain forms
tend to be released into circulation predominantly from skeletal
muscle during exercise (Makrecka-Kuka et al., 2017). However,
cyclists with lower PC lactate in the Gold group demonstrated
slightly higher levels of short chain acylcarnitines such as
propionylcarnitine and butyrlcarnitine. Propionylcarnitine in
particular is released into circulation from the hepato-splanchnic
bed after exercise (Xu et al., 2016) pointing to potential
liver-mediated adaptations to training that support improved
endurance capacity. While short- and odd-chain acylcarnitines
can be formed be formed as end products of even- and odd-chain
fatty acid oxidation, they are also abundantly produced during
the catabolism of certain amino acids, such as branched-chain
amino acids (BCAA). Indeed, Gold group cyclists had higher
levels of multiple amino acids at baseline, and lower levels of
BCAAs leucine, isoleucine, as well as asparagine, after exercise.
Amino acids provide small stores of ATP during prolonged
exercise (Phillips et al., 1993) and may be dependent on glycogen
dynamics (Jackman et al., 1997), which are lactate-dependent
(Brooks, 1986). Higher amino acid utilization may also
reflect orthogonal mechanisms responsible for protein synthesis
(Rundqvist et al., 2013), exercise recovery (Saunders et al., 2007),
and overall exercise performance (Kephart et al., 2016). Indeed,

skeletal muscle transport of amino acids has been shown to
increase in response to training (Roberson et al., 2018).

Amino acid catabolism may serve additional endocrine
purposes as well. The upregulation of tyrosine metabolism that
is associated with lower PC lactate levels was a particularly
interesting finding. Tyrosine is utilized in multiple pathways
including protein synthesis, anaplerosis of the TCA cycle, and
as a precursor for catecholamine biosynthesis. Catecholamines,
including dopamine, norepinephrine, and epinephrine, serve
an important role during exercise by mediating sypathoadrenal
system function. In addition to cardiovascular and respiratory
responses (Zouhal et al., 2008) they modulate hepatic glucose
production (Sigal et al., 1996) release of fatty acids from
triglycerides (Wahrenberg et al., 1991) and fatigue (Foley and
Fleshner, 2008). Indeed, the ratio of dopamine to serotonin
decreases with fatigue (Bailey et al., 1993). A study of human
metabolic responses to starvation, which offers insight into the
physiology of extreme nutrient depletion, observed increased
tryptophan consumption (the precursor to serotonin), as well
as increased levels of circulating tyrosine, possibly due to
decreased utilization (Steinhauser et al., 2018). Meanwhile,
pharmacological modulation of serotonin receptors appears to
affect time to exhaustion (Meeusen and De Meirleir, 1995).
Conversely, aerobic exercise training in animal studies has been
show to increase dopamine levels in various brain regions (Foley
and Fleshner, 2008). Neuroendocrine control mechanisms of
fatigue may have evolved to prevent overexertion (Cordeiro
et al., 2017) and as such, these mechanisms should be linked
to other mechanisms of endurance capacity in the body. Of
note, tyrosine metabolism by monoamine oxidase enzymes is
regulated by oxidant stress and glutathione levels (Maker et al.,
1981) further suggesting a link between dopamine metabolism,
lactate metabolism, and oxidative stress observed in the present
study. In this view, it is interesting to note that dopamine (and
catecholamines in general) is a direct ROS scavenger (Zhong
et al., 2019) and a vasomodulator (Murphy, 2000). As such,
dopamine may represent an underappreciated contributor to
exercise performance.

In addition to catecholamine biosynthesis, tyrosine could
be re-routed for ketogenic roles to provide energy in high
endurance trained states. Indeed, levels of tyrosine metabolites
were basally higher in the Gold cyclists, and consumed to a
larger extent during exertion in conjunction with accumulated
levels of acetoacetate. Considering that past reports on tyrosine
supplementation have provided mixed results (Chinevere et al.,
2002; Tumilty et al., 2011; Watson et al., 2012) future studies
using isotopically-labeled tyrosine will help to disentangle its
possible catabolic routes with regards to fatigue, lactate clearance
capacity, and overall training status.

Glycolysis has long been known as a principal energy
generating pathway in tissues due to its high rates of ATP
generation under anaerobic conditions. Increased glycolytic
markers have also been identified in plasma during exercise
(Jacobs et al., 2014). While lactate production as a function
of output has been shown to discriminate cyclists of differing
training status (San-Millán et al., 2009) all cyclists reached a
point of exhaustion just prior to whole blood sampling for
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metabolomics. As such, only a few glycolytic intermediates
trended with rates of lactate accumulation, but none significantly
differed between the two groups. Of note, the intra-subject
lactate-to-pyruvate ratio is potentially illustrative of performance
capacity. Given that this ratio represents an indirect measure
of the NAD+/NADH ratio, inverse trends between the two
groups at baseline and post-test time points is suggestive of
specific glycolytic capacity that can drive performance during
bouts of high-intensity cycling. Indeed, training strategies
centered on high-altitude simulation have shown to be
beneficial in promoting glycolysis and work capacity in cyclists
(Terrados et al., 1988).

Unlike glycolytic comparisons, the observations of lower
PPP intermediates in conjunction with significantly higher
levels of oxidant-associated metabolites including oxidized
glutathione (GSSG), Met-O, 5-hydroxyisourate and allantoate in
the Gold group point to an increased level of basal oxidative
stress. Considering that glutathione and PPP intermediates are
intracellular metabolites, it is likely that the major contributors
to these pools in whole blood are red blood cells (RBCs),
by far the most abundant cell in both circulation and the
human body (Sender et al., 2016). While exercise promotes
erythropoiesis due to increased oxygen demand and need to
replenish RBC populations in response to elevated hemolysis
(reviewed in Mairbäurl, 2013) effects on RBC circulatory lifespan
have only recently been appreciated (Bizjak et al., 2019). One
of the hallmarks of RBC aging both in circulation (Lutz and
Bogdanova, 2013) and in the blood bank (Nemkov et al., 2015;
Yoshida et al., 2019) an environment that accelerates RBC aging
(D’Alessandro et al., 2015) is the accumulation of oxidative
stress markers including oxidized glutathione and allantoate.
Thus, while exercise is known to cause localized inflammation
and oxidative stress, systemic markers of such may indeed be
indicative of altered hemostasis. In addition to gas exchange,
RBC play a multitude of roles in human physiology including
regulation of vascular tone, circulatory glucose, lactate, and
amino acid content, and catecholamine transport (Nemkov
et al., 2018). While it is likely that these characteristics are also
important factors in exercise, future work is needed to elucidate
the mechanisms RBC use to control physical performance and
responses to exercise.

CONCLUSION

Here, we report a metabolomics-based investigation of elite,
world-competing professional cyclists. Although this group
represents a relatively distinct population from the perspective of
physical fitness, the robustness and breadth of coverage provided
by high-throughput metabolomics highlighted differences with
regards to energy and amino acid metabolism, and oxidative
stress. These measurements complemented and expanded upon
the utility of lactate clearance capacity, which has served as
a gold standard to monitor athletic training status. While
this study design focused on differences in cyclist oxidative
capacity, additional studies can be designed to emphasize the
contribution of alternative purely anaerobic energy systems

that are needed for very high intensity cycling and sprinting.
Future studies using metabolomics-based methodologies should
expand steady state measurements by increasing time points,
applied to additional forms of exercise that include varying
intensity levels and longer endurance periods, and in additional
populations with a wider range of physical fitness that are
gender- and age-balanced. Despite temporal sampling, steady
state measurements lack the molecular resolution necessary to
determine metabolic flux. The use of stable isotope tracing
with various substrates in the future will allow for a better
understanding of the preference for and rates of utilization.
Finally, we observed responses in the levels of intracellular
metabolites, which in part arise from erythrocytes as these are
substantially the most abundant cell population in whole blood.
However, while whole blood analysis offers a comprehensive
view of physiology, future studies should focus on understanding
contribution of different blood components to overall metabolic
response to exercise.
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FIGURE S1 | Partial Least Squares Discriminant Analysis (PLS-DA) to determine
metabolic co-variance between the Gold and Silver cycling groups is shown,
along with the metabolites that most strongly contribute to the clustering pattern
based on variable importance in projection (VIP) scores.

FIGURE S2 | Urea Cycle metabolism. Samples from the Gold (©) and Silver (�)
groups are shown Pre and Post exercise test (divided by a dotted line). p-values
from a two-tailed paired T-test of comparisons between the Pre and Post time
points using combined Gold/Silver group values are shown above the dashed line.
p-values from a two-tailed unpaired homoscedastic T-test comparing the
Gold and Silver groups at each time point are shown on the respective
side of the dashed line. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.

TABLE S1 | A table of the physiological and raw metabolomics data is provided.
For the metabolomics data, information is included for the compound name,
Compound ID in either KEGG or HMDB, the observed parent mass, median
retention time, polarity of detection, and peak area top values in arbitrary units.

TABLE S2 | A table of Spearman Correlation Coefficients for the Gold Network,
Silver Network, and the Diverging Network (i.e., the difference between the Gold
and Silver Networks) is provided.

DATA SHEET S1 | A heat map of metabolite hierarchical clustering analysis is
shown. Rows and columns were hierarchically clustered according to 1 minus the
Spearman rank correlation. Metabolite values are depicted as Z-scores, with the
values color coded from row minimum to maximum on a gradient from blue to
red, respectively.

REFERENCES
Al-Khelaifi, F., Diboun, I., Donati, F., Botrè, F., Alsayrafi, M., Georgakopoulos, C.,

et al. (2018). A pilot study comparing the metabolic profiles of elite-level athletes
from different sporting disciplines. Sports Med. Open 4:2. doi: 10.1186/s40798-
017-0114-z

Bailey, S. P., Davis, J. M., and Ahlborn, E. N. (1993). Neuroendocrine and substrate
responses to altered brain 5-HT activity during prolonged exercise to fatigue.
J. Appl. Physiol. 74, 3006–3012. doi: 10.1152/jappl.1993.74.6.3006

Bergman, B. C., Wolfel, E. E., Butterfield, G. E., Lopaschuk, G. D., Casazza, G. A.,
Horning, M. A., et al. (1999). Active muscle and whole body lactate kinetics
after endurance training in men. J. Appl. Physiol. 87, 1684–1696. doi: 10.1152/
jappl.1999.87.5.1684

Billat, L. V. (1996). Use of blood lactate measurements for prediction of exercise
performance and for control of training. Recommendations for long-distance
running. Sports Med. Auckl. 22, 157–175. doi: 10.2165/00007256-199622030-
00003

Bizjak, D. A., Tomschi, F., Bales, G., Nader, E., Romana, M., Connes, P.,
et al. (2019). Does endurance training improve red blood cell aging and
hemorheology in moderate-trained healthy individuals?. J. Sport Health Sci.
10:S2095254619300225. doi: 10.1016/j.jshs.2019.02.002

Blicharz, T. M., Gong, P., Bunner, B. M., Chu, L. L., Leonard, K. M., Wakefield,
J. A., et al. (2018). Microneedle-based device for the one-step painless collection
of capillary blood samples. Nat. Biomed. Eng. 2, 151–157. doi: 10.1038/s41551-
018-0194-1

Brooks, G. A. (1985). Anaerobic threshold: review of the concept and directions for
future research. Med. Sci. Sports Exerc. 17, 22–34.

Brooks, G. A. (1986). The lactate shuttle during exercise and recovery. Med. Sci.
Sports Exerc. 18, 360–368. doi: 10.1249/00005768-198606000-00019

Brooks, G. A. (2018). The science and translation of lactate shuttle theory. Cell
Metab. 27, 757–785. doi: 10.1016/j.cmet.2018.03.008

Catala, A., Culp-Hill, R., Nemkov, T., and D’Alessandro, A. (2018). Quantitative
metabolomics comparison of traditional blood draws and TAP capillary blood
collection. Metab. Off. J. Metab. Soc. 14:100. doi: 10.1007/s11306-018-1395-z

Chinevere, T. D., Sawyer, R. D., Creer, A. R., Conlee, R. K., and Parcell, A. C.
(2002). Effects of l -tyrosine and carbohydrate ingestion on endurance exercise
performance. J. Appl. Physiol. 93, 1590–1597. doi: 10.1152/japplphysiol.00625.
2001

Chong, J., Soufan, O., Li, C., Caraus, I., Li, S., Bourque, G., et al. (2018).
MetaboAnalyst 4.0: towards more transparent and integrative metabolomics
analysis. Nucleic Acids Res. 46, W486–W494. doi: 10.1093/nar/gky310

Cordeiro, L. M. S., Rabelo, P. C. R., Moraes, M. M., Teixeira-Coelho, F., Coimbra,
C. C., Wanner, S. P., et al. (2017). Physical exercise-induced fatigue: the role
of serotonergic and dopaminergic systems. Braz. J. Med. Biol. Res. Rev. Bras.
Pesqui. Medicas E Biol. 50:e6432. doi: 10.1590/1414-431X20176432

D’Alessandro, A. (2019). High-Throughput Metabolomics: Methods and Protocols.
New York, NY: Springer.

D’Alessandro, A., Nemkov, T., Kelher, M., West, F. B., Schwindt, R. K., Banerjee, A.,
et al. (2015). Routine storage of red blood cell (RBC) units in additive solution-
3: a comprehensive investigation of the RBC metabolome: metabolomics of
AS-3 RBCs. Transfusion 55, 1155–1168. doi: 10.1111/trf.12975

D’Alessandro, A., Nemkov, T., Reisz, J., Dzieciatkowska, M., Wither, M. J., and
Hansen, K. C. (2017). Omics markers of the red cell storage lesion and metabolic
linkage. Blood Transfus. Trasfus. 15, 137–144. doi: 10.2450/2017.0341-16

de Oliveira Ottone, V., Costa, K., Tossige-Gomes, R., de Matos, M., Brito-Melo,
G., Magalhaes, F., et al. (2019). Late neutrophil priming following a single
session of high-intensity interval exercise. Int. J. Sports Med. 40, 171–179.
doi: 10.1055/a-0810-8533

Donovan, C. M., and Brooks, G. A. (1983). Endurance training affects lactate
clearance, not lactate production. Am. J. Physiol. 244, E83–E92. doi: 10.1152/
ajpendo.1983.244.1.E83

Dubouchaud, H., Butterfield, G. E., Wolfel, E. E., Bergman, B. C., and Brooks,
G. A. (2000). Endurance training, expression, and physiology of LDH, MCT1,
and MCT4 in human skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 278,
E571–E579. doi: 10.1152/ajpendo.2000.278.4.E571

Estruel-Amades, S., Ruiz-Iglesias, P., Périz, M., Franch, À, Pérez-Cano, F. J.,
Camps-Bossacoma, M., et al. (2019). Changes in lymphocyte composition and
functionality after intensive training and exhausting exercise in rats. Front.
Physiol. 10:1491. doi: 10.3389/fphys.2019.01491

Foley, T. E., and Fleshner, M. (2008). Neuroplasticity of dopamine circuits after
exercise: implications for central fatigue. Neuromolecular Med. 10, 67–80. doi:
10.1007/s12017-008-8032-3

Frayn, K. N. (1983). Calculation of substrate oxidation rates in vivo from gaseous
exchange. J. Appl. Physiol. 55, 628–634. doi: 10.1152/jappl.1983.55.2.628

Gollnick, P. D., Armstrong, R. B., Saltin, B., Saubert, C. W., Sembrowich, W. L.,
and Shepherd, R. E. (1973). Effect of training on enzyme activity and fiber
composition of human skeletal muscle. J. Appl. Physiol. 34, 107–111. doi: 10.
1152/jappl.1973.34.1.107

Hackney, A. C. (2019). “Molecular and physiological adaptations to endurance
training,” in Concurrent Aerobic and Strength Training, eds M. Schumann and
B. R. Rønnestad (Cham: Springer International Publishing), 19–34. doi: 10.
1007/978-3-319-75547-2_3

Hawley, J. A., Lundby, C., Cotter, J. D., and Burke, L. M. (2018). Maximizing
cellular adaptation to endurance exercise in skeletal muscle. Cell Metab. 27,
962–976. doi: 10.1016/j.cmet.2018.04.014

Holloszy, J. O., Rennie, M. J., Hickson, R. C., Conlee, R. K., and Hagberg,
J. M. (1977). Physiological consequences of the biochemical adaptations to
endurance exercise. Ann. N. Y. Acad. Sci. 301, 440–450. doi: 10.1111/j.1749-
6632.1977.tb38220.x

Jackman, M. L., Gibala, M. J., Hultman, E., and Graham, T. E. (1997). Nutritional
status affects branched-chain oxoacid dehydrogenase activity during exercise
in humans. Am. J. Physiol. 272, E233–E238. doi: 10.1152/ajpendo.1997.272.2.
E233

Jacobs, D. M., Hodgson, A. B., Randell, R. K., Mahabir-Jagessar-T, K., Garczarek,
U., Jeukendrup, A. E., et al. (2014). Metabolic response to decaffeinated green
tea extract during rest and moderate-intensity exercise. J. Agric. Food Chem. 62,
9936–9943. doi: 10.1021/jf502764r

Jacobs, I. (1986). Blood lactate. Implications for training and sports performance.
Sports Med. Auckl. 3, 10–25. doi: 10.2165/00007256-198603010-00003

Jensen, K., Jørgensen, S., and Johansen, L. (2002). A metabolic cart for
measurement of oxygen uptake during human exercise using inspiratory flow
rate. Eur. J. Appl. Physiol. 87, 202–206. doi: 10.1007/s00421-002-0616-2

Frontiers in Physiology | www.frontiersin.org 15 June 2020 | Volume 11 | Article 57894

https://doi.org/10.1186/s40798-017-0114-z
https://doi.org/10.1186/s40798-017-0114-z
https://doi.org/10.1152/jappl.1993.74.6.3006
https://doi.org/10.1152/jappl.1999.87.5.1684
https://doi.org/10.1152/jappl.1999.87.5.1684
https://doi.org/10.2165/00007256-199622030-00003
https://doi.org/10.2165/00007256-199622030-00003
https://doi.org/10.1016/j.jshs.2019.02.002
https://doi.org/10.1038/s41551-018-0194-1
https://doi.org/10.1038/s41551-018-0194-1
https://doi.org/10.1249/00005768-198606000-00019
https://doi.org/10.1016/j.cmet.2018.03.008
https://doi.org/10.1007/s11306-018-1395-z
https://doi.org/10.1152/japplphysiol.00625.2001
https://doi.org/10.1152/japplphysiol.00625.2001
https://doi.org/10.1093/nar/gky310
https://doi.org/10.1590/1414-431X20176432
https://doi.org/10.1111/trf.12975
https://doi.org/10.2450/2017.0341-16
https://doi.org/10.1055/a-0810-8533
https://doi.org/10.1152/ajpendo.1983.244.1.E83
https://doi.org/10.1152/ajpendo.1983.244.1.E83
https://doi.org/10.1152/ajpendo.2000.278.4.E571
https://doi.org/10.3389/fphys.2019.01491
https://doi.org/10.1007/s12017-008-8032-3
https://doi.org/10.1007/s12017-008-8032-3
https://doi.org/10.1152/jappl.1983.55.2.628
https://doi.org/10.1152/jappl.1973.34.1.107
https://doi.org/10.1152/jappl.1973.34.1.107
https://doi.org/10.1007/978-3-319-75547-2_3
https://doi.org/10.1007/978-3-319-75547-2_3
https://doi.org/10.1016/j.cmet.2018.04.014
https://doi.org/10.1111/j.1749-6632.1977.tb38220.x
https://doi.org/10.1111/j.1749-6632.1977.tb38220.x
https://doi.org/10.1152/ajpendo.1997.272.2.E233
https://doi.org/10.1152/ajpendo.1997.272.2.E233
https://doi.org/10.1021/jf502764r
https://doi.org/10.2165/00007256-198603010-00003
https://doi.org/10.1007/s00421-002-0616-2
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00578 June 5, 2020 Time: 11:46 # 16

San-Millán et al. Metabolomics of Endurance Capacity

Joyner, M. J., and Coyle, E. F. (2008). Endurance exercise performance: the
physiology of champions. J. Physiol. 586, 35–44. doi: 10.1113/jphysiol.2007.
143834

Kand’ár, R., and Záková, P. (2008). Allantoin as a marker of oxidative stress in
human erythrocytes. Clin. Chem. Lab. Med. 46, 1270–1274. doi: 10.1515/CCLM.
2008.244

Karamanou, M., and Androutsos, G. (2013). Antoine-Laurent de Lavoisier (1743-
1794) and the birth of respiratory physiology. Thorax 68, 978–979. doi: 10.1136/
thoraxjnl-2013-203840

Kephart, W. C., Wachs, T. D., Thompson, R. M., Brooks Mobley, C., Fox, C. D.,
McDonald, J. R., et al. (2016). Ten weeks of branched-chain amino acid
supplementation improves select performance and immunological variables in
trained cyclists. Amino Acids 48, 779–789. doi: 10.1007/s00726-015-2125-8

Kim, S. H., Koh, J. H., Higashida, K., Jung, S. R., Holloszy, J. O., and Han,
D.-H. (2015). PGC-1α mediates a rapid, exercise-induced downregulation of
glycogenolysis in rat skeletal muscle. J. Physiol. 593, 635–643. doi: 10.1113/
jphysiol.2014.283820

Knab, A. M., Nieman, D. C., Gillitt, N. D., Shanely, R. A., Cialdella-Kam, L.,
Henson, D. A., et al. (2013). Effects of a flavonoid-rich juice on inflammation,
oxidative stress, and immunity in elite swimmers: a metabolomics-based
approach. Int. J. Sport Nutr. Exerc. Metab. 23, 150–160. doi: 10.1123/ijsnem.
23.2.150

Lempert, C. (1959). The chemistry of the glycocyamidines. Chem. Rev. 59, 667–736.
doi: 10.1021/cr50028a005

Little, J. P., Safdar, A., Wilkin, G. P., Tarnopolsky, M. A., and Gibala, M. J. (2010).
A practical model of low-volume high-intensity interval training induces
mitochondrial biogenesis in human skeletal muscle: potential mechanisms.
J. Physiol. 588, 1011–1022. doi: 10.1113/jphysiol.2009.181743

Lutz, H. U., and Bogdanova, A. (2013). Mechanisms tagging senescent red blood
cells for clearance in healthy humans. Front. Physiol. 4:387. doi: 10.3389/fphys.
2013.00387

Mahoney, D. J., Parise, G., Melov, S., Safdar, A., and Tarnopolsky, M. A. (2005).
Analysis of global mRNA expression in human skeletal muscle during recovery
from endurance exercise. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 19,
1498–1500. doi: 10.1096/fj.04-3149fje

Mairbäurl, H. (2013). Red blood cells in sports: effects of exercise and training on
oxygen supply by red blood cells. Front. Physiol. 4:332. doi: 10.3389/fphys.2013.
00332

Maker, H. S., Weiss, C., Silides, D. J., and Cohen, G. (1981). Coupling of dopamine
oxidation (Monoamine Oxidase Activity) to glutathione oxidation via the
generation of hydrogen peroxide in rat brain homogenates. J. Neurochem. 36,
589–593. doi: 10.1111/j.1471-4159.1981.tb01631.x

Makrecka-Kuka, M., Sevostjanovs, E., Vilks, K., Volska, K., Antone, U., Kuka,
J., et al. (2017). Plasma acylcarnitine concentrations reflect the acylcarnitine
profile in cardiac tissues. Sci. Rep. 7:17528. doi: 10.1038/s41598-017-17797-x

McDermott, J. C., and Bonen, A. (1993). Endurance training increases skeletal
muscle lactate transport. Acta Physiol. Scand. 147, 323–327. doi: 10.1111/j.1748-
1716.1993.tb09505.x

Meeusen, R., and De Meirleir, K. (1995). Exercise and brain neurotransmission.
Sports Med. Auckl. 20, 160–188. doi: 10.2165/00007256-199520030-00004

Melamud, E., Vastag, L., and Rabinowitz, J. D. (2010). Metabolomic analysis and
visualization engine for LC-MS data. Anal. Chem. 82, 9818–9826. doi: 10.1021/
ac1021166

Murphy, M. B. (2000). Dopamine: a role in the pathogenesis and treatment of
hypertension. J. Hum. Hypertens. 14(Suppl. 1), S47–S50. doi: 10.1038/sj.jhh.
1000987

Nemkov, T., Hansen, K. C., and D’Alessandro, A. (2017). A three-minute
method for high-throughput quantitative metabolomics and quantitative
tracing experiments of central carbon and nitrogen pathways. Rapid Commun.
Mass Spectrom. 31, 663–673. doi: 10.1002/rcm.7834

Nemkov, T., Hansen, K. C., Dumont, L. J., and D’Alessandro, A. (2015).
Metabolomics in transfusion medicine. Transfusion 56, 980–993. doi: 10.1111/
trf.13442

Nemkov, T., Reisz, J. A., Xia, Y., Zimring, J. C., and D’Alessandro, A. (2018). Red
blood cells as an organ? How deep omics characterization of the most abundant
cell in the human body highlights other systemic metabolic functions beyond
oxygen transport. Expert Rev. Proteomics 15, 855–864. doi: 10.1080/14789450.
2018.1531710

Perry, C. G. R., Lally, J., Holloway, G. P., Heigenhauser, G. J. F., Bonen, A.,
and Spriet, L. L. (2010). Repeated transient mRNA bursts precede increases
in transcriptional and mitochondrial proteins during training in human
skeletal muscle. J. Physiol. 588, 4795–4810. doi: 10.1113/jphysiol.2010.19
9448

Phillips, S. M., Atkinson, S. A., Tarnopolsky, M. A., and MacDougall, J. D. (1993).
Gender differences in leucine kinetics and nitrogen balance in endurance
athletes. J. Appl. Physiol. 75, 2134–2141. doi: 10.1152/jappl.1993.75.5.2134

Reisz, J. A., Zheng, C., D’Alessandro, A., and Nemkov, T. (2019). Untargeted and
semi-targeted lipid analysis of biological samples using mass spectrometry-
based metabolomics. Methods Mol. Biol. 1978, 121–135. doi: 10.1007/978-1-
4939-9236-2_8

Roberson, P. A., Haun, C. T., Mobley, C. B., Romero, M. A., Mumford, P. W.,
Martin, J. S., et al. (2018). Skeletal muscle amino acid transporter and BCAT2
expression prior to and following interval running or resistance exercise in
mode-specific trained males. Amino Acids 50, 961–965. doi: 10.1007/s00726-
018-2570-2

Rundqvist, H. C., Lilja, M. R., Rooyackers, O., Odrzywol, K., Murray, J. T.,
Esbjörnsson, M., et al. (2013). Nutrient ingestion increased mTOR signaling,
but not hVps34 activity in human skeletal muscle after sprint exercise. Physiol.
Rep. 1:e00076. doi: 10.1002/phy2.76

Sakaguchi, C. A., Nieman, D. C., Signini, E. F., Abreu, R. M., and Catai, A. M.
(2019). Metabolomics-based studies assessing exercise-induced alterations of
the human metabolome: a systematic review. Metabolites 9:E164. doi: 10.3390/
metabo9080164

San-Millán, I., and Brooks, G. A. (2018). Assessment of metabolic flexibility by
means of measuring blood lactate, fat, and carbohydrate oxidation responses to
exercise in professional endurance athletes and less-fit individuals. Sports Med.
Auckl. 48, 467–479. doi: 10.1007/s40279-017-0751-x

San-Millán, I., González-Haro, C., and Sagasti, M. (2009). Physiological differences
between road cyclists of different categories. a new approach.: 733. Med. Sci.
Sports Exerc. 41, 64–65. doi: 10.1249/01.mss.0000353467.61975.ae

San-Millán, I., Julian, C. G., Matarazzo, C., Martinez, J., and Brooks, G. A. (2020).
Is lactate an oncometabolite? Evidence supporting a role for lactate in the
regulation of transcriptional activity of cancer-related genes in mcf7 breast
cancer cells. Front. Oncol. 9:1536. doi: 10.3389/fonc.2019.01536

Saunders, M. J., Luden, N. D., and Herrick, J. E. (2007). Consumption of
an oral carbohydrate-protein gel improves cycling endurance and prevents
postexercise muscle damage. J. Strength Cond. Res. 21, 678–684. doi: 10.1519/
R-20506.1

Schrimpe-Rutledge, A. C., Codreanu, S. G., Sherrod, S. D., and McLean,
J. A. (2016). Untargeted metabolomics strategies—challenges and emerging
directions. J. Am. Soc. Mass Spectrom. 27, 1897–1905. doi: 10.1007/s13361-016-
1469-y

Sender, R., Fuchs, S., and Milo, R. (2016). Revised estimates for the number of
human and bacteria cells in the body. PLoS Biol. 14:e1002533. doi: 10.1371/
journal.pbio.1002533

Shephard, R. J. (1984). Tests of maximum oxygen intake a critical review. Sports
Med. 1, 99–124. doi: 10.2165/00007256-198401020-00002

Shi, Y., Shi, H., Nieman, D. C., Hu, Q., Yang, L., Liu, T., et al. (2019). Lactic
acid accumulation during exhaustive exercise impairs release of neutrophil
extracellular traps in mice. Front. Physiol. 10:709. doi: 10.3389/fphys.2019.
00709

Sigal, R. J., Fisher, S., Halter, J. B., Vranic, M., and Marliss, E. B. (1996). The roles of
catecholamines in glucoregulation in intense exercise as defined by the islet cell
clamp technique. Diabetes Metab. Res. Rev. 45, 148–156. doi: 10.2337/diab.45.
2.148

Steinhauser, M. L., Olenchock, B. A., O’Keefe, J., Lun, M., Pierce, K. A., Lee, H., et al.
(2018). The circulating metabolome of human starvation. JCI Insight 3:e121434.
doi: 10.1172/jci.insight.121434

Stepto, N. K., Benziane, B., Wadley, G. D., Chibalin, A. V., Canny, B. J., Eynon,
N., et al. (2012). Short-term intensified cycle training alters acute and chronic
responses of PGC1α and Cytochrome C oxidase IV to exercise in human
skeletal muscle. PLoS One 7:e53080. doi: 10.1371/journal.pone.0053080

Terrados, N., Melichna, J., Sylvn, C., Jansson, E., and Kaijser, L. (1988). Effects of
training at simulated altitude on performance and muscle metabolic capacity
in competitive road cyclists. Eur. J. Appl. Physiol. 57, 203–209. doi: 10.1007/
BF00640664

Frontiers in Physiology | www.frontiersin.org 16 June 2020 | Volume 11 | Article 57895

https://doi.org/10.1113/jphysiol.2007.143834
https://doi.org/10.1113/jphysiol.2007.143834
https://doi.org/10.1515/CCLM.2008.244
https://doi.org/10.1515/CCLM.2008.244
https://doi.org/10.1136/thoraxjnl-2013-203840
https://doi.org/10.1136/thoraxjnl-2013-203840
https://doi.org/10.1007/s00726-015-2125-8
https://doi.org/10.1113/jphysiol.2014.283820
https://doi.org/10.1113/jphysiol.2014.283820
https://doi.org/10.1123/ijsnem.23.2.150
https://doi.org/10.1123/ijsnem.23.2.150
https://doi.org/10.1021/cr50028a005
https://doi.org/10.1113/jphysiol.2009.181743
https://doi.org/10.3389/fphys.2013.00387
https://doi.org/10.3389/fphys.2013.00387
https://doi.org/10.1096/fj.04-3149fje
https://doi.org/10.3389/fphys.2013.00332
https://doi.org/10.3389/fphys.2013.00332
https://doi.org/10.1111/j.1471-4159.1981.tb01631.x
https://doi.org/10.1038/s41598-017-17797-x
https://doi.org/10.1111/j.1748-1716.1993.tb09505.x
https://doi.org/10.1111/j.1748-1716.1993.tb09505.x
https://doi.org/10.2165/00007256-199520030-00004
https://doi.org/10.1021/ac1021166
https://doi.org/10.1021/ac1021166
https://doi.org/10.1038/sj.jhh.1000987
https://doi.org/10.1038/sj.jhh.1000987
https://doi.org/10.1002/rcm.7834
https://doi.org/10.1111/trf.13442
https://doi.org/10.1111/trf.13442
https://doi.org/10.1080/14789450.2018.1531710
https://doi.org/10.1080/14789450.2018.1531710
https://doi.org/10.1113/jphysiol.2010.199448
https://doi.org/10.1113/jphysiol.2010.199448
https://doi.org/10.1152/jappl.1993.75.5.2134
https://doi.org/10.1007/978-1-4939-9236-2_8
https://doi.org/10.1007/978-1-4939-9236-2_8
https://doi.org/10.1007/s00726-018-2570-2
https://doi.org/10.1007/s00726-018-2570-2
https://doi.org/10.1002/phy2.76
https://doi.org/10.3390/metabo9080164
https://doi.org/10.3390/metabo9080164
https://doi.org/10.1007/s40279-017-0751-x
https://doi.org/10.1249/01.mss.0000353467.61975.ae
https://doi.org/10.3389/fonc.2019.01536
https://doi.org/10.1519/R-20506.1
https://doi.org/10.1519/R-20506.1
https://doi.org/10.1007/s13361-016-1469-y
https://doi.org/10.1007/s13361-016-1469-y
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.2165/00007256-198401020-00002
https://doi.org/10.3389/fphys.2019.00709
https://doi.org/10.3389/fphys.2019.00709
https://doi.org/10.2337/diab.45.2.148
https://doi.org/10.2337/diab.45.2.148
https://doi.org/10.1172/jci.insight.121434
https://doi.org/10.1371/journal.pone.0053080
https://doi.org/10.1007/BF00640664
https://doi.org/10.1007/BF00640664
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00578 June 5, 2020 Time: 11:46 # 17

San-Millán et al. Metabolomics of Endurance Capacity

Thiele, I., Swainston, N., Fleming, R. M. T., Hoppe, A., Sahoo, S., Aurich, M. K.,
et al. (2013). A community-driven global reconstruction of human metabolism.
Nat. Biotechnol. 31, 419–425. doi: 10.1038/nbt.2488

Tumilty, L., Davison, G., Beckmann, M., and Thatcher, R. (2011). Oral tyrosine
supplementation improves exercise capacity in the heat. Eur. J. Appl. Physiol.
111, 2941–2950. doi: 10.1007/s00421-011-1921-4

Uchida, M., Horii, N., Hasegawa, N., Fujie, S., Oyanagi, E., Yano, H., et al. (2019).
Gene expression profiles for macrophage in tissues in response to different
exercise training protocols in senescence mice. Front. Sports Act. Living 1:50.
doi: 10.3389/fspor.2019.00050

Underwood, E. A. (1944). Lavoisier and the history of respiration. Proc. R. Soc.
Med. 37, 247–262. doi: 10.1177/003591574403700603

Virgili, F., Maiani, G., Zahoor, Z. H., Ciarapica, D., Raguzzini, A., and Ferro-
Luzzi, A. (1994). Relationship between fat-free mass and urinary excretion
of creatinine and 3-methylhistidine in adult humans. J. Appl. Physiol. 76,
1946–1950. doi: 10.1152/jappl.1994.76.5.1946

Wahrenberg, H., Bolinder, J., and Arner, P. (1991). Adrenergic regulation of
lipolysis in human fat cells during exercise. Eur. J. Clin. Invest. 21, 534–541.
doi: 10.1111/j.1365-2362.1991.tb01406.x

Watson, P., Enever, S., Page, A., Stockwell, J., and Maughan, R. J. (2012). Tyrosine
supplementation does not influence the capacity to perform prolonged exercise
in a warm environment. Int. J. Sport Nutr. Exerc. Metab. 22, 363–373. doi:
10.1123/ijsnem.22.5.363

Webster, M. J. (1998). Physiological and performance responses to
supplementation with thiamin and pantothenic acid derivatives. Eur. J.
Appl. Physiol. 77, 486–491. doi: 10.1007/s004210050364

Williams, M. H. (1989). Vitamin supplementation and athletic performance. Int.
J. Vitam. Nutr. Res. Suppl. Int. Z. Vitam. Ernahrungsforschung Suppl. 30,
163–191.

Xu, G., Hansen, J. S., Zhao, X. J., Chen, S., Hoene, M., Wang, X. L., et al. (2016).
Liver and muscle contribute differently to the plasma acylcarnitine pool during
fasting and exercise in humans. J. Clin. Endocrinol. Metab. 101, 5044–5052.
doi: 10.1210/jc.2016-1859

Yoshida, T., Prudent, M., and D’Alessandro, A. (2019). Red blood cell storage
lesion: causes and potential clinical consequences. Blood Transfus. 17, 27–52.
doi: 10.2450/2019.0217-18

Zhang, D., Tang, Z., Huang, H., Zhou, G., Cui, C., Weng, Y., et al. (2019). Metabolic
regulation of gene expression by histone lactylation. Nature 574, 575–580. doi:
10.1038/s41586-019-1678-1

Zhang, J., Wang, Y. T., Miller, J. H., Day, M. M., Munger, J. C., and Brookes,
P. S. (2018). Accumulation of succinate in cardiac ischemia primarily occurs
via canonical krebs cycle activity. Cell Rep. 23, 2617–2628. doi: 10.1016/j.celrep.
2018.04.104

Zhong, G., Yang, X., Jiang, X., Kumar, A., Long, H., Xie, J., et al. (2019). Dopamine-
melanin nanoparticles scavenge reactive oxygen and nitrogen species and
activate autophagy for osteoarthritis therapy. Nanoscale 11, 11605–11616. doi:
10.1039/C9NR03060C

Zouhal, H., Jacob, C., Delamarche, P., and Gratas-Delamarche, A. (2008).
Catecholamines and the effects of exercise, training and gender. Sports Med.
38, 401–423. doi: 10.2165/00007256-200838050-00004

Conflict of Interest: The authors declare that IS-M, AD’A, and TN are founders of
Altis Biosciences LLC and KCH. AD’A and TN are founders of Omix Technologies,
Inc. AD’A is a consultant for Hemanext Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 San-Millán, Stefanoni, Martinez, Hansen, D’Alessandro and
Nemkov. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 17 June 2020 | Volume 11 | Article 57896

https://doi.org/10.1038/nbt.2488
https://doi.org/10.1007/s00421-011-1921-4
https://doi.org/10.3389/fspor.2019.00050
https://doi.org/10.1177/003591574403700603
https://doi.org/10.1152/jappl.1994.76.5.1946
https://doi.org/10.1111/j.1365-2362.1991.tb01406.x
https://doi.org/10.1123/ijsnem.22.5.363
https://doi.org/10.1123/ijsnem.22.5.363
https://doi.org/10.1007/s004210050364
https://doi.org/10.1210/jc.2016-1859
https://doi.org/10.2450/2019.0217-18
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1016/j.celrep.2018.04.104
https://doi.org/10.1016/j.celrep.2018.04.104
https://doi.org/10.1039/C9NR03060C
https://doi.org/10.1039/C9NR03060C
https://doi.org/10.2165/00007256-200838050-00004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00544 June 9, 2020 Time: 13:15 # 1

REVIEW
published: 09 June 2020

doi: 10.3389/fphys.2020.00544

Edited by:
Lars Kaestner,

Saarland University, Germany

Reviewed by:
Chaouqi Misbah,

UMR 5588 Laboratoire
Interdisciplinaire de Physique (LIPhy),

France
Dmitry A. Fedosov,

Helmholtz-Verband Deutscher
Forschungszentren (HZ), Germany

*Correspondence:
Saša Svetina

sasa.svetina@mf.uni-lj.si

Specialty section:
This article was submitted to

Red Blood Cell Physiology,
a section of the journal
Frontiers in Physiology

Received: 15 January 2020
Accepted: 30 April 2020

Published: 09 June 2020

Citation:
Svetina S (2020) Theoretical

Bases for the Role of Red Blood Cell
Shape in the Regulation of Its Volume.

Front. Physiol. 11:544.
doi: 10.3389/fphys.2020.00544

Theoretical Bases for the Role of Red
Blood Cell Shape in the Regulation of
Its Volume
Saša Svetina1,2*

1 Institute of Biophysics, Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia, 2 Jožef Stefan Institute, Ljubljana,
Slovenia

The red blood cell (RBC) membrane contains a mechanosensitive cation channel Piezo1
that is involved in RBC volume homeostasis. In a recent model of the mechanism of
its action it was proposed that Piezo1 cation permeability responds to changes of
the RBC shape. The aim here is to review in a descriptive manner different previous
studies of RBC behavior that formed the basis for this proposal. These studies include
the interpretation of RBC and vesicle shapes based on the minimization of membrane
bending energy, the analyses of various consequences of compositional and structural
features of RBC membrane, in particular of its membrane skeleton and its integral
membrane proteins, and the modeling of the establishment of RBC volume. The
proposed model of Piezo1 action is critically evaluated, and a perspective presented for
solving some remaining experimental and theoretical problems. Part of the discussion
is devoted to the usefulness of theoretical modeling in studies of the behavior of cell
systems in general.

Keywords: Piezo1, Gárdos channel, mechanosensitivity, spectrin skeleton, curvature dependent protein–
membrane interaction, cell to cell variability, osmotic fragility, negative feedback loop

INTRODUCTION

The red blood cell (RBC) shape is, basically, assumed to depend on the cohesion and mechanical
stability of its membrane (Mohandas and Chasis, 1993) and its volume to depend on the
harmonized action of several different membrane pumps and channels that define the content of
cytoplasm cations (Hoffmann et al., 2009). It is therefore considered that RBC shape and volume
attain their physiological states independently of each other. The discovery that the RBC membrane
includes a mechanosensitive channel, Piezo1, that has an effect on RBC dehydration (Murthy et al.,
2017), indicated that RBC volume may also depend on membrane mechanics. Piezo1 acts through
the activation of Gárdos channels by Ca++ ions that enter the cell when it is open (Cahalan
et al., 2015). Recently we proposed a theoretical model in which it was postulated that Piezo1
cation permeability depends on an RBC discoid shape (Svetina et al., 2019). The model revealed
the existence of a negative feedback loop that interrelates this shape with the RBC content of
potassium ions and, thus, also with its volume. At the Monte Verita RBC meeting I reported
about how predictions of the model were verified by utilizing the concepts developed in studies
on RBC cell to cell variability (Svetina, 1982, 2017; Svetina et al., 2003). However, the model is
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a combination of these and several other concepts, together with
views expressed previously in different theoretical studies on RBC
shape and volume behavior. The present review will include the
topics of these studies. This review is also motivated by the fact
that the organizers of the Monte Verita meeting asked some
senior participants to disseminate to newcomers to the field their
research experiences. In this sense it will be rather subjective and
thus largely concentrated on the work of our research group. The
model discussed here is an example of the research approach
by which, on the basis of theoretical analyses and exploitation
of existing experimental data, it is possible to make predictions
about the behavior of a treated system, thus providing new ideas
as to how to advance the corresponding inquiries (Goldstein,
2018). We shall therefore discuss also some general capabilities
of theoretical approaches in studies of cell processes.

To understand a given cell process it is necessary to
identify the structural elements responsible and to provide a
description of the mode of their operation. The corresponding
theoretical studies are aimed at obtaining their structure–
function relationship in a quantitative manner. This task is, in
general, difficult, since cells are complex. The only way to make
progress is frequently by analyses of mathematical models. In
modeling it is usually necessary first to identify the structural
level that is proper for the description of different aspects and
for the function of a treated physiological process, and then
to reveal its essential features on the basis of the simplest
possible system. Models are, as a rule, built on the basis of
a set of assumptions that can then be tested experimentally.
When these assumptions are found to be correct, and it is thus
possible to obtain model predictions by exact either analytical
or numerical calculations, a model becomes a theory. The
modeling approach should be distinguished from the use of
mathematics in the analysis of experimental results and from
simulations where, on the basis of the already established
theory, the system’s behavior can be described mathematically
in an exact manner. When modeling the behavior of whole
cells it is advantageous to study those that are simple. RBCs,
although composed of several thousand different molecules and
ions, are, in some aspects, extremely simple. Basically, they are
constituted by a concentrated hemoglobin solution enclosed
by an essentially smooth membrane. Moreover, they also have
a well-defined main function of carrying respiratory gasses.
Therefore, and because of its availability, the RBC served, and
still serves, as an ideal system for developing the principles
of modeling structure–function relationships in cell systems in
general (Lux, 2016).

This review will be focused on the bases on which we
recently developed a model of the role of Piezo1 in the
regulation of the RBC volume (Svetina et al., 2019). The
aim is to help build a more thorough critical view on this
model. The model was formed on the basis of several RBC
and other research directions. It illustrates a circuitous nature
of modeling approaches: the past theoretical studies on RBC
shape have opened up some other research topics which have
turned out to be relevant to studies of the regulation of
RBC volume after the identification of the mechanosensitive
protein Piezo1 (Coste et al., 2010) and the elucidation of

its role in hereditary xerocytosis (Zarychanski et al., 2012).
Briefly, some years ago we examined the possible osmotic
states of RBC in dependence on the permeability state of
its membrane (Brumen et al., 1979, 1981). In another study
we presented (Svetina et al., 1982) a theoretical counterpart
of the earlier proposed bilayer couple hypothesis of RBC
shape transformation (Sheetz and Singer, 1974). This led us
to formulate a general theory of shapes of vesicular objects
with flexible membranes (Svetina and Žekš, 1989). This theory
predicted that, among the possible stable shapes, some exhibit
polar symmetry. We proposed that such shapes could serve
as a mechanical origin of cell polarity, and also speculated
that this could have been realized through curvature dependent
interaction between membrane inclusions such as channels
and pumps and the surrounding membrane (Svetina and
Žekš, 1990; Svetina et al., 1990). We later derived a general
phenomenological interaction term for the curvature dependent
inclusion–lipid matrix interaction (Kralj-Iglič et al., 1999), and
formulated the procedure for treating the mutual effects of
the shape of a vesicular object and the lateral distribution of
membrane inclusions on each other (Kralj-Iglič et al., 1996; Božič
et al., 2006). These results gained significance because, in the
meantime, several membrane proteins had been disclosed that
were characterized by their membrane sensing and curvature
forming capabilities (McMahon and Gallop, 2005; Zimmerberg
and Kozlov, 2006). The curved Piezo1 structure (Ge et al., 2015;
Guo and MacKinnon, 2017; Saotome et al., 2018; Zhao et al.,
2018) indicates that it affects the shape of the surrounding
membrane. A possible role of curvature dependent protein–
membrane interaction in the process of mechanosensitivity
has also been indicated (Svetina, 2015). The described broad
modeling background thus seemed to be well suited also for
analyzing different possible modes of Piezo1 operation in the
regulation of RBC volume.

The review is organized as follows. The treated model (Svetina
et al., 2019) will be described and commented in the last section
(see section “Model of the Effect of RBC Discocyte Shape on RBC
Volume and its Outlook”). The two intermediate sections will
describe the model background. Section “The Mechanical and
Thermodynamic Bases of RBC Shape and Deformability” deals
with the RBC shape and deformability. In its first subsection
it will be described how the initial theoretical studies of RBC
shapes in which it was assumed that its membrane is laterally
homogeneous led to a general theory of vesicular objects with
flexible membranes. In the second subsection it will be shown
how the difference between the predictions of this theory and
the behavior of RBCs helps to understand the role of RBC
membrane skeleton. Section “RBC Volume and Related Aspects
of the Variability of RBC Population” will deal with the models of
the regulation of RBC volume. Special attention will be devoted
to the aspects of RBC population variability. It will then be
shown how the results described in two previous sections can
be combined in the model of the effect of Piezo1 on RBC
volume. A critical review of this model will be given and some
suggestions presented for the necessary future work. Throughout
the review, the emphasis will be on the development of concepts,
therefore it will be mostly presented in a descriptive manner. The
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corresponding equations and their derivation can be found in the
cited literature.

THE MECHANICAL AND
THERMODYNAMIC BASES OF RBC
SHAPE AND DEFORMABILITY

The function of RBC as the carrier of respiratory gasses led to its
adoption throughout evolution of numerous specific mechanical
and thermodynamic properties. In the absence of external forces,
the normal RBCs of most vertebrates assume the shape of a disk
that involves, at its poles, the presence of symmetrically indented
dimples. RBCs are deformable, e.g., under microcirculatory
flow conditions, at sufficiently high shear stress, deform into
rolling stomatocytes and, finally, adopt polylobed shapes (Lanotte
et al., 2016). An important factor that allows for these shape
transformations is that RBC occupies only about 60% of the
volume that a cell could at a given area of its membrane.
This property of RBCs is conveniently quantified in terms
of the reduced volume (v) defined as the ratio between the
RBC volume (V) and the volume of the sphere with the same
membrane area (A):

v = 3V/4πRs
3 (1)

where Rs = (A/4π)1/2. The mechanism for the establishment
of RBC volume will be dealt with in section “RBC Volume
and Related Aspects of the Variability of RBC Population.”
Here our focus is on how, at a given value of v, RBC shape
and its deformation depend on the mechanical properties
of its membrane. RBC membrane is composed of a lipid
bilayer occupied densely by membrane integral proteins, and
the underlying membrane skeleton, a two-dimensional pseudo-
hexagonal network with actin based protein complexes as nodes
and spectrin tetramers as bonds. The bilayer and the skeleton
are linked by chemical bonds between spectrin and integral
membrane proteins band3 and glycophorin C, via ankirin
and actin complexes, respectively (Mohandas and Gallagher,
2008; Lux, 2016). The RBC membrane differs from those
of most other eukaryotic cells in that it has no cytoplasm
reservoirs and has therefore a smooth appearance. Because of
a relatively large value of the compressibility modulus of the
bilayer it is, laterally, practically incompressible. RBC mechanical
behavior depends crucially on the characteristic of its membrane
that its three layers, the two leaflets of the bilayer and the
underlying skeleton, can slide, one over the other. The bilayer
resists bending of the membrane and the skeleton to exhibit
shear deformation. The first reasonable models of RBC shape
behavior were based on the assumption that their shapes
correspond to the minimum of membrane bending energy.
In the subsequent subsection it will be revealed how, out of
these models, a theory of shapes of simple vesicular objects
such as phospholipid vesicles developed, and how the stability
of shapes depends on the elastic properties of multilayered
membranes. In the second subsection it will be shown how
the comparison between the predictions of this theory and

the behavior of RBC helps the different roles of its membrane
skeleton to be understood.

Interpretation of RBC and Vesicle Shapes
on the Basis of Membrane Bending
Red blood cell shape has been treated by assuming its membrane
to be a single, thin, laterally homogeneous mechanical entity.
RBC membrane can, at its reduced volume v of about 0.6, take
up an infinite number of shapes, exhibiting different values of the
total membrane bending energy (Wb) that can be for symmetrical
bilayer obtained by the integral of the square of the mean
membrane curvature (H = (C1 + C2)/2 where C1 and C2 are the
principal membrane curvatures) over the whole membrane area
expressed as

Wb = 2kc

∫
H2dA (2)

with kc membrane bending constant. In general membrane
bending energy involves also a contribution due to Gaussian
curvature (K = C1C2) (Helfrich, 1973). However, because the
integral of K over the membrane area is for a given membrane
topology constant this term will be in further discussions
here ignored. Canham (1970) looked for the minimum of Wb
(Eq. 2) and found that, at v = 0.6, the shape is a discoid.
He assumed that the membrane has zero energy when it is
flat and took into consideration that the membrane has no
lateral shear, i.e., that it behaves laterally as a two-dimensional
liquid. Helfrich (1973) generalized the expression for membrane
bending energy by assuming that the membrane may have, due
to transmembrane asymmetry, zero energy when it is bent to
its spontaneous curvature (C0). Deuling and Helfrich (1976),
by applying their “spontaneous curvature model,” obtained
by minimizing the Helfrich’s (1973) expression of membrane
bending energy at given reduced volumes and reduced values
of the spontaneous curvature (RsC0) beside the discocyte also
several other shapes including cup shaped stomatocytes. At about
the same time Sheetz and Singer (1974) introduced the “bilayer
couple hypothesis” based on the evidence that RBCs change shape
under conditions of asymmetric changes of the areas of the outer
and inner leaflets of the membrane bilayer. They showed that, by
adding a drug (chlorpromazine) that intercalates into the inner
monolayer of the RBC bilayer, the discocyte transforms into a cup
shape (stomatocyte) whereas drugs intercalating into the outer
layer cause shape transformation into a spiculated echinocyte.
In a theoretical treatment of the bilayer couple hypothesis, RBC
shapes (which were defined in terms of the finite number of
geometrical parameters) were obtained by minimization of the
membrane bending energy at a fixed difference between the
areas of the outer and inner leaflets of the bilayer (Svetina et al.,
1982). It was implied that this area difference (1A) constitutes
a convenient single parameter whose continuous decrease causes
the shape to be transformed from discocyte to stomatocyte in a
continuous manner. This result was confirmed and, also, further
explored by an exact variational procedure for minimizing
membrane bending energy under the constraints of constant
membrane area, cell volume, and area difference (Svetina and
Žekš, 1989). While bilayer couple hypothesis represents for
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some aspects of RBC shape transformations a useful workable
model, it also turned out to be a strict theory for shapes of
simple vesicular objects defined as a liquid interior enclosed by
a flexible membrane. For students of RBC shape behavior and
deformability it is useful to be familiar with the basic results of
this theory because knowledge of its predictions may help to
distinguish which aspects of RBC behavior depend on properties
of its bilayer and which on its other structural features.

The bilayer couple theory (Svetina and Žekš, 1989) predicts
that vesicle shapes depend on only two geometrical parameters,
the reduced volume v and the reduced area difference 1a
(defined as the ratio between 1A and its value for the sphere
which is 8πhRs with h the distance between the neutral surfaces
of the bilayer leaflets and Rs, as already defined, the radius of the
sphere). The geometrical meaning of 1a is that it is also equal to
the integral of the reduced mean membrane curvature (RsH) over
the membrane surface. Vesicle shapes can be grouped into classes
that occupy different parts of the v – 1a (or 1a – v as used in
Seifert et al., 1991) shape phase diagram. The shapes belong to a
given class if they have the same symmetry and if, by continuously
changing1a and/or v, they are changing continuously. The sense
of such shape classification is illustrated in Figures 1A–C. There
are two types of shape class boundaries. One type comprises
shapes obtained by variational search of the extreme values of the
reduced volume v at a fixed value of the reduced area difference
1a (Figure 1A). They are composed of spheres or spherical parts
with only two possible values of their radius (Svetina and Žekš,
1983, 1989). For example, lines 1 and 6 are boundaries of shape
class to which belongs the discocyte (located in the minimum
of the bending energy curve “S” in Figure 1C). All these shapes
are axisymmetric and involve equatorial mirror symmetry. The
second type of shape class boundaries are symmetry breaking
lines (lines 9 to 12 in Figure 1B). For example, the class of cup
(stomatocyte) shapes is, on one side, bounded by the limiting
shape (line 5 in Figure 1A) and, on the other side, by the
symmetry breaking line (line 9 in Figure 1B) that connects the
points at which the equatorial mirror symmetry of disk shapes
breaks down (shown by an arrow in Figure 1C) at all reduced
volumes. Notably, the class of non-axisymmetric (ellipsoidal)
shapes is bounded by symmetry breaking lines on both of its
sides (lines 10 and 11 in Figure 1B) at which disk and cigar
shapes, respectively, break down their axial symmetry (Heinrich
et al., 1993). As demonstrated by curves A and S in Figure 1C,
classes overlap. Only the shape with the lowest bending energy
is stable. Figure 1B shows which shapes are stable within the
presented central part of the v – 1a shape phase diagram. Red
point and triangle in Figures 1A–C indicate where in the v –
1a shape phase diagram are located the discocyte and typical
stomatocyte, respectively. The significance of the bilayer couple
theory is that it predicts all possible shapes of vesicular objects
with laterally homogeneous membranes. If a vesicle shape differs
from any of these shapes it means that there are external forces
acting on it (Svetina and Žekš, 1996) or that its membrane is
laterally inhomogeneous (Božič et al., 2006).

The described predictions of the bilayer couple model are
strictly only valid if the two equally composed leaflets of a
bilayer are incompressible. In reality they are compressible and

therefore it has to be taken into account that, in general,
in a given shape, they might be deformed differently, for
example in that the area of one is extended and of the other
compressed. In such cases the reduced area difference (1a) differs
from analogously defined equilibrium (preferred) area difference
(1a0) which corresponds to the situation where leaflets are
neither extended nor compressed. The bilayer thus exhibits, in
addition to the already defined bending energy (Eq. 2), also the
non-local bending energy (Wk) (Evans, 1980), termed also as area
difference elastic term (Miao et al., 1994), expressed in its reduced
form (wk = Wk/8πkc) as

wk = kr(1a−1a0)
2/2 (3)

where kr is the non-local bending constant. The derivation and
consequences of non-local bending energy were comprehensively
reviewed in Svetina and Žekš (2014). Briefly, in the generalized
bilayer couple model, vesicle shapes correspond to the minimum
of the sum of the bending (Helfrich, 1973) and non-local bending
energies. The shape equation to be solved is the same as in the
limit of the strict bilayer couple model so the shapes obtained are
the same. However, not all of them are necessarily stable. Why
it is so is demonstrated by Figure 1D. The minimization of the
sum of the two bending energies with respect to 1a gives rise to
the requirement

∂wb/∂1a = − (kr/kc)(1a−1a0) (4)

The solution of Eq. 4 for its unknown 1a can, for a given
value of 1a0, be obtained graphically as a point on the graph
of Figure 1D where a dashed curve (right hand side of Eq. 4)
crosses one (either S or A) of the ∂wb/∂1a curves (left hand
side of Eq. 4). The number of solutions of Eq. 4 at given 1a0
depends on the slope of dashed curves that is proportional to
the ratio kr/kc. There is only one solution if this slope is steeper
than that of the largest derivative by1a of the function ∂wb/∂1a
of asymmetrical shapes (A) which is at the symmetry breaking
point (Figure 1C). A vesicle can thus attain all possible shapes
predicted by the strict bilayer couple model. At values of kr/kc
that are smaller than above defined critical value of ∂wb/∂1a
there are, for some values of 1a0 (e.g., 0.82 in Figure 1D), three
solutions of Eq. 4. The shape at the middle value of 1a is not
stable. Consequently there is, e.g., at continuously decreasing
value of1a0, a discontinuous shape transformation from the1a
at a cross-section of a dotted line with the curve S to the smaller
1a at which this line crosses the curve A. The shapes of the
strict bilayer couple model that correspond to the intermediate
1a values are not stable. Possible stable shapes of the generalized
bilayer couple model are thus defined by the 3-dimensional v –
1a – kr/kc shape phase diagram. The example of the cross-
section of this diagram is for v = 0.85 shown in Figure 12 of
Svetina and Žekš (1996). The slope of the ∂wb/∂1a curve at the
symmetry breaking point is at v = 0.6 close to – 3. The estimated
ratio kr/kc for RBC membrane is about 2 (Hwang and Waugh,
1997) which indicates that the discocyte–stomatocyte transition
is discontinuous. The described reasoning can be generalized
straightforwardly to cover also the effects of transmembrane
asymmetry characterized by membrane spontaneous curvature
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FIGURE 1 | Demonstration of basic features of the bilayer couple theories of vesicle shapes [(A–C) of “strict” and (D) of “generalized”]. (A) v(1a) dependences of
limiting shapes which correspond to the extreme values of v at a given value of 1a (lines 1 to 8) plotted in the v – 1a shape phase diagram (Svetina and Žekš, 1989).
Examples of corresponding shape cross-section are also shown. The dotted horizontal line at v = 0.6 indicates the range of 1a values for which minimal membrane
bending energy is presented in (C). Red point indicates the phase diagram location of a discocyte and red triangle of a characteristic stomatocyte. (B) Stable vesicle
shapes in the central part of the v – 1a shape phase diagram. Lines 9–12 are symmetry breaking lines. Marked areas represent the parts of the shape phase
diagram where there are no contacts between different regions of the membrane. The meaning of red points is the same as in (A). (C) Membrane bending energy wb

(defined relative to the bending energy of the sphere which is 8πkc) calculated at v = 0.6 for the 1a values indicated by the dotted line in (A). Line S shows bending
energy of disk shapes and line A of the cup shapes. The arrow indicates the point of the symmetry breaking of the disk shape as predicted by Svetina and Žekš
(1989). Shown are also contours of cross-sections of a discocyte (red point) and a stomatocyte (red triangle) and it is indicated which are their 1a values. (D) The
dependence of the partial derivatives of the bending energies S and A presented in (C) by the area difference 1a. The dotted lines present the right hand side of
Eq. 4 for the indicated values of 1a0 and kr/kc = 3 (reprinted with permission from Svetina, 1998).

C0. C0 and1A0, in spite of having different physical background
affect the shapes of vesicular objects with bilayer membranes in
a similar manner. The stationary shapes obtained by solving the
shape equation are the same as in the strict bilayer couple model
if for the reduced equilibrium area difference is taken an effective
one defined as

1a0,eff = 1a0 + c0kc/2kr (5)

It has to be noted that in this case the region of stable shapes in the
generalized shape phase diagram v – 1a0,eff – kr/kc depends on
the relative contribution to 1a0,eff of 1a0 and c0. It is because
the energy term due to 1a0 (Eq. 3) involves 1a2 whereas the
energy term due to c0 is a linear function of 1a. Therefore the
discontinuous transition indicated in Figure 1D occurs at shifted
1a values, such that at increasing the relative contribution of c0,

the region of stable shapes is diminishing. The limit kr/kc = 0
represents the spontaneous curvature model of Deuling and
Helfrich (1976). A full description of which shapes are stable
in this limit was presented by Seifert et al. (1991) (reviewed in
Seifert, 1997). The spontaneous curvature model also applies in
the case that due to transmembrane lipid transport the bilayer
relaxes into the state with 1a0 =1a. The relaxation time for this
process was estimated to be 8 min (Raphael and Waugh, 1996) or
even much less (Svetina et al., 1998).

Effects of Compositional and Structural
Features of the RBC Membrane
Red blood cell membrane is, compared to phospholipid
membranes, complex. Its bilayer part is crowded with integral
membrane proteins such as band3 that is involved in RBC’s
function of carrying carbon dioxide, different pumps and

Frontiers in Physiology | www.frontiersin.org 5 June 2020 | Volume 11 | Article 544101

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00544 June 9, 2020 Time: 13:15 # 6

Svetina Red Cell Shape and Volume

channels that take care of the establishment of RBC volume, and
many other proteins serving in its protection (Mohandas and
Gallagher, 2008). As already noted, it contains, on its cytoplasmic
side, a spectrin based membrane skeleton which is the main
element that accounts for how RBC shape behavior differs from
that of simple phospholipid vesicles. In this respect we here
discuss skeleton shear elasticity, its role in the formation of RBC
shape, and its possible effects on the lateral distribution of integral
membrane proteins and their lateral diffusion.

Red blood cell membrane exhibits shear elasticity. Because
its bilayer part can be considered as two-dimensional liquid,
the shear elasticity can be ascribed solely to its membrane
skeleton which is a two-dimensional pseudo-hexagonal network
of spectrin tetramers as bonds and acting filaments as nodes.
To understand the skeleton behavior it is crucial to realize that
RBC membrane deformation may cause an alteration of local
skeleton densities while the density of the lipids remains the
same, as was observed by measuring skeleton lateral distribution
in RBC partially aspirated into the micropipette (Discher et al.,
1994; Discher and Mohandas, 1996; Figure 2A). These results
imply that skeleton nodes shift their position relative to the
bilayer and that the bonds deform elastically. This is possible
because the bilayer integral proteins to which the skeleton is
anchored can move laterally in the plane of the bilayer. The
observed changes of skeleton density indicate that the extension
ratios (λi, the ratio between the final length and the initial length
of the deformed skeleton material in the i-th direction) may
reach a value of about 3, which corresponds to a fully extended
spectrin tetramer of length∼ 200 nm. Skeleton deformation may
be described by shear and area compressibility deformational
modes (Mohandas and Evans, 1994). The area compressibility
elastic modulus of the RBC skeleton is estimated at 26 µN/m
(Svetina et al., 2016), which is about four orders of magnitude
less than that of the whole RBC membrane determined to be
0.29 N/m (Evans et al., 1976). Consequently, the deformed
skeleton redistributes over the RBC membrane at its practically
constant total area A. Different parts of RBC skeleton are kept
together by non-covalent bonds which can break and reform,
indicating the possibility that it is plastic. The undeformed state
of the skeleton may thus depend on the RBC’s history and is in
general not well defined.

Theoretical modeling of the RBC skeleton is developing in
several different directions (e.g., Discher et al., 1998; Fedosov
et al., 2010; Peng et al., 2010; Svetina et al., 2016). The present
discussion will focus on the type of models aimed at making a
distinction between skeleton deformation due to the change of
the shape of the cell membrane and that due to its mechanical
properties. In this respect Mukhopadhyay et al. (2002) applied
in their model of the RBC membrane the concept of a mapping
function defined in terms of the dependence of the original
position of a skeleton element on its position in the deformed
state. They used this concept in their studies of the effect of
the skeleton on RBC shapes (see below). For axisymmetric
shapes it is possible to express the mapping function as s0(s)
where s0 is the arc-length distance from the cell pole to a
given contour point of the original skeleton state and s the
corresponding distance of the deformed state. Mathematically,

the dependence s0(s) is sought at which the sum of the skeleton
energy and the membrane bending energy is minimal. We
treated a simplified version of this problem by studying cases
in which the deformed shape is defined by rigid walls and
therefore there is no need to consider the bending energy
(Svetina et al., 2016). Examples of such deformations are RBC
aspiration into medium sized (with respect to the RBC size)
(Figure 2A) and narrow (∼ 1 µm) pipettes. Following Discher
et al. (1998) we also assumed that the main contribution to
the skeleton energy is the energy of spectrin bonds. Instead
of using for bond energy a more realistic flexible chain model
(Discher et al., 1998), we described this energy by a harmonic
potential which is a good approximation at sufficiently small
deformations (Figure 8 in Svetina et al., 2016). The energy
of the deformed skeleton was determined in the mean field
approximation. In this simple model the skeleton deformation
is the same for any value of the bond strength. This means
that the most important factor for the observed change in
skeleton lateral distribution is the changed cell geometry. For
axisymmetric shapes it is, to some extent, possible to reason
about the effect of changed geometry in qualitative terms.
When a patch of the skeleton that is at a distance r0 from
the axis moves in the deformed state to the distance r from
the axis, its extension along the parallels is λp = r/r0. The
corresponding compression (in case that r < r0) exerts a
tendency to make λm larger than 1. The local magnitudes of
the extensions along meridians are restricted by the requirement
that the total skeleton area is constant. The effect of this
requirement cannot be visualized so clearly; however, it can
still be concluded that the skeleton prevents shape changes
with significant changes of the distances of the membrane
from the axis. In Figure 2B, as an example, is shown by this
model predicted deformation of RBC discocyte aspirated into a
medium sized pipette.

Red blood cell shape behavior differs qualitatively from that
of phospholipid vesicles in the region of the v – 1a shape phase
diagram, where prolates are the typical equilibrium shapes of
vesicles with simple membranes (e.g., dumb-bells and pears) with
their limiting shapes involving external buds (Figures 1A,B). In
contrast, RBC shapes are, in the respective1a region, echinocytic
(reviewed in Svetina et al., 2004). Mukhopadhyay et al. (2002)
studied the formation of echinocytes on the basis of continuum
mechanics by searching for the minimum of the sum of the
local and non-local bending energies of the bilayer, and the
stretching and shear elastic energies of the membrane skeleton.
The bending energy of the spiculated membrane is larger than
that of the dumb-bell shape. However, the echinocyte can be
understood to be more stable since the deformation of the
skeleton into the geometry of a dumb-bell would, because of large
changes of the distances from the axis, require a much larger
increase of the skeleton energy than that for its transformation
into a quasi-spherical echinocyte (neglecting that some skeleton
albeit with decreased density is also present in its spicules).
The formation of echinocytes has a physiological advantage by
preventing the occurrence of shapes with large external buds
that form in simple vesicles at increased values of 1a (c.f. line
3 in Figure 1A). The probable pinching off of such buds in
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FIGURE 2 | Deformation of RBC skeleton. (A) Experimental evidence for the deformation of the membrane skeleton when RBC ghost is aspirated into a medium
size pipette (Rp ≈ 2 µm) (from Discher et al., 1994; reprinted with permission from AAAS). The skeleton density profiles along the projection of four aspirated RBC
ghosts are shown, obtained by measuring fluorescein-phalloidin-labeled actin. Relevant for the present discussion is the decrease of the intensity along the aspirated
part of the ghosts (arrows). (B) Skeleton extension ratios along parallels λp (dashed) and along meridians λm (dots) and the density 1/λpλm (relative to its mean value;
full line) calculated according to the described model (Svetina et al., 2016) for the RBC aspirated into medium size pipette (A) (reprinted with permission from Švelc
and Svetina, 2012). The pipette is on the right. The initial shape with, presumably, homogeneous skeleton distribution is a discocyte.

the turbulent blood flow would increase RBC reduced volume
considerably, thus diminishing its deformability. It should be
noted that when RBC changes its shape from discocyte to
stomatocyte, e.g., due to possible decrease of membrane 1a0,
the skeleton is not deformed so much because these two shapes
are both oblate and the distances of skeleton elements from the
axis in them do not differ appreciably. Therefore, the behavior
of RBC shape in the “oblate” region of the v – 1a shape phase
diagram does not differ essentially from the behavior of simple
phospholipid vesicles. In cases where the buds are internal (c.f.
lines 1 and 5 in Figure 1A) there is also no danger that they
would be pinched off.

Another physiological role of the RBC membrane skeleton
is that of the prevention of formation of risky budded shapes
due to lateral segregation of its integral proteins. Membrane
embedded proteins interact with the surrounding membrane
when their intrinsic principal curvatures differ from those of the
membrane at their location. For example, when the drastically
curved protein Piezo1 (Guo and MacKinnon, 2017) is embedded
in a flat phospholipid membrane it is predicted that it will cause
the membrane in its surroundings to form a kind of dome-shaped
invagination (Figure 3A, from Haselwandter and MacKinnon,
2018). It is possible to treat such a protein–membrane interaction
in terms of a phenomenological expression that takes into
account the fact that there is a mismatch between the intrinsic
principal curvatures of membrane inclusion (e.g., a protein)
and those of the membrane. The general expression for the
corresponding energy term, in the limit of a rigid inclusion
surface, is conveniently written as (Kralj-Iglič et al., 1999)

Wcurv,j =
κj

2
(
H −HP,j

)2

+

κ
∗

j

2

[
1H2

− 21H1HP,j cos
(
2ωj

)
+1H2

P,j

]
(6)

where HP,j = (C1,P,j + C2,P,j)/2 is the mean principal intrinsic
curvature of the transmembrane part of the inclusion and

1HP,j = (C1,P,j − C2,P,j)/2 is a measure of the difference
between its two principal curvatures. κj and κj

∗ are independent
interaction constants. The angle ωj defines the mutual orientation
of the coordinate systems of the intrinsic principal curvatures
of the inclusion and the principal curvatures of the membrane.
One consequence of such interaction term is curvature sensing,
meaning that mobile membrane proteins, due to curvature
dependent interaction energy term, accumulate in membrane
regions where this mismatch is small and are depleted from
regions where it is large. For example, it is reasonable to
expect that it is more probable for the Piezo1, due to its
curved structure, to reside in regions of RBC discocyte poles
(dimples) than on its equator. The second possible consequence
of the curvature dependent protein–membrane interaction is
its effect on shape which, for a membrane with mobile
proteins, corresponds to the minimum of the sum of their
distributional free energy and the bending energy of the
membrane (Božič et al., 2006). The effect of inclusions on
RBC shape depends on their number. Using a model study
(Svetina et al., 1996), it was shown that, for the discocyte,
the minimum system’s free energy depends on the number
of inclusions in a much stronger manner than in that for a
budded shape (Figure 3B). If this number is sufficiently small
the bending energy prevails and the stable shape remains to be
the disk. However, above a certain critical value, the budded
shape has a lower free energy. RBC membrane contains about
106 band3 proteins which could constitute a potential danger
for the stability of the RBC if most of them were not linked
to the skeleton.

Red blood cell membrane proteins that are not linked to
the skeleton can, upon the deformation, redistribute over the
membrane with a time constant that depends on their diffusion
coefficient. The latter can be smaller than in a vesicle because of
the corralling effect of the spectrin skeleton (Tomishige et al.,
1998). A drastic reduction of the diffusion constant can be
expected for Piezo1 because the membrane indentation that it
causes (Figure 3A). It just about fits into the triangle formed
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FIGURE 3 | Illustrations of effects of protein–membrane interaction. (A) The shape of the Piezo1 membrane footprint shown as the cross-section of the mid-bilayer
surface and its intersection with the Piezo1 dome; scale bar: 4 nm (reprinted from Haselwandter and MacKinnon, 2018, held under CC-BY 4.0 license). (B) The sum
of the membrane bending energy and the distributional free energy of mobile membrane inclusions calculated for the disk shape and for the shape that involves two
buds for a cell with the reduced volume 0.6 in the dependence of the number of inclusions p (in some reduced units) (reprinted with permission from Svetina et al.,
1996).

by the three spectrin tetramers, with each of them having in the
RBC’s resting state the length of about 70 nm.

RBC VOLUME AND RELATED ASPECTS
OF THE VARIABILITY OF RBC
POPULATION

Red blood cell membrane is, as those of most mammalian cells,
well permeable for water. Therefore the RBC’s water content, and
thus also its volume, depend on its content of osmotically active
substances and on the external tonicity (Hoffmann et al., 2009).
Hemoglobin, the main protein constituent of the RBC cytoplasm,
cannot cross its membrane, so therefore the RBC is under
osmotic stress. In RBCs of many species, their reduced volume
is, by virtue of the active pump-leak system for monovalent
cations K+ and Na+, nevertheless kept at about 0.6. These
cations are pumped by Na+/K+- ATPase which actively expels
three sodium ions and takes in two potassium ions (Tosteson
and Hoffman, 1960; Kay and Blaustein, 2019). The consequent
higher cell concentration of K+ and lower concentration of
Na+, both relative to their concentration in the environment,
cause fluxes of these two cations in the direction of their
concentration gradients. The pumping and leaking of K+ and
Na+ eventually leads to the stationary volume level. There are
several channels/transporters involved in the passive leakage of
these two cations. The results of many studies of their action
and of the data on cation pumping made it possible to formulate
realistic mathematical modeling of RBC volume regulation (Lew
and Bookchin, 1986; Armstrong, 2003; Ataullakhanov et al.,
2009). K+ and Na+ attain their stationary value in a time
scale which is several orders of magnitude larger than that of
water and also of univalent anions Cl− and HCO3

− which can
thus be treated at correspondingly short time scales as being

in quasi-equilibrium between the inside and outside solutions.
Because hemoglobin is charged, this equilibrium can be described
by models that involve a version of the Donnan equilibrium in
which cations do not exchange (Brumen et al., 1979; Freedman
and Hoffman, 1979).

The issue here is the extension of already established models
of RBC volume regulation that take into consideration the
role of Piezo1 and Gárdos channels (Svetina et al., 2019). The
predictions of the proposed model were supported by studies
on properties of RBC population cell to cell variability. RBCs,
in otherwise homogeneous RBC population, are known to be
variable with respect to many of their measurable parameters
such as cell volume, membrane area, hemoglobin content,
density, etc. RBCs vary because of the variable properties of
their precursors and because, throughout their lifespan, they
are releasing nanovesicles (Westerman and Porter, 2016). In
general, cells of the same kind are presumably organized in an
identical manner, meaning that their state is defined by the same
physical-chemical processes. On the basis of this assumption it
can be deduced that, if there are some strict algebraic relations
between the parameters that define the state of a single cell,
there are also relationships between the parameters that measure
the variability of these parameters, e.g., coefficients of variation
and correlation coefficients. This notion has been confirmed by
analysis of relations between standard deviations and correlation
coefficients extracted from different single cell measurements
of RBC volume, membrane area, density, and hemoglobin and
cation contents (Svetina, 1982). Moreover, this analysis also
revealed the possibility that an RBC involves a strict relationship,
of at that time unknown origin, between membrane area and
hemoglobin and cation contents. The analogous conclusion
was later, by a different approach, obtained by Lew et al.
(1995). The basic source for such relation was realized to be
the strong correlation between RBC volume and membrane
area. Simultaneous single cell determinations of these two cell
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FIGURE 4 | Illustrations of consequences of the correlation between RBC area (A) and volume (V ). (A) Coefficient of variation of RBC reduced volume (CVv) in
dependence on the correlation coefficient ρA,V obtained for the values of coefficients of variations of RBC volume and membrane area to be 0.12 and 0.13,
respectively (reprinted with permission from Svetina et al., 2019). CVv at ρA,V = 0.96 is about 0.06. (B) Evidence for the role of Piezo1 based regulation of RBC
volume on the mouse RBC V – A correlation. Cahalan et al. (2015) measured osmotic fragility of normal (WT) and of Piezo1 knocked out (Vav1-PicKO) mouse RBC
in the absence (+Veh) and presence (+A23187) of Ca2+ ionophore A23187 (reprinted with permission from Svetina et al., 2019). In Figure 5 of Svetina et al. (2019)
we added to Figure 3D of Cahalan et al. (2015) the column of the corresponding coefficients of variation (CVh) obtained from steepness of osmotic fragility curves as
indicated by red dashed lines.

parameters yielded for the corresponding correlation coefficient
a value of ρA,V ∼ 0.97 (Canham and Burton, 1968) and of ∼
0.96 (Gifford et al., 2003). The strong correlation between V
and A is reflected in the fact that the coefficient of variation of
the reduced volume is only about one half of the coefficients of
variation of V and A (Figure 4A). It also explains the narrowness
of the coefficient of variation for the hemolytic osmotic pressure
presented in Figure 2 of Lew et al. (1995). With respect to the
modeling of the regulation of the RBC volume it can be concluded
that one of the model parameters should be membrane area.
Recent evidence indicates that the process responsible for V – A
correlation involves Piezo1 (Cahalan et al., 2015). Namely, in
Piezo1 knockout mice, and in the case where Piezo1 action of
opening Gárdos channels was overruled by the Ca2+ ionophore
A23187, this correlation was lost (Figure 4B).

MODEL OF THE EFFECT OF RBC
DISCOCYTE SHAPE ON RBC VOLUME
AND ITS OUTLOOK

The fact that RBC dehydration in hereditary xerocytosis can be
caused by malfunctioning of a mechanosensitive protein Piezo1
indicates that RBC volume may also depend on mechanical
properties of RBC membrane. Piezo1 system appeared to
represent a relatively independent module of the otherwise
complex regulation of RBC volume, and could thus be considered
as an ideal candidate for application of the modeling approach.
In the model under consideration (Svetina et al., 2019) we chose,
for its elements that are crucial for the action of Piezo1, the
sensing of the membrane curvature through curvature dependent
inclusion–membrane interaction (Svetina et al., 1990; Kralj-Iglič
et al., 1996, 1999), and the assumption that the mechanical

properties of an RBC membrane affect its volume through the
dependence of Piezo1 Ca++ permeability on RBC discocyte
shape. These ideas were supported by curved structure of the
Piezo1 trimer, evidenced by its structural studies (Ge et al.,
2015; Guo and MacKinnon, 2017; Saotome et al., 2018; Zhao
et al., 2018) and, indirectly, also by the altered RBC membrane
cation permeability when stressing the cells by a distorting device
(Kuchel and Shishmarev, 2017) or by a flow through a capillary
constriction (Cinar et al., 2015; Danielczok et al., 2017). Here we
shall first outline which of the topics presented in the previous
two sections formed the basis of this model. Then we shall
evaluate its outcome, define its deficiencies and indicate some
model implications to improve the understanding of RBC Piezo1
action by further experimental and theoretical studies.

The essential ingredients of the proposed mechanism of the
effect of Piezo1 on RBC volume are schematically represented by
the cause-effect links shown in Figure 5. These links represent
either experimental evidence or the results of theory or modeling.
The upper dashed link indicates that RBC discocyte shape,
according to theories described in the subsection “Interpretation
of RBC and Vesicle Shapes on the Basis of Membrane Bending,”
depends on RBC reduced volume. The lower dashed line link
represents Eq.1. The link between RBC content of K+ and RBC
volume is in a broad sense the consequence of the fact that
RBC volume is established through osmotic equilibrium with
the surrounding solution and that thus depends on the level
of its cytoplasm cations. As discussed in section “RBC Volume
and Related Aspects of the Variability of RBC Population” the
regulation of cell cation content operates on the basis of active
and passive membrane cation permeabilities (Hoffmann et al.,
2009). The model concentrates on the homeostasis of K+. The
preceding two links are thus based on the experiments of Cahalan
et al. (2015) who have shown that Piezo1 channels act by the
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FIGURE 5 | Schematic presentation of processes involved in the effect of
RBC discocyte shape on RBC volume. The meanings of the links are
described in the text. Because the volume affects the shape (dashed links) the
described system as a whole represents a closed regulatory loop. It is
indicated that Piezo1 Ca++ permeability can be affected either by membrane
curvature or membrane lateral tension.

way that, when they are temporarily transformed into their open
conformation, allow the influx calcium ions which activate the
potassium specific Gárdos channels. The enhanced leakage of
potassium ions then causes a decrease of their cell content and
consequent loss of water. The Piezo1–Gárdos channel system
is thus considered as a complement to the mechanism of RBC
volume regulation based on the balance between influx and efflux
of cations K+ and Na+. In the model it is assumed that, due
to active Ca++ efflux, the Gárdos channels are on the average
open only part of the time and that it is therefore reasonable to
express membrane permeability coefficient for K+ (PK) as the
sum two contributions

PK = PK,0 + fGPK,G (7)

where PK,G is RBC K+ permeability of its Gárdos channels,
f G the average fraction of them that are open, and PK,0
the potassium permeability of its other K+ channels. Due
to osmotic equilibrium between its interior and exterior (see
section “RBC Volume and Related Aspects of the Variability
of RBC Population”), RBC volume is at larger values of f G
smaller. In the treated model we derived a relationship between
f G and the reduced volume v in which appeared as model
parameters the ratio PK,G/PK,0, the relative amount of other
RBC cytoplasm ingredients that cannot penetrate the membrane,
and the reduced volume at f G = 0. The crucial task of the
model was to reveal a plausible mechanism for the effect of
RBC shape on the fraction of time that Piezo1 channels are
open. In the model it was proposed that there is another
relationship between f G and v based on the dependence of
Piezo1 cation permeability on RBC shape. This relationship
is represented in Figure 5 by the links that relate RBC
discocyte shape and Piezo1 Ca++ permeability. The theory
described in sub-section “Interpretation of RBC and Vesicle
Shapes on the Basis of Membrane Bending” makes it possible
to determine reduced mean membrane curvature (h) at each
point on the membrane and its dependence on the reduced
volume v. In the model (Svetina et al., 2019) it was shown

that its value in RBC poles can be well represented by a
linear function

hpole = hpole,r + βpole(v− vr) (8)

where hpole,r is the reduced mean curvature at an arbitrarily
chosen reference reduced volume vr. The value of the coefficient
βpole is 4.0. It was then taken into account that due to Piezo1
intrinsic curvature and its interaction with the membrane
(Eq. 6), its molecules would tend to concentrate in the
regions of RBC poles. On the basis of the assumption
of that open Piezo1 conformation is less curved than its
closed conformation it follows that, at the decrease of v, the
probability that Piezo1 is closed increases. The parameters
that defined thus obtained increasing function f G(v) are a
combination of parameters that appear in Eqs. 6 and 8.
Due to thus obtained relationships between f G and v it
is possible to express these two parameters in terms of
other RBC structural parameters. On the basis of assuming
the curvature dependent Piezo1–lipid matrix interaction it
has been thus established that the system operates as a
negative feedback regulatory loop between the average of
the fraction of open Gárdos channels (f G) and the RBC
reduced volume (v).

The described model was meant primarily to serve as the
proof of principle for Piezo1 based regulation of RBC volume.
Therefore it involves many simplifications of the real system. For
example, it was restricted to K+ homeostasis and did not take
into consideration possible concomitant changes of RBC Na+
content; the fraction of open Piezo1 channels was calculated as
if they would all be located at the RBC poles; it was assumed that
there are only two relevant Piezo1 conformations, etc. However,
some of the model predictions are general in that they do not
depend on its specific features. The main outcome of the effect
of the RBC discoid shape on its volume is that it implies the
existence of a closed regulatory loop for RBC volume regulation.
The Piezo1–Gárdos channel system can be considered as a
complement to the mechanism for the regulation of cell volume
that operates on the basis of active and passive membrane cation
permeabilities (Hoffmann et al., 2009). Within the mechanism
of RBC volume regulation based on the balance between influx
and efflux of cations K+ and Na+, Piezo1 acts at the level of K+
efflux. The membrane permeability coefficient for K+ involves
a contribution that depends on the RBC reduced volume v and
thus also on the membrane area A. The consequence of the
regulation of v is the strong V–A correlation. Such correlation
has been observed by simultaneous measurements of V and A in
the RBC population (Canham and Burton, 1968; Gifford et al.,
2003) and is evidenced by the steepness of the osmotic fragility
curve (Figure 4B). Confirmation of this prediction of the model
lies in the fact that the V–A correlation is lost, either in the
absence of Piezo1 or by the application of the Ca2+ ionophore
A23187 which overrules its action (Cahalan et al., 2015).
The regulation of the RBC reduced volume is physiologically
important because RBC, during the process of its aging,
constantly releases nanovesicles (Westerman and Porter, 2016).
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In this type of vesiculation the loss of area is more significant than
the loss of volume and, therefore, without this regulation the cells
would lose their deformability because of the consequent increase
of their reduced volume.

The model presented here points to the involvement of
the RBC discoid shape in the fine regulation of its volume
in a rather consistent manner. However, there are still many
unanswered questions that require further experimentation. One
such concern is whether the response of Piezo1 to change
of RBC shape is due to change of membrane curvature or
to the change of membrane lateral tension (Figure 5). For
example, the theory of vesicle shapes predicts that the lateral
tension is negative and that its absolute value at lowering the
v increases (Svetina and Žekš, 1989). Changes of the lateral
tension thus act in the appropriate direction but their effect was
estimated to be small (Svetina et al., 2019). It could, however,
be enhanced by the action of myosin motors (Smith et al.,
2018). The dilemma about possible role of lateral tension could
be resolved by experimental determination of the distribution
of Piezo1 channels over the RBC membrane. Because mean
principal membrane curvature is most negative in the RBC
dimples, the analogously curved Piezo1 (Guo and MacKinnon,
2017) would preferentially reside in this region. With regard
to the question as to whether the described mechanism of fine
regulation of RBC volume also functions in vivo it should be
realized that RBCs spend only about 50% of their time in veins,
in which hydrodynamic conditions allow them to establish their
discocyte shape. Namely, freely movable, membrane embedded
proteins have diffusion coefficients that would cause them to
equilibrate along the whole RBC surface in about 1 min. It
would thus be important to determine whether the Piezo1 lateral
diffusion coefficient is, for one reason or another, sufficiently
smaller. It could be smaller because the RBC membrane is
crowded (with more than 104 proteins per 1 µm2) or because
the Piezo1 molecule modifies the shape of the surrounding
membrane to the size (Haselwandter and MacKinnon, 2018) that
fits well into the area of the triangle of the structural unit of
the hexagonal network of the spectrin skeleton. With regard to
the Piezo1 oligomeric homo-trimer structure it can be noted
that, in the case where its subunits can, independently, have
two different conformation, it may attain at least four different
structures, of which two have axial symmetry and two not. It
still has to be established which of these structures corresponds
to the Piezo1 open state. In the analyses of the variations
within RBC population it has been assumed that there is no
variation in membrane areal density of different RBC membrane
proteins. In the context of the presented model it would be of

particular interest to determine whether there are differences
in the variability parameters of pumps and channels that are
involved in the regulation of RBC volume.

There are also many aspects of the proposed model that
require further theoretical modeling. For example, there is the
question as to what is causing, in the A–V scatter plot, the
remaining cell to cell variability. It could be ascribed to RBC
variability with respect to its hemoglobin content (Svetina, 1982),
but also to cell to cell variability of the ratio between the
permeabilities of Gárdos channel and other potassium channels.
In the model presented here it was taken that, for a given
fixed membrane shape, the inclusions redistribute due to their
interaction with the surrounding membrane. However, in general
the effect is mutual: due to the curvature dependent interaction
of Piezo1 molecules with the surrounding membrane, the RBC
shape may also change (Božič et al., 2006). The consequent
coupling between the RBC shape and the conformational state of
Piezo1 molecules could cause oscillatory non-stationary behavior
of the treated system. One has to be aware also of possible second
order factors such as membrane lateral inhomogeneity (Hoffman,
2019). It still needs to be established as to the nature of the
physical basis for the Piezo1–lipid matrix interaction. It could be
based on the perturbed energy of the lipid bilayer (Haselwandter
and MacKinnon, 2018) but may also involve specific interactions
between a protein and its surrounding molecules, e.g., the
curvature dependence of the number of hydrogen bonds that
Piezo1 forms with surrounding lipids. Curvature dependent
Piezo1–lipid matrix interaction may also involve energy terms
due to Piezo1 intrinsic elasticity (Lin et al., 2019).
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The N-methyl-D-aspartate receptor (NMDAR) provides a pathway for glutamate-mediated 
inter-cellular communication, best known for its role in the brain but with multiple examples 
of functionality in non-neuronal cells. Data previously published by others and us provided 
ex vivo evidence that NMDARs regulate platelet and red blood cell (RBC) production. 
Here, we summarize what is known about these hematopoietic roles of the NMDAR. 
Types of NMDAR subunits expressed in megakaryocytes (platelet precursors) and erythroid 
cells are more commonly found in the developing rather than adult brain, suggesting 
trophic functions. Nevertheless, similar to their neuronal counterparts, hematopoietic 
NMDARs function as ion channels, and are permeable to calcium ions (Ca2+). Inhibitors 
that block open NMDAR (memantine and MK-801) interfere with megakaryocytic 
maturation and proplatelet formation in primary culture. The effect on proplatelet formation 
appears to involve Ca2+ influx-dependent regulation of the cytoskeletal remodeling. In 
contrast to normal megakaryocytes, NMDAR effects in leukemic Meg-01 cells are diverted 
away from differentiation to increase proliferation. NMDAR hypofunction triggers 
differentiation of Meg-01 cells with the bias toward erythropoiesis. The underlying 
mechanism involves changes in the intracellular Ca2+ homeostasis, cell stress pathways, 
and hematopoietic transcription factors that upon NMDAR inhibition shift from the 
predominance of megakaryocytic toward erythroid regulators. This ability of NMDAR to 
balance both megakaryocytic and erythroid cell fates suggests receptor involvement at 
the level of a bipotential megakaryocyte-erythroid progenitor. In human erythroid precursors 
and circulating RBCs, NMDAR regulates intracellular Ca2+ homeostasis. NMDAR activity 
supports survival of early proerythroblasts, and in mature RBCs NMDARs impact cellular 
hydration state, hemoglobin oxygen affinity, and nitric oxide synthase activity. Overexcitation 
of NMDAR in mature RBCs leads to Ca2+ overload, K+ loss, RBC dehydration, and oxidative 
stress, which may contribute to the pathogenesis of sickle cell disease. In summary, there 
is growing evidence that glutamate-NMDAR signaling regulates megakaryocytic and 
erythroid cells at different stages of maturation, with some intriguing differences emerging 
in NMDAR expression and function between normal and diseased cells. NMDAR signaling 
may provide new therapeutic opportunities in hematological disease, but in vivo applicability 
needs to be confirmed.
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INTRODUCTION

This review summarizes what has been learned about the roles 
of N-methyl-d-aspartate receptor (NMDAR) in megakaryocytic 
and erythroid cells. NMDARs are best known for their functions 
as glutamate-gated cation channels in the central nervous system 
(Traynelis et al., 2010). It appears that the NMDAR ion channel 
functionality is maintained in blood progenitors but NMDAR 
channel properties and its downstream pathways await further 
characterization in these cells. This paper starts with a brief 
overview of glutamate signaling in the brain. On this background, 
we  highlight distinctive features of NMDAR in hematopoietic 
cells. Other glutamate receptors and mature blood cells are 
not discussed in detail but the appropriate background is 
provided to place this emerging field of research in a meaningful 
context. We  describe NMDAR effects on hematopoietic 
differentiation, including some of our recent observations that 
suggest a novel role for the receptor in balancing megakaryocytic 
and erythroid cell fates (Hearn et  al., 2020).

CLASSICAL GLUTAMATE-NMDAR AXIS 
IN THE BRAIN

Glutamate is synthesized from glutamine as a part of normal 
cellular metabolism in all cells (Yelamanchi et  al., 2016). In 
neurons, vesicular glutamate transporters (VGLUT) pump glutamate 
into pre-synaptic vesicles (Daikhin and Yudkoff, 2000; Zhou and 
Danbolt, 2014). Upon membrane depolarization, vesicles fuse 
with the pre-synaptic plasma membrane and glutamate is released 
into the synaptic cleft. This process engages soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor (SNARE) 
proteins that are activated by Ca2+ entry through voltage-gated 
Ca2+ channels. Following release, glutamate concentrations in the 
synaptic cleft increase markedly, from 2–5  μM to approximately 
1.1 mM. While in the synaptic cleft, glutamate activates ionotropic 
and metabotropic receptors located on the post-synaptic plasma 
membrane (Reiner and Levitz, 2018). Ionotropic receptors function 
as ion channels (for Na+, K+, and Ca2+), and metabotropic receptors 
activate G-proteins that modulate ion channels directly and 
indirectly. The main purpose of the ionic flux is to generate 
and propagate action potentials characteristic of excitable tissues. 
The synaptic glutamate signal is terminated by the excitatory 
amino acid transporters (EAAT) present on astrocytes that remove 
glutamate from the synaptic cleft (Featherstone, 2010).

The family of ionotropic glutamate receptors includes 
NMDA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid (AMPA), and kainate receptors, each named after a 
distinct, synthetic agonist that activates them (Traynelis et al., 
2010). AMPA and kainate receptors respond to glutamate 
first. They mediate intracellular influx of mostly Na+, which 
leads to membrane depolarization and if large enough, triggers 
action potential. Membrane depolarization releases a Mg2+ 
ion blocking the pore of NMDAR, enabling receptor function. 
This order of events highlights that neuronal NMDAR can 
activate only when glutamate binding and membrane 
depolarization coincide (which is named “coincidence 
detection”). NMDAR-mediated Ca2+ influx contributes little 
to membrane depolarization but modifies synaptic strength 
through molecular events related to the Ca2+ role as “second 
messenger” (Traynelis et  al., 2010; Hansen et  al., 2018).

Typical NMDARs are built as tetramers that combine two 
obligate GluN1 subunits with another two GluN2 (A–D) or 
GluN3 (A or B) subunits, in various combinations. It is believed 
that GluN1 subunit is an essential component of all NMDARs, 
and variable GluN2 and GluN3 subunits are modulatory. 
NMDAR activation requires binding of l-glutamate on each 
of the GluN2 subunits, as well as glycine (co-agonist) on the 
GluN1 and GluN3 subunits. The alternative NMDAR ligands 
include d- and l- aspartate, homocysteine, homocysteic acid, 
and d-serine. NMDAR subunit composition varies substantially 
in different areas of the brain, and changes during development 
(Monyer et  al., 1994; Wenzel et  al., 1997). NMDAR subunits 
define the current amplitude and inactivation time, as well as 
cation selectivity and the regulation patterns, such as agonist 
affinity, mechano-sensitivity, Mg2+-sensitivity, and responsiveness 
to polyamines. GluN2A and GluN2B subunits contribute high 
channel conductance and relatively fast de-activation kinetics 
compared to GluN2C- and GluN2D- containing NMDAR 
(Traynelis et  al., 2010). In addition, NMDARs containing 
GluN2C, GluN2D, and GluN3 subunits display low affinity 
for Mg2+ blocking the pore, making activation of such receptors 
independent of membrane depolarization (Monyer et  al., 1994; 
Chatterton et  al., 2002; Wrighton et  al., 2008).

NMDAR sensitivity (EC50) to agonists is high, ranging from 
0.4 to 1.7  μM for glutamate (in GluN1–GluN2D and GluN1–
GluN2A receptors, respectively), and 0.1 to 2.1  μM for glycine 
(in GluN1–GluN2D and GluN1–GluN2A receptors, respectively) 
(Yamakura and Shimoji, 1999). These concentrations lie within 
the range that is normal in an inactive synaptic cleft. However, 
all types of NMDAR are extremely sensitive to the inhibition 
by protons (IC50 around 7.4  μM for most of the subunits) 
(Yamakura and Shimoji, 1999; Low et  al., 2003; Cavara et  al., 
2009), and Zn2+ [IC50 of 10  nM, 1  μM, and 10  μM for the 
NMDAR containing GluN2A, GluN2B, and GluN2D, respectively 
(Gielen et  al., 2009)].

NMDAR-mediated Ca2+ entry activates a number of intracellular 
signaling pathways, including Ca2+/calmodulin-dependent kinase 
(CaMK), mitogen-activated protein kinase (MAPK) [including 
extracellular signal-regulated kinase (ERK), Jun kinase, and p38 
MAPK], and phosphoinositide 3-kinase (PI3K) (Hardingham, 
2006). NMDARs regulate activity-dependent gene expression 

Abbreviations: ADP, adenosine diphosphate; AMPA, α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid; AP5, D-2-amino-5-phosphonopentanoate; CaMK, Ca2+/
calmodulin-dependent kinase; CREB, cAMP response element binding protein; 
EAAT, excitatory amino acid transporters; EC50, the concentration of an agonist 
that gives half-maximal response; EPO, erythropoietin; ER, endoplasmic reticulum; 
ErbB4, epidermal growth factor receptor Erb-B2 receptor tyrosine kinase 4; ERK, 
extracellular signal-regulated kinase; IC50, the concentration of an inhibitor where 
the response (or binding) is reduced by half; MAPK, mitogen-activated protein 
kinase; MEP, megakaryocyte-erythroid progenitor; MK, megakaryocyte; NMDAR, 
N-methyl-d-aspartate receptor; PI3-K, phosphoinositide 3-kinase; PMA, phorbol 
12-myristate 13-acetate; PSD, post-synaptic density; RBC, red blood cell; SNARE, 
soluble N-ethyl maleimide-sensitive factor attachment protein receptor; TPO, 
thrombopoietin; VGLUT, vesicular glutamate transporter.
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through cAMP response element binding protein (CREB) 
transcription factor (Hardingham et  al., 2001). Other mediators 
downstream of NMDAR include Ras, Fyn, striatal-enriched protein 
tyrosine phosphatase, and nitric oxide synthase. Highly coordinated 
(albeit incompletely elucidated) NMDAR signaling plays critical 
roles in embryonic brain development and later, in neuronal 
plasticity, which allows the brain to respond to new experiences 
and changing environment (Traynelis et  al., 2010).

Unexpected Discoveries Outside of  
the Brain
During the past 10–20  years, NMDARs have been reported 
in multiple non-neuronal cell types, including hematopoietic 
(Bozic and Valdivielso, 2015; Hogan-Cann and Anderson, 2016), 
which raised a principal question of why non-excitable cells 
need these receptors. We  admit this area of research is not 
very clear, sometimes even controversial, mainly due to the 
very low abundance of NMDAR in non-neuronal cells. 
Nevertheless, some progress has been achieved in the 
characterization of the subunit composition and currents 
mediated by non-neuronal NMDAR, in particular in red blood 
cells (RBC) (Makhro et  al., 2010), platelets (Kalev-Zylinska 
et  al., 2014), lymphocytes (Fenninger and Jefferies, 2019), and 
hematopoietic precursors, erythroblasts (Makhro et  al., 2013; 
Hanggi et  al., 2014, 2015) and megakaryocytes (Genever et  al., 
1999; Kamal et  al., 2015). Information on the potential 
physiological role of these receptors is accumulating as well, 
including in erythroid cells (Makhro et  al., 2013, 2016), and 
megakaryocytes (Hitchcock et  al., 2003; Green et  al., 2017; 
Kamal et al., 2018; Hearn et al., 2020). The subsequent sections 
will focus on the subunit composition, properties and the roles 
of NMDAR in megakaryocytic and erythroid precursors, and 
their mature progeny, platelets and RBCs.

PLATELET RESPONSIVENESS  
TO GLUTAMATE

Peripheral blood platelets store and respond to a number of 
regulatory molecules best known for their roles in 
neurotransmission, including serotonin, epinephrine, dopamine, 
histamine, γ-aminobutyric acid, and glutamate (Todrick et al., 
1960; Ponomarev, 2018; Canobbio, 2019). In psychiatric patients, 
there is evidence of a crosstalk between abnormal NMDAR 
function in the brain and platelet responsiveness to glutamate 
(Berk et al., 1999). Platelets bind glutamate with similar kinetics 
to neurons (Almazov et  al., 1988), store it in dense granules, 
and express AMPA, kainate, and NMDA receptors (Franconi 
et al., 1996, 1998; Morrell et al., 2008; Sun et al., 2009; Kalev-
Zylinska et  al., 2014; Green et  al., 2017). Although there are 
variations between studies, all main types of ionotropic glutamate 
receptors have now been shown to be  functional in platelets. 
Morrell et  al. demonstrated that AMPA and kainate (but not 
NMDA) receptors amplify platelet activation by contributing 
Na+ influx to membrane depolarization, but not Ca2+ influx 
(Morrell et al., 2008; Sun et al., 2009). Franconi et al. provided 

the first evidence of NMDAR functionality in platelets, 
demonstrating that NMDARs induce Ca2+ influx into platelets 
but inhibit platelet function in the presence of adenosine 
diphosphate (ADP) and arachidonic acid (Franconi et  al., 
1996, 1998). Our own work demonstrated that NMDAR 
inhibitors (memantine, MK-801, and anti-GluN1 antibodies) 
interfere with platelet activation, aggregation and thrombus 
formation ex vivo (Kalev-Zylinska et  al., 2014; Green et  al., 
2017). It is likely that methodological differences contributed 
to variable NMDAR effects between studies.

Intriguingly, in schizophrenia and bipolar disorders that are 
driven by deregulated NMDAR signaling, platelet Ca2+ levels 
are elevated, including in response to glutamate (Berk et  al., 
2000; Ruljancic et al., 2013; Harrison et al., 2019). Schizophrenia 
is characterized by NMDAR hypofunction in the limbic system 
(Coyle, 2012; Nakazawa et  al., 2017), compensated by high 
glutamate levels and NMDAR hypersensitivity in other areas 
of the brain (Merritt et  al., 2016). The fact that platelets from 
patients with schizophrenia also show glutamate hypersensitivity 
further argues that NMDAR functioning in platelets is similar 
to that in neurons (Berk et  al., 2000).

Because platelets have limited protein synthesis, one would 
expect a similar range of glutamate receptors to be  present 
in megakaryocytes. However, most data thus far indicate 
regulation of megakaryocytic differentiation by NMDAR, with 
little or no data on AMPA and kainate receptors (Genever 
et  al., 1999; Hitchcock et  al., 2003; Kamal et  al., 2018). 
Nevertheless, electrophysiological recordings from freshly isolated 
mouse megakaryocytes support expression of functional AMPA 
receptors in megakaryocytes, most likely GluR2-containing and 
Ca2+-impermeable (Morrell et  al., 2008).

GLUTAMATE AND NMDAR IN 
MEGAKARYOCYTIC CELLS

Evidence for NMDAR Functionality in 
Megakaryocytic Cells
The first evidence that NMDARs operate as ion channels in 
megakaryocytes was obtained by demonstrating that [3H]MK-801 
binds to native mouse megakaryocytes in vivo. Mice were injected 
with [3H]MK-801 intracardially, followed by bone marrow 
examination 15 min later (Genever et al., 1999). Because MK-801 
is a non-competitive, use-dependent NMDAR inhibitor that can 
only bind within an open NMDAR pore (Traynelis et al., 2010), 
its labeling of megakaryocytes was consistent with the NMDAR 
function as an ion channel in megakaryocytic cells. Later, 
we  showed that glutamate, NMDA, and glycine induce Ca2+ 
fluxes in Meg-01 cells, and NMDAR antagonists (MK-801, 
memantine, and AP5 [d-2-amino-5-phosphonopentanoate]) 
counteract this effect, indicating that NMDARs operate as Ca2+ 
channels in these cells (Kamal et  al., 2015, 2018).

Table 1 provides a summary of the NMDAR subunit expression 
in megakaryocytic and erythroid cells, reported at either protein 
or transcript level. Unfortunately, testing for GluN proteins in 
hematopoietic cells has been difficult due to (a) very low 
abundance, (b) various protein isoforms and post-translational 
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modifications, and (c) the lack of antibodies optimized for use 
in non-neuronal cells. Human megakaryocytes were first shown 
to express GluN1 using immunocytochemistry and Western 
blotting, the latter indicated that GluN1 was non-glycosylated, 
which may affect NMDAR distribution in the plasma membrane 
(Genever et  al., 1999). Our group demonstrated expression of 
GluN1, GluN2A, and GluN2D in Meg-01, K-562, and Set-2 
cells using flow cytometry and a modified Western blotting 
procedure that employed membrane enrichment and high-
sensitivity peroxidase substrates (Kamal et  al., 2015).

The composition of NMDAR in megakaryocytes differs from 
that in neurons. In the brain, NMDARs are built mostly from 
GluN1, GluN2A, and/or GluN2B subunits, but human, native 
and culture-derived megakaryocytes express predominantly 
GluN2D, with some GluN2A and GluN1 (Table  1; Genever 
et  al., 1999; Hitchcock et  al., 2003; Kamal et  al., 2015, 2018). 
The dominant expression of GluN2D in normal megakaryocytes 
will affect NMDAR functioning, however no electrophysiological 
recordings are available from these cells to document the effect. 
In other systems, GluN2D-containing NMDAR displays the 
following differences compared with GluN2A and GluN2B 
containing receptors: approximately 5-fold higher sensitivity 
to glutamate, 10-fold higher sensitivity to glycine, 100-fold 
longer deactivation time, lower conductance, lower Ca2+ 
permeability and weaker Mg2+ block (Paoletti et al., 2013; Wyllie 
et al., 2013; Hansen et al., 2018). The weak Mg2+ block suggests 
that NMDAR in megakaryocytes may not require membrane 
depolarization to become active; meaning the principle of 
“coincidence detection” may not apply. The unique functionality 
of the GluN2D subunit is underscored by its dominant expression 
in the embryonic and postnatal brain; however, the mechanism 
through which GluN2D subunits provide trophic effects remains 
incompletely understood (Watanabe et al., 1992; Akazawa et al., 
1994).

For those of us working with mouse models, it is relevant 
to note that there are differences in the NMDAR expression 

patterns between human and mouse cells. In contrast to human 
megakaryocytes (that express only GluN1, GluN2A, and GluN2D), 
mouse megakaryocytes also express GluN2C and GluN3B 
(Table  1; Kamal et  al., 2018). Small numbers of other, yet 
un-identified mononuclear cells in the mouse bone marrow 
also express NMDAR, but there is no documented expression 
in mouse erythroid precursors or mature RBCs (Genever et  al., 
1999), which differs from human cells (Table 1; Makhro et al., 2013; 
Hanggi et  al., 2014, 2015).

In contrast to normal megakaryocytes, patient-derived 
leukemic megakaryoblasts and megakaryocyte leukemia cell 
lines (Meg-01, K-562, and Set-2) carry all possible NMDAR 
subunits, including GluN2B, GluN3A, and GluN3B (Table  1; 
Kamal et  al., 2015). Meg-01 and K-562 cell lines are derived 
from patients with chronic myeloid leukemia in megakaryocytic 
and myeloid blast crisis respectively, and carry oncogenic 
BCR-ABL1 gene fusion (Lozzio and Lozzio, 1975; Ogura 
et  al., 1985). Both Meg-01 and K-562 cell lines express 
thrombopoietin (TPO) and erythropoietin (EPO) receptors 
and can be  induced to differentiate into megakaryocytic 
(Ogura et  al., 1988, Herrera et  al., 1998) and erythroid cells 
(Andersson et  al., 1979; Morle et  al., 1992), thus providing 
experimental models of bipotential megakaryocyte-erythroid 
progenitors. Set-2 cell line is derived from a leukemic 
transformation of essential thrombocythemia and carries JAK2 
V617F mutation, an established driver in myeloproliferative 
neoplasms. Set-2 differentiates spontaneously into 
megakaryocyte-like cells (Uozumi et  al., 2000). Biological 
characteristics of leukemic cell lines are obviously very different 
from normal progenitors, which we  should keep in mind 
while interpreting cell line data.

We found that Meg-01 cells are better suited for  
studies of NMDAR function than K-562 and Set-2 cells, 
mostly because of their higher levels of NMDAR expression. 
Upon differentiation with phorbol-12-myristate-13-acetate 
(PMA), Meg-01 cells up-regulate NMDAR expression further, 

TABLE 1 | Expression of NMDAR subunits documented in megakaryocytic and erythroid cells.

Megakaryocytic cells1 Erythroid cells2 Mature brain 
cortex3

Human Mouse Human Mouse and human
Normal Leukemic Normal Normal – cultured Normal

GluN 
subunit

Whole bone 
marrow

Isolated 
mature MKs

Cell lines Patient-
derived

Isolated 
mature MKs

Early cultured 
MKs

Proerythroblasts Orthochromatic Retics /RBC Neurons

1 +; P − +/++; P + + ++; P + + +; P +++; P
2A + + ++; P + + ++ ++; P + +; P ++; P
2B − − −/+ + − − − − − ++; P
2C − − −/+ ++ + − +; P +++; P ++; P +; P
2D + + +++; P +++ ++ − ++; P ++; P ++; P +; P
3A − − + ++ − − +; P +; P +; P −
3B − − +++ ++ ++ − +; P ++; P ++; P −

1Data generated mostly by RT-PCR, conventional and real-time (Genever et al., 1999; Hitchcock et al., 2003; Kamal et al., 2015, 2018).
2Data generated by TaqMan quantitative RT-PCR, flow cytometry and immunoblotting (Makhro et al., 2013; Hanggi et al., 2014, 2015).
3Shown by multiple techniques. The “+” symbol means expression was demonstrated; the number of “+” signs reflects the level of expression; “−” means expression was not 
detected. The letter “P” indicates protein expression was documented using flow cytometry or immunostaining in addition to transcript data, on which the semi-quantitative 
assessment was based. MK, megakaryocyte; Retics, reticulocytes; RBC, red blood cells.
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providing a model in which to examine NMDAR involvement 
in megakaryocytic differentiation (Genever et  al., 1999; 
Kamal et  al., 2018).

The role of GluN3 subunits (highly expressed in leukemic 
cells; Table  1) is poorly understood, including in the brain, 
but its functions have already been described as exquisite, 
peculiar, unconventional, and transformative (Kehoe et al., 2013; 
Perez-Otano et  al., 2016; Grand et  al., 2018). This is because 
GluN3 subunits do not require glutamate for activation (Nilsson 
et  al., 2007). In GluN1-GluN3 receptors, glycine acts both as 
the sole agonist binding on GluN3, and provides feedback 
inhibition through GluN1. In GluN1-GluN2-GluN3 receptors, 
the presence of GluN3 reduces Mg2+ block and Ca2+ entry 
(Matsuda et  al., 2002; Cavara and Hollmann, 2008).

Overall, the presence of nonconventional GluN subunits (in 
particular GluN2D and GluN3) in megakaryocytic cells, normal 
and leukemic, suggests that NMDAR generates weaker but more 
sustained Ca2+ influx, and may allow stronger modulation by 
glycine than glutamate, in particular in leukemic cells. There 
is also a possibility of regulation by metabolic factors through 
GluN1. This is because megakaryocytic cells express h1-1 to 
h1-4 GluN1 isoforms, all of type “a” (Kamal et  al., 2015). 
GluN1a isoforms lack the N1-cassette from the N-terminal 
domain (encoded by exon 5) that if present, reduces inhibition 
by protons and zinc, and potentiation by polyamines (Traynelis 
et al., 1995; Yi et al., 2018). Because the bone marrow environment 
is intrinsically hypoxic (Spencer et  al., 2014), this form of 
metabolic regulation warrants testing in blood progenitors.

Evidence for Regulation of Glutamate 
Levels
Mouse and human megakaryocytes express a range of molecules 
for glutamate re-uptake, storage, and release, including VGLUT1, 
VGLUT2, SNARE, and the high-affinity glutamate re-uptake 
system, EAAT1, shown at both transcript and protein levels 
(Genever et  al., 1999; Thompson et  al., 2010). Fluorimetric 
measurements of glutamate concentrations in culture media 
suggest that human and mouse megakaryocytes, and Meg-01 
cells release glutamate in a constitutive manner (Thompson 
et  al., 2010); congruently, similar has been shown for ADP 
packaged together with glutamate in dense granules (Balduini 
et  al., 2012). We  do not know why megakaryocytes need 
glutamate sensitivity but it is a critical question to seek answers 
to in the future. A possible auto-regulatory loop (autocrine 
or paracrine) is suggested by the observation that Meg-01 
cells release more glutamate upon differentiation with PMA 
(Thompson et  al., 2010). Glutamate regulation may 
be  independent of TPO, as NMDAR expression is maintained 
in megakaryocytes from c-Mpl-(TPO receptor) knockout mice 
(Hitchcock et  al., 2003).

Unfortunately, there is no information on glutamate 
concentrations in the interstitial fluid of the bone marrow. In 
peripheral blood plasma, physiological glutamate levels are 
usually maintained between 20 and 100  μM (Kiessling et  al., 
2000), but vary widely depending on the diet (Stegink et  al., 
1983) and exercise (Makhro et  al., 2016). In the interstitial 
fluids, concentrations of glutamate have been observed to be as 

low as 0.5  μM in the masseter muscle of myofascial 
temporomandibular joint (Castrillon et  al., 2010), to as high 
as blood plasma levels in the vastus lateralis muscle of the 
lower limb (Gerdle et  al., 2016). There is no experimental 
data on how plasma/interstitial glutamate levels impact 
endogenous NMDAR in blood/progenitor cells. Paracrine 
NMDAR activation in neuron-like fashion appears more likely 
in tissues with low, steady state glutamate concentrations. On 
the other hand, conditional NMDAR activation via local pH 
changes would be  more likely in tissues with higher, plasma-
like glutamate concentrations. Different types of NMDAR 
subunits will also affect cellular sensitivity to glutamate, and 
modulate the receptor response (as described in section Evidence 
for NMDAR Functionality in Megakaryocytic Cells).

NMDAR Effects on Megakaryocytic 
Differentiation
NMDAR channel blockers (memantine and MK-801) induce 
two types of apparently opposing effects in cultured 
megakaryocytic cells: inhibition of differentiation in normal 
megakaryocytes, but induction of differentiation in 
megakaryocytic leukemia cell lines (Figure  1Ai–ii).

When human megakaryocytes are grown from CD34-positive 
umbilical cord stem cells, the addition of MK-801 inhibits 
acquisition of megakaryocytic markers (CD61, CD41a, and 
CD42a), nuclear ploidy and proplatelet formation; however, 
progenitor proliferation is unaffected (Hitchcock et  al., 2003). 
Similar effects are seen in cultures of mouse hematopoietic 
progenitors, and in the native bone marrow milieu of mouse 
bone marrow explants. MK-801 inhibits actin reorganization 
in mature mouse megakaryocytes, suggesting that NMDAR-
mediated Ca2+ influx is required for the cytoskeletal remodeling 
that underlies proplatelet formation (Kamal et  al., 2018). This 
process may be  similar to dendritic spine formation arising 
in response to neuronal NMDAR firing (Furuyashiki et  al., 
2002). NMDAR links with cytoskeletal elements through post-
synaptic density (PSD) proteins such as PSD-95 and Yotiao; 
both of which are expressed in megakaryocytes, suggesting 
similar interactions may be  possible in hematopoietic cells 
(Hitchcock et  al., 2003).

In contrast to normal megakaryocytes that utilize NMDAR 
function to assist differentiation, leukemic cell lines (Meg-01, 
K-562, and Set-2) appear to divert NMDAR activity to increase 
proliferation (Figure  1Ai–ii). In the presence of NMDAR 
blockers (memantine and MK-801) Meg-01 cells undergo atypical 
differentiation and accumulate prominent cytoplasmic vacuoles 
(Figure 1Aiii; Kamal et al., 2015, 2018). The opposing NMDAR 
effects on cellular phenotype between normal and leukemic 
cells suggest divergence of NMDAR pathways during 
leukemogenesis to increase cell proliferation.

To get more insights into the mechanism of this divergence, 
we  recently created a model of NMDAR hypofunction in 
Meg-01 cells using CRISPR-Cas9 mediated knockout of the 
GRIN1 gene that encodes the obligate, GluN1 subunit of the 
NMDAR (Hearn et  al., 2020). We  found that GRIN1 deletion 
caused marked changes in the intracellular Ca2+ homeostasis, 
including higher cytosolic Ca2+ levels at baseline but lower 
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ER Ca2+ release after activation. Deregulated Ca2+ handling 
led to endoplasmic reticulum (ER) stress and induced 
autophagy. Prominent cytoplasmic vacuoles accumulated in 
Meg-01-GRIN1−/− cells and were found to represent dilated 
ER and lysosomal organelles (Figure 1Aiii). Microarray analysis 
revealed that Meg-01-GRIN1−/− cells had deregulated expression 
of transcripts involved in Ca2+ metabolism, together with a 
shift in the pattern of hematopoietic transcription factors 
toward erythropoiesis (Figure  1Bi–ii). In keeping with the 
pro-erythroid pattern of transcription factors, Meg-01-GRIN1−/− 
cells displayed features of erythroid differentiation 
(Figure  1Biii). Our data provide the first evidence that 
NMDARs comprise an integral component of the Ca2+ toolkit 
in megakaryocytic cells, and argue that intracellular Ca2+ 
homeostasis may be more important than currently recognized 
for balancing megakaryocytic with erythroid differentiation 
at the level of a common progenitor (Hearn et  al., 2020).

In support of our findings, Kinney et  al. provided 
computational evidence of NMDAR involvement in 
erythropoiesis (Kinney et  al., 2019). The authors analyzed 164 
publicly available erythroid microarray datasets using an 
enhanced CellNet bioinformatics algorithm to delineate key 
transitional states of erythroid differentiation at high resolution. 
This approach identified a role for signaling through epidermal 
growth factor receptor Erb-B2 receptor tyrosine kinase 4 (ErbB4) 
in erythroid differentiation, which was further validated 
experimentally in zebrafish, mouse and human models. The 
authors linked ErbB4 with NMDAR signaling by finding 
increased levels of GRIN3B transcripts, coding for GluN3B, 
in the reticulocyte gene cluster. A similar link between ErbB4 
and NMDAR is well-documented in neurons, where ErbB4 
and its neuregulin ligands stabilize synaptic NMDAR (Li et al., 
2007). In fact, altered neuregulin 1–ErbB4 signaling is a well-
established mechanism of NMDAR hypofunction in 
schizophrenia (Hahn et al., 2006). Encouragingly, we also found 
that in Meg-01-GRIN1−/− cells, transcripts for neuregulin 1 
and ErbB receptor feedback inhibitor 1 were up-regulated 
(1.98- and 2.05-fold, respectively), implying the ErbB4-NMDAR 
link is maintained during megakaryocytic-erythroid 
differentiation (Hearn et  al., 2020).

The interrogation of publicly available transcriptomic data 
obtained from human megakaryocyte-erythroid progenitors at 
a single cell level demonstrated the presence of GRINA transcripts 
(encoding NMDAR-associated protein 1, known to be expressed 
at relatively high levels) and a scatter of low signals for GRIN1, 
GRIN2A, GRIN2C, and GRIN2D (Lu et  al., 2018). Deep 
sequencing in that study was performed with approximately 
3  million reads per cell, which captured approximately 6,000 
of the most highly expressed transcripts in a cell, which may 
explain why GRIN transcripts were detected at very low levels.

NMDAR FUNCTIONALITY IN  
ERYTHROID CELLS AND IN THE 
CIRCULATING RBCs

RBCs sense plasma glutamate levels through the NMDAR. 
Using radiolabeled antagonist ([3H]MK-801) binding assay, basal 
activity of NMDARs in RBCs suspended in plasma was shown 
(Makhro et  al., 2013). Supplementation of glutamate to plasma 
caused further activation of the receptors (Hanggi et al., 2014). 
Other findings suggest that the shear of flowing blood may 
also activate NMDAR in RBCs of patients with sickle cell 
disease (Hanggi et  al., 2014, 2015).

NMDAR in Erythroid Precursor Cells
The abundance of NMDARs is particularly high in erythroid 
precursors and the UT-7/EPO cell line (Makhro et  al., 2013; 
Hanggi et al., 2015). The receptor density decreases from hundreds 
of thousands per cell in proerythroblasts and erythroblasts cultured 
from peripheral blood-derived CD34-positive progenitors, to 
35  in young human RBCs, and five in mature and senescent 
RBCs from healthy people (Makhro et al., 2013; Hanggi et al., 2014). 

A

B

FIGURE 1 | NMDAR effects in normal megakaryocytes and leukemic Meg-
01 cells. (A) Schematic indicating that in normal megakaryocytes NMDAR 
activity supports differentiation, in particular proplatelet formation (i). In 
contrast, in leukemic cell lines NMDARs increase cell proliferation (ii). In both 
normal and leukemic cells, NMDAR inhibition induces cellular stress response 
associated with endoplasmic reticulum (ER) dilatation and accumulation of 
lysosomes (iii). Red shade in a cell reflects features of erythroid differentiation. 
(B) Experimental data showing that CRISPR-Cas9-mediated deletion of 
GRIN1 in Meg-01 cells increased expression of ER stress markers (DDIT3/
CHOP, ATF4, PPP1R15A/GADD34, and JUN; Bi; orange bars), associated 
with decreased expression of megakaryocytic transcription factors (RUNX1, 
FLI1, ERG; Bii) and megakaryocytic maturation marker, CD41 (Biii) (blue 
bars). Instead, expression of erythroid transcription factors (KLF1, KLF3, 
KLF6; Bii) and embryonic hemoglobin (HBE1; Biii) was increased (red bars). 
Transcript levels were determined by real-time RT-PCR (Bi) and Clariom S 
microarrays (Bii–iii), as described (Hearn et al., 2020). Statistical significance 
is shown (p < 0.05 for all markers versus unmodified Meg-01 cells set at 1.0, 
tested by one-way ANOVA with Dunnett post-hoc. MK, megakaryocyte.

115

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Kalev-Zylinska et al.  N-Methyl-D-Aspartate Receptors in Hematopoietic Cells

Frontiers in Physiology | www.frontiersin.org 7 June 2020 | Volume 11 | Article 577

In UT-7/EPO cell line 350,000 NMDARs were detected per 
cell (Makhro et  al., 2010). UT-7/EPO is a subclone of a UT-7 
megakaryoblastic leukemia cell line that was maintained in the 
presence of EPO for more than 6  months to increase erythroid 
differentiation (Komatsu et  al., 1993). In keeping with the 
NMDAR expression data, the density of currents produced by 
the NMDAR decreased during differentiation from 
proerythroblastic to the orthochromatic stage of erythroid 
progenitors (Hanggi et  al., 2015).

Similar to megakaryocytes, the pattern of GluN subunits 
evolves during erythroid differentiation. Except for GluN2B, 
all other types of NMDAR subunits have been detected in 
erythroid cells at either mRNA or protein levels, or both 
(Table 1). During early stages, (proerythroblasts and basophilic 
erythroblasts) higher levels of GluN2A and GluN2D were shown 
along with lower levels of GluN3A, GluN3B, and GluN1 (Makhro 
et  al., 2013; Hanggi et  al., 2014, 2015). Orthochromatic 
erythroblasts switched from GluN2A-containing receptors to 
those predominantly containing GluN2C (Hanggi et  al., 2015). 
As a result, high amplitude, fast, inactivating currents, mediated 
by the receptor at early stages of erythroid differentiation were 
replaced by currents of lesser amplitude but longer duration 
(Hanggi et al., 2015). This change in receptor subunit composition 
and its function gave rise to a switch in signal transmitted by 
the NMDAR, and probably, to the alteration in sensitivity to 
the physiological stimuli. Whereas GluN2A-containing receptors 
contributed to the modulation of the transmembrane potential, 
GluN2C/GluN2D-NMDAR mediated Ca2+ entry through the 
channels that remained open for a longer time (Hanggi et  al., 
2015). Mg2+ block is not supposed to control the NMDAR 
activity in RBCs due to the low transmembrane potential (about 
−10  mV) and the presence of GluN2C, GluN2D, and GluN3 
subunits (Monyer et  al., 1994; Wrighton et  al., 2008).

Hyperactivation of the NMDAR by repeated stimulation 
resulted in the channel inactivation and did not affect viability 
of erythroid precursor cells. However, exposure of erythroid 
progenitors to the NMDAR channel blockers (MK-801 and 
memantine) triggered vacuolization and apoptosis, with maximal 
cell death observed at the early differentiation stages (Hanggi 
et  al., 2014, 2015). This observation is in line with the earlier 
findings by Miller and Cheung on the importance of Ca2+ 
signaling for EPO-driven effects in precursor cells (Miller and 
Cheung, 1994; Tong et  al., 2008).

NMDAR Function and Physiological 
Significance in the Circulating RBCs
Relatively low numbers of active NMDAR copies are retained 
by the circulating RBCs. Young RBCs of healthy humans carry 
35 NMDARs per cell on average, whereas mature and senescent 
cells contain about five receptor copies per cell (Makhro et  al., 
2013; Hanggi et al., 2014). The NMDAR abundance is 3–4-fold 
higher in RBCs from patients with sickle cell disease 
(Hanggi et  al., 2014). Activation of NMDAR by exposing the 
cells to the saturating concentrations of agonists (NMDA and 
glycine, 300  μM each) results in an acute, transient increase 
in the intracellular free Ca2+ (Makhro et  al., 2013). There is 
striking inter-cellular heterogeneity in responses of the cells 

to the NMDAR agonists, including changes in transmembrane 
currents and Ca2+ uptake shown with a fluorescent dye, as 
well as the level of dehydration and echinocyte formation. 
These differences cannot be  explained solely by the differences 
in RBC age. Whereas some cells are insensitive to the stimulation, 
others show a clear response to the NMDAR agonists suggesting 
inter-cellular heterogeneity in NMDAR numbers/distribution. 
Along with the changes in RBC volume and density of Ca2+ 
uptake following the NMDAR stimulation, we observed regulation 
of nitric oxide production in RBCs by the nitric oxide synthase 
and modulation of the redox state (Makhro et  al., 2010).

Physiological responses to the changes in NMDAR activity 
in the circulating RBCs include regulation of hemoglobin oxygen 
affinity, cell rheology, and most likely, longevity. Pathophysiological 
downstream effects associated with NMDAR hyperactivation 
were revealed ex vivo for RBCs of patients with sickle cell 
disease. These included Ca2+ overload, dehydration, and increase 
in cell density, and oxidative stress (Hanggi et  al., 2014). There 
are no reports of abnormal RBC counts in patients with 
Alzheimer’s disease taking memantine to protect the brain from 
glutamatergic excitotoxicity (Kavirajan, 2009). One pilot clinical 
trial was performed at the University Hospital Zurich, in which 
patients with sickle cell disease received memantine over a 
year (Makhro et al., 2020; trial identifier NCT02615847), and 
the other is currently ongoing (trial identifier NCT03247218). 
These trials provide an opportunity to explore long-term effects 
of NMDAR inhibition on RBC and platelet production, and 
cell properties in humans.

CONCLUSIONS AND FUTURE 
DIRECTIONS

In summary, megakaryocytic and erythroid precursors carry 
nonconventional NMDAR subunits, therefore NMDAR activity 
during hematopoiesis may be  unique and should be  tested. 
NMDARs regulate megakaryocytic and erythroid differentiation 
ex vivo, and balance both fates during differentiation of Meg-01 
cells, suggesting NMDAR role at the level of a bipotential 
megakaryocyte-erythroid progenitor. NMDAR effects in 
hematopoietic cells are mediated by Ca2+ influx, which in early 
megakaryoblasts affects transcriptional program of differentiation, 
and in mature megakaryocytes induces cytoskeletal rearrangements 
required for proplatelet formation. In contrast to normal progenitors, 
leukemic cell lines re-direct NMDAR signaling to increase 
proliferation. The shift in the dominant NMDAR effect in leukemic 
cells may be  at least partially related to different GluN subunits 
these cells express, which may offer therapeutic opportunities.

In keeping with the proliferative NMDAR effects in leukemic 
cells, other prominent groups found that GluN2B-containing 
NMDAR promotes growth of pancreatic tumors (Li and  
Hanahan, 2013; Li et  al., 2018), and enable brain metastases 
by breast cancer (Zeng et  al., 2019). The following molecules 
acting downstream of NMDAR were shown to assist cancer 
spread in these studies: CaMKII, MAPK, guanylate-kinase-
associated protein, heat shock factor 1, and fragile X mental 
retardation protein (Li and Hanahan, 2013; Li et  al., 2018); 
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we  should examine similar pathways in leukemic cells as they 
may provide novel therapeutic targets.

In cultured human proerythroblasts, GluN2A-containing 
NMDAR provides depolarization, and inward Ca2+ current of 
high amplitude and fast inactivation kinetics. The presence of 
active NMDAR supports survival of early erythroid progenitors, 
which likely contributes to the EPO-driven signaling; however, 
this link is still to be  demonstrated. Expression of GluN2C 
and GluN2D in the late erythroid precursors coincides with 
the onset of hemoglobinization. Thus, the NMDAR role in 
iron uptake warrants investigation. In mature RBCs, NMDAR 
regulates basal intracellular Ca2+ levels, contributing toward 
the regulation of cell volume, density, redox balance, and nitric 
oxide production by RBCs, which most likely contributes to 
the regulation of RBC longevity and oxygen carrying capacity.

NMDAR signaling can be modulated using small molecules. 
Memantine is an approved drug for neurological patients and 
could be  repurposed against certain hematological disorders, 
such as sickle cell disease, megakaryocytic cancers and 
thrombosis. Preclinical studies have already advanced to stage 
I  clinical trials in sickle cell disease, but a lot more needs to 
be  done to determine if NMDAR modulation could be  useful 
in patients with certain myeloid blood cancers or thrombotic 
disease. Neurological side effects may limit the use of memantine 
in hematological patients; therefore, alternative strategies may 
need to be considered. These include subunit-specific NMDAR 
inhibitors, compounds that do not cross the blood-brain-barrier, 
and drugs that target pathways downstream, or glutamate 
release upstream of NMDAR.

Considering that the NMDAR role in megakaryocytic cells 
was first reported in Genever et  al. (1999), the progress in 
this field may be viewed as relatively modest. However, we have 
reached a state of acceptance that NMDARs provide meaningful 
biological effects in hematopoietic cells. The field is attracting 
renewed attention. We await results from the first, stage I clinical 
trial in patients with sickle cell disease, primarily to establish 
safety of memantine outside of neurological indications. Further 
progress into NMDAR role in human leukemia and thrombosis 
will require studies in more advanced ex vivo and in vivo 
models. In addition, the overall principle and purpose of 
peripheral glutamate signaling needs to be  determined. We, 
thus, invite collaborative approaches engaging experts from 
multiple disciplines to join us forming an interest group focusing 
on peripheral glutamate signaling.
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The shedding of extracellular vesicles (EVs) from the red blood cell (RBC) surface
is observed during senescence in vivo and RBC storage in vitro. Two main models
for EV shedding, respectively based on calcium rise and oxidative stress, have been
proposed in the literature but the role of the plasma membrane lipid composition and
properties is not understood. Using blood in K+/EDTA tubes stored for up to 4 weeks
at 4◦C as a relevant RBC vesiculation model, we showed here that the RBC plasma
membrane lipid composition, organization in domains and biophysical properties were
progressively modified during storage and contributed to the RBC vesiculation. First, the
membrane content in cholesterol and linoleic acid decreased whereas lipid peroxidation
and spectrin:membrane occupancy increased, all compatible with higher membrane
rigidity. Second, phosphatidylserine surface exposure showed a first rapid rise due to
membrane cholesterol decrease, followed by a second calcium-dependent increase.
Third, lipid domains mainly enriched in GM1 or sphingomyelin strongly increased
from the 1st week while those mainly enriched in cholesterol or ceramide decreased
during the 1st and 4th week, respectively. Fourth, the plasmatic acid sphingomyelinase
activity considerably increased upon storage following the sphingomyelin-enriched
domain rise and potentially inducing the loss of ceramide-enriched domains. Fifth,
in support of the shedding of cholesterol- and ceramide-enriched domains from the
RBC surface, the number of cholesterol-enriched domains lost and the abundance
of EVs released during the 1st week perfectly matched. Moreover, RBC-derived EVs
were enriched in ceramide at the 4th week but depleted in sphingomyelin. Then, using
K+/EDTA tubes supplemented with glucose to longer preserve the ATP content, we
better defined the sequence of events. Altogether, we showed that EV shedding from

Frontiers in Physiology | www.frontiersin.org 1 July 2020 | Volume 11 | Article 712120

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00712
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2020.00712
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00712&domain=pdf&date_stamp=2020-07-03
https://www.frontiersin.org/articles/10.3389/fphys.2020.00712/full
http://loop.frontiersin.org/people/886303/overview
http://loop.frontiersin.org/people/1001678/overview
http://loop.frontiersin.org/people/1001690/overview
http://loop.frontiersin.org/people/1001685/overview
http://loop.frontiersin.org/people/529112/overview
http://loop.frontiersin.org/people/466608/overview
http://loop.frontiersin.org/people/889000/overview
http://loop.frontiersin.org/people/35839/overview
http://loop.frontiersin.org/people/1002450/overview
http://loop.frontiersin.org/people/112988/overview
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00712 July 2, 2020 Time: 16:18 # 2

Cloos et al. Erythrocyte Vesiculation Through Lipid Domains

lipid domains only represents part of the global vesiculation mechanistics, for which
we propose four successive events (cholesterol domain decrease, oxidative stress,
sphingomyelin/sphingomyelinase/ceramide/calcium alteration and phosphatidylserine
exposure).

Keywords: lipid domains, membrane transversal asymmetry, reactive oxygen species, lipidomics, cell
vesiculation, cholesterol, plasmatic acid sphingomyelinase, ceramide

INTRODUCTION

Continuous change in membrane and membrane skeleton
organization takes place during development from
proerythroblasts to senescent red blood cells (RBCs). For
instance, R1 reticulocytes undergo significant rearrangements in
their membrane and intracellular components via several
mechanisms including exosome release. Circulating R2
reticulocytes complete this maturational process, which involves
additional loss of significant amounts of membrane and selected
membrane proteins (Minetti et al., 2018, 2020). Membrane
remodelling and vesicle formation also occur during RBC
ageing (Ciana et al., 2017b). Bosman and coll. have proposed
that generation of extracellular vesicles (EVs) constitutes a
mechanism for the elimination of RBC membrane patches
containing removal molecules, thereby postponing the untimely
elimination of otherwise healthy RBCs (Willekens et al., 2008).
Mechanistically, current knowledge indicates that part of the
membrane skeleton is probably lost together with part of the
lipid bilayer in a balanced way (Ciana et al., 2017a).

Those EVs are also released from RBCs in vitro upon storage
partially expose phosphatidylserine (PS) at their outer membrane
leaflet (Almizraq et al., 2018) leading to blood coagulation
through thrombin generation (Rubin et al., 2013). RBC-derived
EVs also promote excessive production of reactive oxygen
species (ROS) and thereby exhortation of the “respiratory burst”
in neutrophils (Jank and Salzer, 2011), which could be part
of post-transfusional acute lung inflammation. Due to higher
accessibility as compared to hemoglobin (Hb) entrapped in
RBCs, Hb enclosed in RBC-derived EVs acts as a efficient nitric
oxide scavenger, thereby reducing bioavailability of the latter as
vasoregulator (Donadee et al., 2011; Said and Doctor, 2017).

Two main models for EV shedding from RBCs upon storage
have been proposed. They are based on calcium rise and oxidative
stress and lead to the destabilization of membrane:cytoskeleton
anchorage followed by membrane loss through vesiculation
(Alaarg et al., 2013; Tissot, 2013; Pollet et al., 2018). While
the oxidative stress-based model is widely documented in the
literature, the calcium-based model is still highly controversed for
three main reasons (i) the origin of calcium accumulation is not
elucidated; (ii) the contribution of this model to the EV release
has been shown mainly through the use of calcium ionophores
(Allan et al., 1980; Salzer et al., 2002; Nguyen et al., 2016); and (iii)
the accumulation of calcium and the PS externalization, which
were for a long time directly associated, are nowadays rather
viewed as independent processes (Arashiki and Takakuwa, 2017).
Discrepancies between studies could be reconciled if there are

different types of EVs that are simultaneously or sequentially
released by RBCs.

Surprisingly, the contribution of plasma membrane lipids
in the vesiculation process is not understood. For instance, it
is not known whether the budding of EVs could occur from
specific regions of the plasma membrane and if some specific lipid
domains could represent the starting point of the vesiculation
process. Three types of submicrometric lipid domains have
been identified at the outer plasma membrane leaflet of resting
RBCs (i.e., RBCs that are not in the deformation process):
(i) those mainly enriched in cholesterol (hereafter referred as
cholesterol-enriched domains), (ii) those co-enriched in the
ganglioside GM1, phosphatidylcholine and cholesterol (hereafter
referred as GM1-enriched domains), and (iii) those co-enriched
in sphingomyelin, phosphatidylcholine and cholesterol (hereafter
referred as sphingomyelin-enriched domains) (Carquin et al.,
2014, 2015, 2016; Conrard et al., 2018). During RBC deformation,
cholesterol-enriched domains gather in high curvature areas,
forming or stabilizing highly curved membrane regions. GM1-
and sphingomyelin-enriched domains increase in abundance
upon calcium influx and efflux respectively, thereby potentially
participating to calcium exchanges, also essential for RBC
deformation (Leonard et al., 2017, 2018; Conrard et al., 2018).
Although those domains appeared to contribute to the RBC
deformation process, their contribution to RBC vesiculation
is not known. In support of the potential EV budding from
specific regions of the RBC plasma membrane, the activity of the
plasmatic acid sphingomyelinase (aSMase) has been proposed to
be implicated in the biogenesis of EVs from RBCs during storage
(Hoehn et al., 2017) but this is not proved and the link between
ceramide production and membrane blebbing is still unclear.

The main goal of the present study was to evaluate whether
the RBC plasma membrane lipid composition and organization
could contribute to the RBC vesiculation process. To this aim,
we used as main model RBCs stored in K+/EDTA tubes for two
reasons. First, tubes are readily available by simple venipuncture
and are less precious than RBC concentrates used for medical
applications. Second, they allow to explore a significant amount
of parameters upon a limited storage period of only 4 weeks,
which is not possible on RBC concentrates that can be stored
for up to 42 days before transfusion with limited storage
lesions and vesiculation. We found that RBC vesiculation in
K+/EDTA tubes was clearly accelerated as compared to RBC
concentrates, mainly due to the rapid intracellular ATP drop.
Nevertheless, the progressive rise of calcium and oxidative stress,
as in RBCs upon senescence in vivo or upon storage in RBC
concentrates (Pollet et al., 2018; Yoshida et al., 2019), supported
the relevance of K+/EDTA tubes to explore the RBC vesiculation
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mechanisms. Thus, using this model, we determined the RBC
membrane lipid composition, organization in lipid domains
and biophysical properties during storage. To evaluate if lipid
domains were lost by vesiculation, EVs isolated from RBCs
were measured for their lipid content. Then, using K+/EDTA
tubes supplemented with glucose, we could better define the
sequence of events.

MATERIALS AND METHODS

Blood Collection and Preparation
The study was approved by the Medical Ethics Committee of
the University of Louvain, Brussels, Belgium. Blood from 13
adult healthy volunteers (11 women and 2 men), who gave
written informed consent, was collected by venipuncture
into K+/EDTA-coated tubes (except otherwise stated).
Blood tubes were stored at 4◦C for 0–30 days. From those
storage days, storage time intervals covering a period of
4 days (except the first one which covered 3 days) were
defined and were referenced in the whole manuscript
as 0, 0.6, 1.2, 1.8, 2.4, 3.0, 3.6, and 4.2 storage weeks.
To supplement blood with an additional energy source,
0.5 ml of Dulbecco’s Modified Eagle Medium (DMEM;
LifeTechnologies) containing 4.5 g/l of glucose was added
per 1 ml of blood in K+/EDTA-coated tubes directly after
collection. Before experiments (except for EV isolation and
measurement of aSMase activity), RBCs were isolated from
other blood components by a 10-fold dilution in the adapted
experimental medium (i.e., DMEM with or without glucose
for RBC hemoglobin release, calcium, ATP and PS exposure
measurements or Krebs-Ringer-Hepes (KRH) solution for
ROS content determination; see below), washed twice by
centrifugation at 200 g for 2 min and resuspended. This
procedure allowed us to efficiently separate RBCs, as revealed
by the absence of contamination of RBC preparations by
platelets and white blood cells in our routine fluorescence
imaging experiments.

Chemical Treatments
All treatments were performed on washed isolated RBCs, except
amitriptyline (AMI) which was applied on whole blood at 5 µM
for 60 min at 37◦C to inhibit the aSMase. To induce acute
ATP depletion, RBCs were preincubated for 2 h in glucose-free
DMEM (Life Technologies). ATP repletion was performed after
RBC washing and resuspension in 4.5 g/l glucose-containing
DMEM. To modulate the intracellular calcium content, RBCs
were preincubated with 20 µM BAPTA-AM (Abcam): (i) for
15 min at 37◦C, followed by a 60 min-reincubation at 37◦C in
the presence of Fluo-4 AM (see below), to measure its effect
on the intracellular calcium content; or (ii) for 60 min at
37◦C to determine EV abundance and PS exposure. To deplete
membrane cholesterol, RBCs were preincubated with 0.9 mM
methyl-β-cyclodextrin (mβCD; Sigma-Aldrich) for 30 min at
37◦C. Cholesterol repletion was achieved with 7.5 and 15 µg/ml
water-soluble cholesterol (Sigma-Aldrich) for 60 min at 37◦C.

RBC Scanning Electron Microscopy on
Filters
Washed RBCs were pelleted, resupended and fixed in 0.1M
cacodylate buffer containing graded concentrations (0.1, 0.5, and
1.5%) of glutaraldehyde for 5 min each. Fixed RBCs were then
filtered on 0.4 µm polycarbonate (it4ip) filters using a syringe
and washed by cacodylate buffer pushed gently through the
syringe. Post-fixation was performed directly on the filters in
the syringe in 1% OsO4 in 0.1M cacodylate for 2 h followed by
extensive washing in 0.1M cacodylate and six times for 10 min
in water. Samples were dissociated from the filter capsule and
covered by a second filter in order to protect the sample during
further processing, i.e., the dehydration and the critical point
drying. Dehydration was performed in graded baths of ethanol
(50, 60, 70, 80, 90, 95% for 10 min each, followed by 100% three
times for 10 min) and critical point dried. Finally, samples were
mounted on scanning electron microscopy stubs and sputtered
with 10 nm gold. All samples were observed in the CM12 electron
microscope with the SED detector at 80 kV.

RBC Hemoglobin Release Measurement
Isolated RBCs were incubated at RT for 10 min into
gradually hypotonic media prepared by dilution of DMEM
with water. RBCs were then pelleted by centrifugation at
200 g for 2 min. RBC pellets were lysed in 0.2% Triton-X-
100 and both supernatants and pellet lysates were assessed
for Hb content by spectrophotometry (Packard SpectraCount
Absorbance Microplate Reader) at 450 nm as oxy and deoxy
forms of hemoglobin show main peaks of light absorption around
450 nm (Ratanasopa et al., 2015; Chung et al., 2020). For each
medium, Hb in the supernatant was then expressed as ratio of
the sum of Hb in the supernatant and the pellet. The osmolarity
leading to 50% hemolysis (half-maximal effective hemolysis,
EC50) was finally extrapolated using GraphPad Prism.

RBC Calcium, ATP, ROS and Outer
Plasma Membrane PS Measurements
All determinations were performed on isolated washed RBCs.
Intracellular calcium was measured by fluorimetry using
the Fluo-4 AM probe and normalized to the corresponding
intracellular Hb content (detected by spectrophotometry
as described above) as previously (Conrard et al., 2018).
Such method generated only qualitative measurements as
the Fluo-4 fluorescence signal is not a linear function of the
calcium concentration (Kaestner et al., 2006). Alternatively,
RBCs were labeled for 30 min at 37◦C with Fluo-4 AM,
washed and analyzed by flow cytometry (FACSVerse, BD
Biosciences). Calcium exchanges upon RBC deformation
were evaluated on RBCs spread onto a poly-L-Lysine (PLL)-
precoated polydimethylsiloxane stretchable chamber (PDMS;
Strex Inc) as in Conrard et al. (2018). Intracellular ATP
content was measured using a chemiluminescence assay kit
(Abcam). Luminescence produced during the reaction of
the luciferase with luciferine in the presence of ATP was
detected with a luminometer (GloMax Explorer Multimode
Microplate Reader, Promega) and normalized to the Hb
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content. Intracellular ROS content and PS externalization were
determined by flow cytometry. For ROS measurement, RBCs
were labeled with 7.5 µM 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA; Invitrogen) at 37◦C for 20 min in KRH,
washed and resuspended. For PS externalization, RBCs were
incubated with Annexin-V FITC (Invitrogen; 25 µl for 5∗105

RBCs) in DMEM at RT for 20 min. For all flow cytometry
experiments, acquisition was performed at the FacsVerse with
a medium flow rate and a total analysis of 10.000 events.
The software FlowJo was used to determine upon storage
(i) the Median Fluorescence Intensity (MFI) of whole RBC
populations for ROS and calcium contents and PS exposure;
and (ii) the percentage of PS-exposing RBCs by positioning
the cursor at the edge of the labeled cell population at 0 week
of storage.

RBC Calpain Activity Measurement
RBCs were lysed in the buffer provided in the Calpain activity
assay kit (Abcam). Twenty five µg proteins of the RBC lysates
were then mixed with the “reaction buffer” and the calpain
substrate, incubated for 1 h at 37◦C and measured by fluorimetry
(GloMax, Promega) at λexc/λem of 400/505 nm.

RBC Methemoglobin Determination
RBC lysates obtained through repeated freeze-thaw cycles
were analyzed for methemoglobin (metHb) content following
indications of a sandwich Elisa assay kit (LifeSpan Biosciences).
Briefly, samples were added to the plate, incubated with
a biotinylated detection antibody, washed and incubated
with an avidin-conjugated Horseradish peroxidase, which in
presence of a tetramethylbenzidine substrate induces blue color
development. Addition of the stop solution induced color change
into yellow and allowed metHb detection by spectrophotometry
(SpectraCount, Packard) at 450 nm.

RBC Spectrin Immunofluorescence
Isolated RBCs were immobilized onto PLL-precoated coverslips,
permeabilized with 0.5% Triton X-100 for 3 min (to open
the RBC and have access to the cytoskeleton overhanging the
PLL-coated RBC membrane), fixed with 4% paraformaldehyde
for 10 min and blocked with 1% bovine serum albumin
(BSA) in phosphate buffer saline (PBS) for 30 min. RBCs
were then labeled for 60 min at RT with an antibody against
α/β-spectrin (Sigma; 1:100), washed and incubated for 2 h with
the secondary antibody coupled to AlexaFluor488. All coverslips
were finally mounted in Mowiol in the dark for 24 h and
examined with a Zeiss LSM510 confocal microscope using a
plan-Apochromat 63x NA 1.4 oil immersion objective. Spectrin
membrane occupancy was quantified on confocal images using
the Fiji software.

RBC Membrane Cholesterol Content and
Lipid Peroxidation Measurements
Cholesterol content was assessed using the Amplex Red
cholesterol assay kit (Invitrogen) in the absence of cholesterol
esterase (Grimm et al., 2005; Tyteca et al., 2010). Lipid

peroxidation was determined with the Lipid Peroxidation
(malondialdehyde, MDA) Assay kit (Abcam) applying the high
sensitivity protocol (Tsikas, 2017). Both the cholesterol and the
MDA levels were reported to the corresponding Hb content.

RBC Membrane Fatty Acid
Determination
RBC total lipids were extracted with chloroform/methanol/water
(2:2:1.8; v:v:v) according to the Bligh and Dyer method.
Nonadecanoic acid (C19:0; Sigma-Aldrich) was used as
internal standard. Each sample was then dried under
nitrogen and methylated at 70◦C through a 1 h-incubation
with 0.5 ml of 0.1 mol/l KOH in methanol, followed by a
15 min-incubation in 0.2 ml of 1.2 mol/l HCl in methanol.
The fatty acid methyl esters (FAME) were then extracted
by 1 ml hexane and separated by gaz chromatography
(Schneider et al., 2012). The chromatograph (GC Trace-
1310, Thermo Quest, Italy) was equipped with a RT2560
capillary column (100 m × 0.25 mm internal diameter, 0.2 µm
film thickness; Restek) and a flame ionization detector (FID,
Thermo Quest). The carrier gas used was H2 at constant
pressure (200 kPa). The FID was continuously flowed by H2
(35 ml/min) and air (350 ml/min) and kept at a constant
temperature of 255◦C. The temperature program was as
follows: an initial temperature of 80◦C, which increased at
25◦C/min up to 175◦C, a holding temperature of 175◦C
during 25 min, a new increase at 10◦C/min up to 205◦C, a
holding temperature of 205◦C during 4 min, a new increase
at 10◦C/min up to 215◦C, a holding temperature of 215◦C
during 25 min, a last increase at 10◦C/min up to 235◦C
and a final holding temperature of 235◦C during 10 min
(Ferain et al., 2016).

RBC Membrane Lipid Vital Imaging
To decorate endogenous membrane cholesterol, RBCs were
labeled at RT with the mCherry-Theta toxin fragment at
0.6–0.7 µM and then spread onto PLL-coated coverslips,
as in Conrard et al. (2018). Sphingomyelin, ceramide and
GM1 ganglioside were analyzed through fluorescent BODIPY-
sphingomyelin, -ceramide or -GM1 analogs inserted at the
plasma membrane of RBCs spread onto PLL-coated coverslips,
also as in Conrard et al. (2018). All samples were then placed
upside down in Lab-Tek chambers (Fisher Scientific) filled
with medium and observed with a Zeiss wide-field fluorescence
microscope (Observer.Z1; plan-Apochromat 100X 1.4 oil Ph3
objective). For quantification, the number of lipid domains
was assessed by manual counting on fluorescence images and
reported to the hemi-RBC projected area determined with
the Fiji software.

Plasmatic aSMase Activity and pH
Measurements
Whole blood diluted with PBS was laid down on Ficoll
Paque Plus (GE Healthcare; 4:3 v/v) and centrifuged for
30 min at 400 g at RT to collect cell-free plasma. Plasma
samples were increasingly diluted according to storage time
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to prevent interference with Hb released into plasma during
hemolysis. Thereafter samples were processed according to
indications of the Amplex Red Sphingomyelinase Assay Kit
(Invitrogen). The plasmatic pH was determined using the
GEM PREMIER 3500 (Instrumentation Laboratory; Croix-
Rouge de Belgique).

Blood EV Isolation and Analysis
Whole blood maintained at 4◦C was centrifuged at 2000 g
for 15 min. The plasma was recovered and centrifuged
again at 2000 g for 15 min to pellet eventually remaining
blood cells. The obtained plasma was diluted in sterile
filtered PBS and centrifugated one additional time at
2000 g before ultracentrifugation at 20.000 g for 20 min
at 4◦C. The resulting EV pellet was resuspended in sterile
PBS and the centrifugation step at 20.000 g was repeated.
The final pellet was resuspended in 1 ml sterile PBS
and used for electron microscopy, Nanoparticle tracking
and/or flow cytometry analyses. For electron microscopy,
isolated EVs were allowed to attach for 8 min onto PLL-
coated coverslips. Coverslips were then washed with
0.1M cacodylate, fixed with 1% glutaraldehyde in 0.1M
cacodylate and processed by scanning electron microscopy
as for RBCs on filters (see above). Nanoparticle tracking
analysis was realized with the Zetaview (Particle Metrix)
by diluting the samples 5–5000-fold in sterile filtered PBS.
For flow cytometry analysis, isolated EVs were successively
labeled with 4 µM Carboxyfluorescein succinimidyl
ester (CFSE, Invitrogen), 1 µg/ml anti-glycophorin A
(GPA)-AlexaFluor647 antibodies (Bio-Rad) and 1 µg/ml
anti-CD41-Phycoerythrin (PE) antibodies (BioLegend),
each for 20 min at RT. Labeled EVs were analyzed with a
FACSVerse (BD Biosciences) with a threshold set on CFSE
fluorescence. If needed, samples were diluted for appropriate
data acquirement.

RBC-Released EV Purification and
Analysis
EVs specifically released by RBCs were purified from other
blood EVs by addition to 1011 EVs of 100 µl EasySep RBC
Depletion Reagent magnetic beads coupled to anti-GPA
antibodies (EasyPlate EasySep Magnet, StemCell). After
3 min, samples were split and charged on a 96-well plate
which was then laid down on a magnetic plate (StemCell)
for 3 min. Supernatants were discarded, the 96-well plate
was separated from the magnet and the attached material
was resuspended in sterile PBS. The deposit of the plate on
the magnet and the resuspension of attached material were
repeted and the purified material was finally collected into
Eppendorfs. Purity of preparations was then analyzed by western
blotting using 4–15% sodium dodecylsufalte-polyacrylamide gel
electrophoresis (SDS-PAGE; Bio-Rad) and antibodies against
CD41 (Abcam, 1:2000) and GPA (Abcam, 1:500), followed by
incubation with HRP-conjugated secondary antibodies and
revelation by chemiluminescence (SuperSignal west pico/femto

chemiluminescent substrate, Thermo Fisher Scientific) with the
Fusion Solo S from Vilber.

RBC-Released EV Lipid Quantification
Lipid content of sorted EVs was characterized by liquid
chromatography–mass spectrometry (LC-MS). Lipid species
were analyzed after liquid/liquid extraction and solid phase
extraction purification in the presence of internal standards.
Lysophospholipids and phospholipids were analyzed on a LC-
coupled tandem quadrupole (Xevo-TQS from Waters). A Kinetex
LC-18 (150 × 4.6 mm, 5.0 µm) column (Phenomenex) and
a gradient between phase A [MeOH-ACN (9:1, v/v) 75%,
H2O 25% containing 5 mM ammonium acetate], phase B
[MeOH-ACN (9:1, v/v) containing 5 mM ammonium acetate]
and phase C (IpOH containing 5 mM ammonium acetate)
were used. The gradient (400 µl/min) increased linearly
from 100% A to 100% B in 15 min, and after 10 min
from 100% B to 70% B – 30% C over 5 min. This was
maintained over 30 min before requilibrating the system. The
lipids were analyzed in negative mode using an ESI probe.
Sphingomyelin species were analyzed using a LTQ-Orbitrap
mass spectrometer coupled to an Accela LC system (from
Thermo Fischer Scientific) using the same chromatographic
system as described above. Those species were analyzed in
negative mode using an ESI probe (Guillemot-Legris et al.,
2016). Ceramides and dihydroceramides were analyzed using
a LTQ-Orbitrap mass spectrometer coupled to an Accela LC
system (from Thermo Fischer Scientific) as in Mutemberezi
et al. (2016). A Poroshell 120 LC-18 (150 × 4.6 mm, 4.0 µm)
column (Agilent) and a gradient between phase A (MeOH-
H2O (75:25, v/v) containing 0.1% of acetic acid) and phase B
(MeOH containing 0.1% acetic acid) were used. The gradient
(400 µl/min) increased linearly from 100% A to 100% B over
15 min and was held at 100% for an additional 75 min before
requilibrating the system. These lipids were analyzed in positive
mode using an APCI probe. For all lipid species, the relative
quantification was based on the ratio of area under the curve
(AUC) of the lipid of interest and the AUC of the respective
internal standard.

Data Presentation and Statistical
Analyses
Data are expressed as means ± SEM when the number
of independent experiments was ≥3 or as means ± SD if
n ≤ 2. For kinetics, the storage time needed to induce half-
effect was determined with GraphPad Prism (EC50). Statistical
analyses were applied only if three independent experiments
were available. For kinetics, the statistical signification of
the differences between data before and after the EC50 was
determined with the Mann–Whitney U test (only when n ≥ 3).
For the effect of pharmacological agents, the Wilcoxon signed
rank test or Friedman test followed by Dunn’s multiple
comparisons test were used for paired data whereas the Kruskal–
Wallis test followed by Dunn’s multiple comparisons test was
used for unpaired data. ns, not significant; ∗p < 0.05; ∗∗p < 0.01;
∗∗∗p < 0.001; ∗∗∗∗p < 0.0001.
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RESULTS

Upon Storage in K+/EDTA Tubes for Up
to 4 Weeks at 4◦C, RBCs Rapidly Lose
Biconcavity and Energy and Become
More Fragile
RBCs stored for up to 4 weeks at 4◦C sustained morphological
transformation from biconcave discocytes to smaller and
rounded spherocytes, as revealed by scanning electron
microscopy (Figure 1A). The abundance of discocytes vs.
spherocytes was in favor of the latter from 1.4 weeks of
storage (Figure 1B) and was accompanied by membrane area
loss (Figure 1C). The high proportion of spherocytes at the
beginning of the storage period (Figure 1B) probably mainly
resulted from RBC swelling. Moreover, transition to spherocytes
was accompanied by the budding of EVs, mostly visible at
2–3 weeks of storage (Figure 1A), and by increased RBC fragility,
fresh and 4.2 weeks-stored RBCs exhibiting 50% hemolysis
in 120 and 260 mOsm media respectively (Figure 1D). The
intracellular ATP decreased by ∼50% after 0.6 weeks and was
totally depleted from 1.8 weeks (Figure 1E). Of note, ATP levels
in fresh RBCs were similar whatever the anticoagulant used
for the venipuncture (Supplementary Figure S1A) and the
ATP drop was not biased by normalization with the global Hb
content which was largely preserved during the storage period
(Supplementary Figure S2A). Altogether those data indicated
that RBC storage in K+/EDTA tubes induced morphological and
biochemical storage lesions, including RBC vesiculation.

Upon Storage in K+/EDTA Tubes for Up
to 4 Weeks at 4◦C, RBCs Release a High
Amount of Extracellular Vesicles
As RBCs stored for up to 4 weeks exhibited vesicles at
their surface (Figure 1A), we next isolated those vesicles
from the plasma by ultracentrifugation and analyzed them for
morphology, size, abundance and cell origin. Blood EVs were
characterized by a round to slightly elongated morphology
(Figure 2A) and a relatively homogenous size ranging from
160 to 180 nm (Figure 2B). Their abundance strongly rised
during storage, showing a half-maximal increase at 1.7 weeks
and a 600-fold increase after 4 weeks (Figure 2C). Since
platelets and megakaryocytes are generally considered as main
EV source (at least in fresh blood; Italiano et al., 2010) we next
determined the relative proportion of EVs released by platelets
and RBCs upon labeling with CFSE (a general EV marker)
and fluorescent antibodies directed against GPA and CD41
(to decorate respectively RBC- and platelet-released EVs) and
flow cytometry analysis. At time 0, RBC- and platelet-produced
EVs were detected in equivalent proportions (Supplementary
Figure S3 and Figure 2D). The half-maximal increase of EVs
produced by RBCs was seen at 1.7 weeks, i.e., exactly at the same
time than the half-maximal increase of blood EVs (Figure 2C).
Based on the number of EVs per µl of blood and the proportion
of EVs produced by RBCs vs. platelets, we next calculated the
number of EVs produced per RBC during storage (Figure 2E).

While only five EVs were released per RBC after 1 week of storage,
this number rised up to 50, 70, and 100 at 2, 3, and 4 weeks.

The RBC Methemoglobin Content and
the Calpain Activity Increase Faster Than
Calcium and ROS Intracellular Contents
Upon Storage
The next step was to determine whether the calcium rise and
the oxidative stress could contribute to the RBC vesiculation in
K+/EDTA tubes as in RBCs upon senescence or upon storage in
RBC concentrates. The RBC calcium content increased by half
after 2.1 weeks and showed a ∼2.5-fold increase after 4 weeks of
storage (Figure 3A). Of note, neither the EDTA present in the
tubes nor data normalization by the global Hb content appeared
to affect the intracellular calcium content (Supplementary
Figures S1B,C, S2B). The activity of the calcium-dependent
calpain was only slightly but significantly increased with a half-
maximal effect at 1.4 weeks of storage (Figure 3B). In contrast,
the RBC content in free ROS highly increased during the storage
period, as reflected by the strong rise of the median fluorescence
intensity of the RBC population labeled with H2DCFDA. The
half-maximal effect was detected at 2.2 weeks (Figure 3C and
Supplementary Figure S4A). Accordingly, metHb (the oxidized
form of Hb) also increased, exhibiting a very rapid half-maximal
effect at 0.4 weeks and a maximal increase from 1.2 weeks of
storage (Figure 3D). Those data indicated that the calcium- and
the oxidative-based models were both relevant to RBC storage in
K+/EDTA tubes.

Spectrin:Membrane Occupancy and
Membrane Rigidity Increase Upon
Storage
To then analyze the RBC cytoskeleton:membrane interaction, the
α- and β-spectrin tetramers were immunolabeled and vizualized
by confocal microscopy. A significant increase of the spectrin
occupancy per RBC area was already visible after the first week
of storage and maintained thereafter (Figures 3E,F). To decipher
whether membrane:cytoskeleton alteration could in turn modify
membrane rigidity, confocal imaging with Laurdan, a fluorescent
tracer of membrane lipid order (Golfetto et al., 2013), was
performed. This analysis revealed an increased membrane
rigidity of discocytes, but not of spherocytes after 2 weeks of
storage (Supplementary Figure S5), suggesting that the loss
of EVs allowed to partially restore membrane lipid order. The
increased membrane rigidity, which was confirmed by atomic
force microscopy (data not shown), did not appear to result from
changes of the plasmatic pH which only slightly decreased during
the 4-week storage period (Supplementary Figure S6).

Membrane Cholesterol and Linoleic Acid
Decrease During Storage While Lipid
Peroxidation Slightly Increases
We then determined whether the increased membrane rigidity
resulted exclusively from the stronger membrane:spectrin
occupancy or also from alterations of membrane lipid
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FIGURE 1 | During storage in K+/EDTA tubes at 4◦C, RBCs rapidly lose biconcavity and energy, become more fragile and form surface vesicles. RBCs stored for 0
to 4 weeks (w) in K+/EDTA tubes at 4◦C were isolated and analyzed for morphology (A,B), size (C), fragility (D), and intracellular ATP content (E). The time needed
to reach 50% effect and the corresponding statistical analysis (Mann–Whitney U test) are indicated above the vertical dotted line. (A) Scanning electron microscopy
images of RBCs on filters. RBCs were fixed in increasingly concentrated glutaraldehyde solutions, deposited on filters, post-fixed with osmium tetroxide, covered
with gold and observed by electron microscopy. Representative images of 1 experiment including 3 preparations per storage time. (B,C) Abundance and surface
area of spherocytes vs. discocytes. RBCs were immobilized on poly-L-lysine (PLL)-coated coverslips, imaged and classified into two categories, the discocytes
(disco; circles) and the spherocytes (sphero; squares), which are smaller and possess higher circularity. In (B), data are means ± SEM of 7 independent experiments
where at least 100 RBCs were analyzed. In (C), data are means ± SEM of 4 independent experiments where at least 150 RBCs were analyzed. (D) RBC osmotic
fragility. RBCs were incubated at RT in media of decreasing osmolarity. After centrifugation, the hemoglobin (Hb) content in the supernatant and in the pellet were
measured by spectrophotometry at 450 nm. The horizontal dotted line indicates the medium osmolarity at which 50% of the RBCs were lysed. Data are
means ± SD of 1 experiment representative of 2. (E) Intracellular ATP content. RBCs were lysed and incubated with firefly luciferase and luciferin. The intensity of the
light emitted following the oxidation of luciferin to oxyluciferin by luciferase in the presence of ATP was then measured by luminescence. The intracellular ATP
concentration was normalized on the Hb content and then expressed in % of fresh RBCs (i.e., 0 weeks of storage). Data are means ± SEM of 4 independent
experiments. *p < 0.05; **p < 0.01; ****p < 0.0001.
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FIGURE 2 | Blood extracellular vesicles increase in abundance upon storage and originate from both platelets and RBCs in the first 2 weeks of storage, then mainly
from RBCs. Extracellular vesicles (EVs), isolated by ultracentrifugation from plasmas obtained from K+/EDTA tubes stored at 4◦C for the indicated times, were
analyzed for morphology (A), size (B), abundance (C), and cellular origin (D,E). The time needed to reach 50% effect and the corresponding statistical analysis
(Mann–Whitney U test) are indicated above the vertical dotted line. (A) EV morphology evidenced by electron microscopy. Isolated EVs were immobilized on
PLL-coated coverslips, fixed with glutaraldehyde, post-fixed with osmium tetroxide, gold-labeled and observed by electron microscopy. Representative images from
1 experiment. (B,C) EV size and concentration determined by nanoparticle tracking analysis using the ZetaView. In (B), EV size expressed in nm. In (C), number of
EVs/µl of blood determined as follows. The number of EVs/µl of liquid in which EVs were suspended was determined by the Zetaview and then normalized by the
factor between the volume of plasma used for EV isolation and the volume of plasma contained in 1 µl of blood (i.e., 0.6 µl). Data are means ± SEM of 5
independent experiments. (D) Proportion of blood EVs produced by RBCs and platelets determined by flow cytometry. Isolated EVs were labeled with fluorescent
carboxyfluorescein succinimidyl ester (CFSE) and anti-glycophrorin A (anti-GPA-AlexaFluor647; black circles) and -CD41 (anti-CD41-PE; white circles) antibodies to
respectively label EVs originating from RBCs and platelets and then analyzed by flow cytometry. Results are expressed as % of GPA (RBCs) or CD41 (platelets)
positive CFSE-labeled EVs. Mean ± SEM of 4 independent experiments. (E) Estimation of the abundance of EVs released per RBC based on the number of EVs per
µl of blood (C) and the proportion of EVs produced by RBCs (D). ns, not significant; ****p < 0.0001.
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FIGURE 3 | Oxidized hemoglobin and spectrin density rapidly increase upon storage while calpain activity increase and accumulation of calcium and reactive oxygen
species take place later. RBCs stored for the indicated times at 4◦C in K+/EDTA tubes were isolated and analyzed for intracellular calcium (A), active calpain (B),
reactive oxygen species (ROS; C), methemoglobin (metHb) content (D) and spectrin occupancy at the RBC surface (E,F). The time needed to reach 50% effect and
the statistical analysis (Mann–Whitney U test) are indicated above the vertical dotted line [except in (F) in which the comparison was done vs. the 0 week]. (A) RBC
calcium content. RBCs were incubated with the non-fluorescent Fluo-4 AM and then in Fluo-4 AM-free medium to allow for probe de-esterification and calcium
binding, generating fluorescent Fluo-4 measured at 494 nm. Data were normalized on the Hb content and expressed in % of 0 weeks of storage. Means ± SEM of 7
independent experiments. (B) µ-calpain activity. Lysates of isolated RBCs were incubated with the substrate of calpain which emits fluorescence at 505 nm upon
cleavage. Data are expressed as % of 0 weeks of storage and are means ± SEM of 6 independent experiments. (C) RBC ROS content. RBCs were labeled with
H2DCFDA, which is transformed into fluorescent 2,7-dichlorofluorescein (DCF) after de-esterification and interaction with intracellular ROS, and then analyzed by flow
cytometry. Median fluorescence intensity (MFI) as % of 0 weeks of storage. Means ± SEM of 3 independent experiments. (D) MetHb determination. RBCs were
assessed for metHb concentration by a sandwich ELISA. Data were then normalized to the total Hb content. Means ± SD of 2 independent experiments. (E,F)
Membrane:spectrin occupancy. RBCs were immunolabeled for pan-spectrin, analyzed by confocal microscopy (E) and quantified for spectrin occupancy per RBC
surface (F). Data were expressed as % of 0 weeks of storage and are means ± SEM of 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001.

composition and organization. We started by analyzing the
RBC membrane lipid composition, giving a particular attention
to cholesterol and fatty acid (FA) unsaturation, both involved

in the regulation of membrane fluidity (Arisawa et al., 2016;
Subczynski et al., 2017), and to peroxidized lipids, since
ROS were strongly increased upon storage. The membrane
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FIGURE 4 | Cholesterol and linoleic acid (C18:2) decreases, plasmatic acid sphingomyelinase activation, lipid peroxidation and PS surface exposure successively
take place at the RBC membrane during storage. RBCs isolated from K+/EDTA tubes stored at 4◦C were analyzed for their membrane content in cholesterol (chol,
A), peroxidized lipids (B), fatty acids (FA; C–F) and external phosphatidylserine (PS; G) while isolated plasmas were assessed for the plasmatic acid
sphingomyelinase (aSMase) activity (H). The time needed to reach 50% effect and the corresponding statistical analysis (Mann–Whitney U test) are indicated above
the vertical dotted line. (A) Chol content. Chol was quantified based on successive enzymatic reactions leading to the production of H2O2 which allows the
transformation of non–fluorescent Amplex Red into fluorescent resofurin measured at 585 nm. Data were normalized to the Hb content and expressed in % of
0 week of storage. Means ± SEM of 4 independent experiments. Error bars were included in the symbols. (B) Malondialdehyde (MDA) content. Lysates of isolated
RBCs were incubated with thiobarbituric acid (TBA) which reacts with free MDA, one of the end products of lipid peroxidation, to form a fluorescent adduct
measured at 553 nm. Data were normalized to the Hb content and expressed in % of 0 weeks of storage. Means ± SD of 2 independent experiments. (C–F) FA
composition. Total lipid extraction from isolated RBCs was followed by methylation and extraction of FA methyl esters and analysis by gas chromatography. All data
are means ± SD of triplicates from 1 representative experiment out of 2 and are expressed as % of total FAs. (C) Proportion of saturated fatty acids (SFA), mono-
(MUFA) and poly-unsaturated fatty acids (PUFA). (D) Relative proportion of the two major SFAs (C16:0 and C18:0). (E) Relative proportion of the two major MUFAs
(i.e., C18 with one double bond either on position 9 or 11). (F) Relative proportion of the major PUFAs (chains of 18–22C and 2–6 double bonds). (G) Exposure of PS
at the RBC surface. RBCs were labeled with Annexin-V coupled to FITC and then analyzed in flow cytometry. The % of Annexin V-FITC positive RBCs was
determined by positioning the cursor at the edge of the labeled cell population at 0 weeks of storage. Data are means ± SEM of 3 independent experiments. (H)
aSMase activity. The activity of aSMase in isolated plasmas was measured thanks to successive enzymatic reactions leading to the formation of a fluorescent
product, the resorufin, measured at 585 nm. Means ± SEM of 5 independent experiments. **p < 0.01; ***p < 0.001.

Frontiers in Physiology | www.frontiersin.org 10 July 2020 | Volume 11 | Article 712129

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00712 July 2, 2020 Time: 16:18 # 11

Cloos et al. Erythrocyte Vesiculation Through Lipid Domains

cholesterol content decreased slightly but very rapidly, with
a half-maximal effect at 0.3 weeks of storage (Figure 4A).
A slight rise of lipid peroxidation was also detected, with a
half-maximal increase at 1.7 weeks (Figure 4B). None of those
modifications was influenced by data normalization by global
Hb content (Supplementary Figures S2C,D). To then evaluate
the relative proportion of saturated vs. (poly)unsaturated FA,
gas chromatography was used. A total of 42 FA belonging to
phospholipids, sphingolipids and neutral lipids or consisting in
free FA were detected and thereafter classified into three groups,
saturated (SFA), monounsaturated (MUFA) and polyunsaturated
FA (PUFA). The relative abundance of FA on fresh RBCs was
in good agreement with (Rise et al., 2007). No major changes
in the proportion of those three groups was observed during
the storage (Figure 4C). The proportion of the two major SFA
(C16:0 and C18:0) and MUFA (C18:1cis9 and C18:1cis11) was
also largely maintained (Figures 4D,E). Among PUFA, the
C18:2c9c12 (or linoleic acid) decreased at the benefit of long
chain PUFA (such as C20:4 and C22:4), with a half-time effect
at 0.6 weeks (Figure 4F). In conclusion, the RBC membrane
lipid composition was altered upon blood storage, exhibiting
decreased cholesterol and linoleic acid contents and increased
lipid peroxidation.

PS Surface Exposure Rapidly Increases
Upon Storage
To next evaluate the membrane transversal asymmetry, PS
surface exposure was determined by flow cytometry upon
RBC labeling with fluorescent Annexin V. Whereas the
mean fluorescence intensity did not increase upon storage
(Supplementary Figure S4B), the proportion of PS-exposing
RBCs already increased by ∼5-fold during the first 2 weeks of
storage, showed a half-maximal significant effect at 2.8 weeks and
then continued to increase throughout the entire storage period
(Supplementary Figure S4C and Figure 4G). Thus, as compared
to calcium rise (see Figure 3A), the increase of abundance of
PS-exposing RBCs showed a delayed half-maximal effect but
started more rapidly.

The Plasmatic aSMase Activity Increases
in Two Stages Upon Storage
To assess whether membrane lateral asymmetry could also be
affected upon storage, we evaluated the activity of the aSMase,
which is responsible for the transformation of sphingomyelin
into ceramide and was proposed to induce RBC vesiculation
(Dinkla et al., 2012; Pollet et al., 2018). The aSMase activity
increased in a strong and fast manner, with a half-maximal effect
at 1 week of storage, followed by a second increase after 4 weeks
of storage (Figure 4H).

Sphingomyelin- and GM1-Enriched
Domains Increase in Abundance Upon
Storage Whereas Cholesterol- and
Ceramide-Enriched Domains Decline
The above observation prompted us to evaluate by fluorescence
microscopy the lateral distribution of sphingomyelin and

ceramide at the RBC surface. This analysis was limited to the
three first weeks of storage because the loss of membrane area per
hemi-RBC above this period becomes significant (see Figure 1C)
and would therefore have required careful adaptation of the
labeling procedure to avoid toxicity. As expected from our
previous data (Conrard et al., 2018), sphingomyelin clustered
into well-defined submicrometric domains associated with the
center of the fresh RBCs, which correspond to the RBC low
curvature areas (Leonard et al., 2017, Figure 5A, 0w). Quite
surprisingly, the abundance of those domains increased strongly
(by six fold) and rapidly upon storage (Figure 5B, EC50, 0.6w;
Figure 5A, SM, 2w), in a kinetics similar to that observed for
the aSMase activity (see Figure 4H). Ceramide also clustered
into domains well-visible on fresh RBCs, but in contrast to the
sphingomyelin-enriched domains, they decreased upon storage
(Figures 5A,C). We then analyzed the two other submicrometric
domains present at the RBC surface, i.e., those mainly enriched
in GM1 and those mainly enriched in cholesterol (Conrard
et al., 2018). Like sphingomyelin-enriched domains, GM1-
enriched domains increased in abundance upon storage, with a
similar half-time effect (Figures 5A,D). In contrast, cholesterol-
enriched domains very rapidly (EC50, 0.2) but slightly decreased
(Figures 5A,E). In conclusion, whereas sphingomyelin- and
GM1-enriched domains increased in abundance upon storage,
those enriched in ceramide and cholesterol instead decreased.
The next question was whether those modifications resulted from
domain loss by vesiculation, which was investigated through the
determination of the lipid content of RBC-derived EVs.

RBC-Derived EVs Are Enriched in
Ceramide, Lysophosphatidylinositol and
Lysophosphatidylglycerol Species at the
End of the Storage but Are Nearly
Depleted in Their Precursors
To analyze the lipid content of EVs originating from RBCs
without contamination by those produced by platelets (see
Figure 2D), the former were isolated by immunopurification.
Purity of preparations was confirmed by Western Blotting
for GPA and CD41 (Supplementary Figure S7). Purified EVs
were then analyzed by LC-MS for their content in (i) ceramide,
sphingomyelin and phosphatidylcholine, as major lipids enriched
in lipid domains and mainly present in the outer leaflet or
generated there; (ii) phosphatidylinositol, phosphatidylglycerol
and phosphatidylethanolamine, as inner leaflet lipids; and (iii)
lysophospholipids, which promote the formation of curved
membrane due to their inverted cone-shape (Sobko et al., 2004;
Lahdesmaki et al., 2010). In agreement with the decrease of
ceramide-enriched domain abundance at the RBC membrane
upon storage (see Figures 5A,C), ceramide and dihydroceramide
species were enriched in RBC-derived EVs at the end of the
storage period (Figures 6A,B). In contrast and in agreement with
the increased abundance of sphingomyelin-enriched domains
at the RBC surface upon storage, the main lipid species of
those domains, i.e., sphingomyelin and phosphatidylcholine,
were already at the detection limit at 1 week and further
decreased upon storage (Figures 6C–E). The EV content in
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FIGURE 5 | Sphingomyelin- and GM1-enriched domains increase in abundance upon storage whereas those enriched in ceramide and cholesterol decrease. RBCs
isolated from K+/EDTA tubes stored at 4◦C for the indicated times were either immobilized on PLL-coated coverslips and then labeled with fluorescent analogs of
sphingomyelin (SM; A,B), ceramide (cer; A,C) or ganglioside GM1 (GM1; A,D); or first labeled with the fluorescent Theta toxin specific to endogenous cholesterol
and then immobilized on PLL-coated coverslips (chol; A,E). All coverslips were then directly observed by fluorescence microscopy. (A) Representative images of lipid
domains on RBCs stored for 0 and 2 weeks. White arrowheads, lipid domains; yellow arrows, lipid-enriched EVs. (B–E) Quantification. 150–300 RBCs per storage
time and per lipid were counted for the number of domains. This number was then divided by the average RBC surface area and expressed as % of 0 weeks of
storage. Data are means ± SD of 2 experiments in (C) and means ± SEM of at least 3 independent experiments in (B,D,E). The time needed to reach 50% effect
and the corresponding statistical analysis (Mann–Whitney U test) are indicated above the vertical dotted line. ns, not significant; *p < 0.05.
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FIGURE 6 | RBC-derived EVs are enriched in ceramide and dihydroceramide species at the end of storage but nearly depleted in sphingomyelin and
phosphatidylcholine species. RBC-released EVs were isolated from total blood EVs by immunopurification and analyzed by LC-MS for their content in: (A,B)
ceramide (cer) and dihydroceramide (dhcer) species; (C) SM d18:1 species; and (D–F) phosphatidylcholine (PC; presented in two graphs according to the length of
their carbon chains) and lysoPC species. Each curve depicts one lipid species; circle, saturated lipid; triangle, lipid containing at least one MUFA; inverted triangle,
lipid containing at least one PUFA; black to light gray and white colors, short to long carbon chains. Notice that most of the SM species (e.g., 16:1) and some PC
species (e.g., 16:0_18:0) were at the limit of detection. Representative experiment out of 2. All data were expressed as % of the EVs stored for 1 week and are
means ± SD of 4 replicates.

inner leaflet phosphatidylinositol and phosphatidylglycerol
was globally decreased over the storage period, except for
two species, whereas phosphatidylethanolamine species
remained stable (Supplementary Figures S8A,C,D,F,G).
In contrast to their precursors lysophosphatidylinositol
and lysophosphatidylglycerol increased in RBC-derived
EVs between the 3th and 4th weeks (Supplementary
Figures S8B,E) whereas lysophosphatidylcholine and
lysophosphatidylethanolamine species remained almost stable
(Figure 6F and Supplementary Figure S8H).

Longer ATP Preservation Does Not
Restore Cholesterol-Enriched Domains,
Delays ROS Accumulation and EV
Release, Decreases the PS Exposure
and SM- and GM1-Enriched Domain Rise
and Abrogates the Increase of aSMase
Activity and Calcium
The above data indicated that the RBC intracellular calcium
and ROS contents, the membrane content in cholesterol,

polyunsaturated FA and lipid peroxidation as well as the lipid
transversal and lateral asymmetry were altered during storage
of RBCs in K+/EDTA tubes. To next define the succession
of events, the K+/EDTA tubes were supplemented directly
after collection with an energy source, as in RBC concentrates
(D’alessandro et al., 2010). As expected, such glucose addition
delayed by 1.1 weeks the half-maximal decrease of intracellular
ATP content and the complete loss of ATP to 3.6 weeks instead of
1.8 weeks (Figure 7A). In this condition, the aSMase activity, the
intracellular RBC calcium content and the membrane cholesterol
level were not modified at all upon storage (Figures 7B,C,F). In
contrast, the intracellular ROS content, the PS surface exposure
and the blood EV abundance were longer preserved upon
energy supply but started to be modified from 1.8 weeks of
storage, i.e., as soon as the RBC intracellular ATP content
droped to ∼30% (Figures 7D,E,H). Finally lipid domains
were differentially affected by the longer ATP preservation.
For instance, sphingomyelin- and GM1-enriched domains were
largely but not fully restored whereas cholesterol-enriched
domains were not restored at all (Figure 7G). Three main
observations were derived from those data. First, the oxidative
stress appeared highly dependent to the intracellular ATP content
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FIGURE 7 | Blood glucose supplementation delays ATP drop, ROS accumulation and EV release, decreases the extent of PS exposure and of SM- and
GM1-enriched domain increase and abrogates the increase of aSMase activity and calcium content. Blood samples were stored for the indicated times at 4◦C in
K+/EDTA tubes supplemented or not (black symbols) with a glucose-enriched solution (gray symbols) and measured for the intracellular ATP (A), aSMase activity
(B), intracellular calcium and ROS contents (C,D), PS surface exposure (E), membrane cholesterol (chol) content (F), lipid domain abundance (G), and blood EVs
(H). (A) RBC ATP content determined as in Figure 1E. (B) aSMase activity evaluated as in Figure 4H. (C) RBC calcium content measured as in Figure 3A. (D)
RBC ROS content assessed as in Figure 3C. (E) Proportion of PS-exposing RBCs determined as in Figure 4G. (F) RBC membrane cholesterol (chol) content,
measured as in Figure 4A. (G) Sphingomyelin (SM), GM1- and cholesterol-enriched domain abundance, counted as in Figure 5. (H) Blood EV abundance,
evaluated as in Figure 2C. Data are means ± SD of 1 (A,C–E,H) or 2 independent experiments [B,F,G (SM domains)] or means ± SEM of 3–4 independent
experiments [G (GM1 and chol domains)]. Kruskal–Wallis test followed by Dunn’s multiple comparisons test to compare GM1- and chol -enriched domains at
0 weeks, 1–2 weeks – glucose and 1–2 weeks + glucose. ns, not significant; **p < 0.01.

and could represent the main contributor to the release of EVs.
Second, the ATP level differentially influenced the abundance of
lipid domains. Third, PS surface exposure during storage can be

observed despite stable intracellular calcium content. These two
last observations were further investigated by complementary
pharmacological approaches.
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FIGURE 8 | Acute ATP depletion in fresh RBCs increases the calcium content and the abundance of sphingomyelin-enriched domains whereas calcium chelation in
3 week-stored RBCs decreases the extent of vesiculation but not PS externalization. (A–C) Isolated fresh RBCs were incubated or not (open columns) in a medium
devoid of glucose for 2 h to induce acute ATP depletion, followed or not (-glucose, black columns) by reincubation in a glucose-rich medium for 1 h for ATP repletion
(+glucose, stripped black columns). RBCs were then analyzed for ATP content (A), calcium content (B), and abundance of lipid domains (C). (A) RBC ATP content
determined as in Figure 1E. Data were expressed in % of the CTL condition and are means ± SEM of 3 independent experiments (Friedman test followed by
Dunn’s multiple comparisons test). (B) RBC calcium content. RBCs were labeled with Fluo-4-AM as in Figure 3A, immobilized on a silicon chamber and observed
by fluorescence microscopy under destretching of the chamber for 7 min. Data were expressed in % of the CTL condition and are means ± SD of triplicates from 1
representative experiment out of two. (C) RBC lipid domain abundance counted as in Figure 5. Means ± SEM of 4–6 experiments (Wilcoxon signed rank test).
(D–F) RBCs stored for 3 weeks at 4◦C were isolated, incubated or not (CTL, open columns) with the intracellular calcium chelator BAPTA-AM (black columns) and
analyzed for their calcium content (D), EV production (E), and PS surface exposure (F). (D) RBC calcium content determined with Fluo-4-AM as in Figure 3A. Data
were expressed in % of the CTL condition and are means ± SD from 2 independent experiments. (E) Abundance of EVs produced by RBCs. After incubation or not
with BAPTA-AM, RBCs were pelleted to collect EV-containing supernatants which were submitted to ultracentrifugation to isolate EVs. EV abundance was then
determined by Nanoparticle tracking analysis and normalized to the Hb content (as an estimation of the RBC abundance). Data were expressed in % of the CTL
condition. (F) Proportion of PS-exposing RBCs determined as in Figure 4G. Data were expressed in % of total RBCs. ns, not significant; *p < 0.05.

The Abundance of
Sphingomyelin-Enriched Domains Is
Specifically Increased Both Upon Acute
ATP Depletion and aSMase Inhibition
To further test the dependency on ATP of the intracellular
calcium content and the sphingomyelin-enriched domain
abundance, fresh RBCs were acutely depleted in their ATP
content. Upon ∼75% depletion by a 2 h-incubation in glucose-
free medium, the intracellular calcium content was almost
doubled (Figures 8A,B). Sphingomyelin-enriched domain
abundance was significantly increased in contrast to GM1- and
cholesterol-enriched domains whose abundance remained stable

(Figure 8C). ATP repletion through addition of glucose-rich
medium completely restored the number of sphingomyelin-
enriched domains indicating non-toxicity of the treatment
(Figures 8A,C). These results indicated that sphingomyelin-
enriched domains can be modified by the intracellular ATP
level, in agreement with observations in stored RBCs upon long
term ATP decrease.

To then test the possible link between the aSMase activity and
the abundance of sphingomyelin-enriched domains, RBCs were
treated with amitriptyline (a functional inhibitor of this enzyme,
Dinkla et al., 2012) and evaluated for sphingomyelin-enriched
domains. Full aSMase activity inhibition specifically increased the
abundance of sphingomyelin- but not GM1-enriched domains
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FIGURE 9 | Modulation of the membrane cholesterol content correlates with the extent of PS surface exposure but not with the abundance of RBC EVs. Fresh
RBCs were depleted in membrane chol with methyl-β-cyclodextrin (mβCD; A–D,I,J; black) whereas 1.8 week-stored RBCs were repleted with water-soluble chol at
7.5 or 15 µg/ml (E–J; light and dark gray). All RBCs were then analyzed for their chol content (A,E), chol-enriched domain abundance (B,F), PS surface exposure
(C,G), and EV release (D,H). (A,E) Chol content determined as in Figure 4A. Data are from Carquin et al. (2015) in (A) and are expressed as % of fresh untreated
RBCs in (E) (means ± SD of 2 independent experiments). (B,F) Abundance of chol-enriched domains. Data were determined at in Figure 5 and are expressed in %
of fresh untreated RBCs (means ± SD of 2 experiments). (C,G) PS exposure determined as in Figure 4G. Data are means ± SD of 2 independent experiments in
(C) and of 1 experiment in duplicates in (G). (D,H) EV released by RBCs determined as in Figure 8E. Data are expressed in % of untreated RBCs. (I,J) Correlation
between PS surface exposure and the chol content (I) or the abundance of chol-enriched domains (J).

(Supplementary Figure S9), suggesting that sphingomyelin-
enriched domains could be the target of aSMase upon storage.

PS Surface Exposure Is Restored by
Cholesterol Supplementation but Not by
Calcium Chelation
To finally explore the apparent discrepancy between PS surface
exposure and EV release during storage upon additional

energy supply despite stable intracellular calcium content
(see Figure 7C), 3 week-stored RBCs were treated with the
intracellular calcium chelator BAPTA-AM. This treatment,
which allowed to decrease the free calcium content by ∼65%
(Figure 8D), declined by half the number of EVs produced by
RBCs but did not affect the proportion of PS-exposing cells
(Figures 8E,F). Those data again supported the absence of direct
correlation between PS surface exposure, calcium increase and
EV release by RBCs.
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FIGURE 10 | Major vesiculation-related events that take place during RBC storage in K+/EDTA tubes. Although the sequence of events may depend on the
sensitivity of assays used, our data indicate alterations of: (pink) chol-enriched domain abundance; (orange) oxidative stress; (blue) calcium content and aSMase
activity, with the increase of sphingomyelin-enriched domains and the decrease of cer-enriched domains; and (green) membrane transversal asymmetry, with the
increase of PS surface exposure. Those events are initiated by the rapid decrease of the intracellular ATP content and modifications of the membrane lipid content
and the spectrin membrane occupancy (gray). The large red arrow depicts the storage period analyzed in this study. The numbers highlighted inside red EVs indicate
the number of EVs released by RBC at the end of each week, as estimated in Figure 2E. Events depicted above the arrow are increased by half of their maximal
increase at the time indicated in the colored circles. Events depicted below the arrow are decreased by half of their maximal decrease at the time indicated in the
circles. For additional explanations, see discussion.

We then tested whether cholesterol-related alterations could
increase PS surface exposure. Indeed, cholesterol has been shown
to inhibit the RBC scramblase activity at low intracellular calcium
concentration (Arashiki and Takakuwa, 2017) and the cholesterol
content and cholesterol-enriched domains were decreased upon
storage before the free intracellular calcium started to increase
(see above). To do so, fresh RBCs were incubated with mβCD
to deplete∼25% cholesterol (Figure 9A) and abolish cholesterol-
enriched domains (Figure 9B). Whereas RBC vesiculation
was not modified by this treatment, the proportion of PS-
exposing RBCs was increased by ∼5-fold (Figures 9C,D),
indicating that the alteration of cholesterol content and/or
organization into domains could induce PS surface exposure in
fresh RBCs and suggesting the implication of cholesterol in PS
exposition upon storage.

To test the latter hypothesis, 1.8 week-stored RBCs were
repleted with cholesterol through incubation with water soluble
cholesterol at two different concentrations (Figure 9E). Such
cholesterol repletion allowed to recover cholesterol-enriched
domains to an even higher extent than on fresh RBCs
(Figure 9F). The proportion of PS-exposing RBCs declined
in a concentration-dependent manner, reaching at the highest
concentration the level observed in fresh RBCs (Figure 9G),
whereas the extent of RBC vesiculation was not modified
(Figure 9H). Altogether, those data indicated that, as long as the
intracellular calcium was low, surface PS exposure depended on
the cholesterol content/organization into domains, as revealed

by the correlation between those parameters (Figures 9I,J).
However, as soon as the intracellular calcium increased, this
correlation was no longer valid (data not shown), suggesting that
other parameters such as calcium increase and ATP depletion also
contributed to PS exposure.

DISCUSSION

Evidence for the Modification of the RBC
Plasma Membrane Lateral and
Transversal Heterogeneity During
Storage in K+/EDTA Tubes and
Consequences for the RBC Physiology
Several lines of evidence provided in this study indicated that
the RBC plasma membrane was strongly altered during storage
in K+/EDTA tubes. First, the membrane lipid components were
not randomly modified during storage, exhibiting a decrease
of membrane cholesterol and linoleic acid at the benefit of
long chain PUFA and a slight increase of lipid peroxidation.
All those lipid modifications should contribute to affect the
RBC morphology and functionality since (i) cholesterol and
linoleic acid have all a rather fluidizing effect (Heron et al.,
1980; Hochgraf et al., 1997), their decline being thus compatible
with the increased membrane rigidity revealed by Laurdan and
AFM; (ii) long chain PUFA are able to modulate Piezo1 channel
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(a mechano-activated ion channel) inactivation by decreasing
membrane bending stiffness (Romero et al., 2019); (iii) the
increased lipid peroxidation at the inner leaflet alters membrane
packing and thickness (Wong-Ekkabut et al., 2007); and (iv)
linoleic acid is known for its proinflammatory properties (Pereira
et al., 2008; Innes and Calder, 2018). Second, all lipid domains
were modified in abundance but not simultaneously neither at
the same level nor by the same mechanism, as discussed below.
For instance, cholesterol-enriched domains and cholesterol
content were decreased very rapidly and simultaneously, which
could be highly detrimental for RBCs through: (i) lower RBC
deformability and increased elimination in the spleen, since
cholesterol deficiency causes impaired RBC osmotic stability
during ex vivo erythropoiesis (Bernecker et al., 2019) and
cholesterol-enriched domains are necessary for the formation of
high curvature areas during RBC deformation (Leonard et al.,
2017); (ii) PS exposure and subsequent RBC elimination by
macrophages, as revealed by the direct correlation between
cholesterol content and the extent of PS exposure; and (iii)
the increase of membrane rigidity, as revealed by Laurdan and
AFM. Those modifications could in turn affect the dynamics
of the low RBC curvature-associated domains enriched in GM1
or sphingomyelin, precluding calcium exchanges at the RBC
surface (Conrard et al., 2018; Conrard and Tyteca, 2019). Hence,
ceramide-enriched domains were lost upon storage, which could
be favorable for the RBC as ceramide is known to be involved
in several signaling pathways including cell death (Dinkla
et al., 2012). Third, lipidomic analysis of EVs indicated their
differential lipid enrichment/depletion upon storage, suggesting
their shedding from lipid domains at the RBC surface. For
instance, ceramide was enriched in EVs after 4 weeks but rather
depleted before, in agreement with the late decrease of those
domains from the cell surface. In contrast, sphingomyelin and
phosphatidylcholine species, which were not expected to be
lost from the cell surface based on the increased abundance
of corresponding domains, were accordingly depleted in EVs
upon storage. Fourth, the increased PS exposure during the
first 2 weeks correlated with the level of membrane cholesterol
while the later PS exposure correlated with the increased
calcium concentration.

Implication of the Modification of the
Plasma Membrane Lateral Heterogeneity
for RBC Vesiculation During Storage in
K+/EDTA Tubes
We have previously proposed that lipid domains could represent
platforms for vesicle biogenesis and shedding (Pollet et al., 2018).
This hypothesis was based on the fact that domains are less
ordered than the rest of the membrane, which causes a line
tension and in turn induces vesiculation (Leonard et al., 2018).
However, although all the types of domains are less ordered
than the rest of the membrane (Conrard et al., 2018; Leonard
et al., 2018), only those enriched in cholesterol and ceramide
were able to vesiculate, suggesting a fine tuning of lipid domain
dynamics at the RBC surface and specific triggering events for
their vesiculation.

For cholesterol-enriched domains (Figure 10, pink), this
triggering event could be the increased membrane rigidity
resulting from the alteration of both membrane lipid FA
composition and membrane:cytoskeleton anchorage. Since
cholesterol-enriched domains are particularly abundant in high
curvature areas of resting RBCs where they exhibit the highest
lipid order that can be found in lipid domains (Conrard et al.,
2018) they represent the best target for EV release. This increased
rigidity upon storage will create a line tension between the
bulk membrane and cholesterol-enriched domains, which is
then abrogated by vesiculation (Vind-Kezunovic et al., 2008).
Those data indicate that EV shedding depends on cholesterol,
in agreement with the hypothesis that the RBC membrane
cholesterol content is declined by the release of cholesterol-
enriched EVs (Santos et al., 2005) and with the increased number
of EVs released upon low concentrations of mβCD to remove
part of the membrane cholesterol (Gonzalez et al., 2009).

For sphingomyelin-enriched domains, the starting point
could be the aSMase activation. Indeed, RBC exposure to the
enzyme appeared to correlate with the release of EVs (Dinkla
et al., 2012) and treatment with AMI (a functional enzyme
inhibitor) is known to reduce vesiculation during storage (Hoehn
et al., 2017). We showed here that the activity of aSMase
increased in two stages during storage; first gradually, reaching
at 4 weeks an activity six times higher than its initial activity;
and then still three times more. This second peak of activity
could be explained by the increased acidification of the plasma
(Salzer et al., 2008) but this remains to be tested. Regarding
the first increase, it correlated with the increased abundance
of sphingomyelin-enriched domains and was followed by the
decreased abundance of ceramide-enriched domains from the
3rd week of storage, suggesting that sphingomyelin clustering
at the RBC surface represented a preferential target for aSMase
activity (Figure 10, blue). However, the link between ceramide
production and membrane blebbing is still unclear. Alterations
of the membrane biophysical properties due to ceramide
generation could partly provide this link, based on the following
features. First, in agreement with (Fanani et al., 2009; Henry
et al., 2013), we reported the ability of ceramide to form
domains. Second, ceramide has a cone-shaped structure that
can give a spontaneous curvature to the membrane. This
property, combined with the fact that ceramide generated in
the external leaflet may be redistributed to the inner one, could
lead to membrane evagination (Lopez-Montero et al., 2005;
Verderio et al., 2018).

The key question was whether the number of cholesterol- and
ceramide-enriched domains lost could correspond to the number
of EVs released per RBC each week. The abundance of EVs
released per RBC rose from 5 after 1 week to ∼100 EVs after
4 weeks of storage (Figure 10, timeline), which is faster than in
RBCs in vivo [up to 230 EVs during their 120 day-lifetime; Said
and Doctor, 2017) and in RBC concentrates (Almizraq et al.,
2013), mainly due to the absence of an energy source. Such
fast RBC membrane area loss by vesiculation was supported by
the increase of the spectrin occupancy per RBC area already
after the 1st week of storage, which suggested spectrin-depleted
EV release. Cholesterol-enriched domains decreased by ∼25%
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during the 1st week, which represented a loss of ∼4 domains per
RBC, close to the 5 EVs measured at the end of the 1st week.
Ceramide-enriched domains decreased in abundance during the
3rd week of storage, period during which ∼20 EVs were released
by one RBC. Since those domains appeared to partially originate
from the sphingomyelin-enriched domains which increased in
abundance upon time, it is difficult to estimate the extent of their
decrease. Thus, although lipid domain loss was compatible with a
vesiculation-related process, they only represented a part of EVs
released from RBCs, suggesting additional events, as discussed in
the next two sections.

Interplay With the Calcium-Based Model
We showed that calcium accumulated in RBCs upon storage in
K+/EDTA tubes. As EDTA did not appear to completely chelate
calcium in the extracellular medium, calcium accumulation
in RBCs could result from calcium entry from the plasma.
Furthermore, the plasma calcium concentration could be
modified upon storage through calcium release by platelets and
leukocytes upon death, eventually leading to calcium capture
by RBCs. In terms of succession of events (Figure 10, blue),
two events started to increase before calcium accumulates, i.e.,
the µ-calpain activity, which is not surprising based on its
strong affinity for calcium (Bogdanova et al., 2013), and the PS
surface exposure. Thus, PS exposure did not only depend on the
calcium-dependent scramblase activation, as further supported
by two other lines of evidence: (i) upon glucose addition to
the blood tubes before storage, PS exposure was clearly visible
despite normal intracellular calcium level; and (ii) PS exposure
directly correlated with the membrane cholesterol content, as
revealed by cholesterol depletion of fresh RBCs and cholesterol
repletion of 1.8 week-old RBCs, in agreement with (Arashiki
and Takakuwa, 2017). According to this model, cholesterol
could act as a scramblase inhibitor, as a first indication of the
interplay between the calcium-based model and membrane lipid
alteration during storage.

The accumulation of the calcium itself occurred later, when
ATP was no more detectable. Such accumulation therefore
probably resulted from the shutdown of the plasma membrane
calcium ATPase (PMCA) (Bogdanova et al., 2013). Moreover,
several lines of evidence suggested that calcium accumulation
also resulted from modifications of the biophysical properties
of sphingomyelin-enriched domains during storage. We indeed
previously showed the increased abundance of sphingomyelin-
enriched domains during calcium efflux after RBC deformation.
Since PMCA is the only calcium efflux pump in RBCs, we
suggested at that time the implication of the sphingomyelin-
enriched domains in the recruitment of PMCA and/or regulation
of its activity. Since the aSMase activity increased during storage
exactly after the increase of the abundance of sphingomyelin-
enriched domains and because the inhibition of this enzyme
by AMI also increased the abundance of these domains while
decreasing the level of intracellular calcium (data not shown),
we suggest that the modification of sphingomyelin-enriched
domain biophysical properties (such as fluidity and curvature)
through aSMase attack could alter the PMCA activity which
requires an optimal environment in terms of fluidity (Tang et al.,

2006). According to this model, the aSMase acts as a triggering
event leading to sphingomyelin domain biophysical properties
alteration, as a second indication of the interplay between the
calcium-based model and membrane alteration during storage.

Interplay With the Oxidative
Stress-Based Model
We also confirmed the implication of the oxidative stress during
storage. The first event detected was the oxidation of Hb into
metHb followed by the oxidation of membrane lipids and
ROS accumulation (Figure 10, orange). The fact that metHb
accumulated before free ROS could result from the fact that under
the storage conditions of tubes, the external O2 can diffuse. As
a result, Hb is likely to be subject to a constant risk of auto-
oxidation and as the antioxidant system becomes ineffective more
quickly, metHb could accumulate without ROS at the beginning.
In addition, Hb is both the source and the major target of these
species. It could therefore serve as a buffer preventing their
accumulation for a time. After 1 week of storage, the metHb
did not increase anymore in contrast to free ROS, which could
be due to the fact that metHb can be irreversibly transformed
into hemichrome (Pauling and Coryell, 1936). While we did not
measure the interaction between oxidized Hb and the membrane,
such interaction could be reflected in the increase of the
membrane stiffness during storage (Leonard et al., 2018). A long
time after metHb production started the accumulation of ROS
and the increase in lipid peroxidation which was surprisingly
very low as compared to RBC concentrates (D’alessandro et al.,
2012) a discrepancy that could result from the fact that we
only measured malondialdehyde, one of the three products of
lipid peroxidation besides isoprostanes and 4-hydroxynonenal
(Janero, 1990).

The mechanism of oxidative stress appeared to act
independently of the calcium accumulation and aSMase
activity, as shown after supplementing the tubes with glucose.
Nevertheless, since metHb increased before the first calcium-
dependent event (i.e., the boost of calpain activity) and since
acute ATP depletion (a condition not expected to lead to metHb
accumulation) increased the abundance of sphingomyelin-
enriched domains to a lower extent than upon similar ATP
depletion obtained during storage, it is most than likely that the
oxidative stress will influence the calcium- and aSMase-based
models. This could occur through the accumulation of oxidized
forms of Hb at the membrane (Kriebardis et al., 2007), and the
resulting membrane cytoskeleton interaction alteration which
could in turn increase the abundance of sphingomyelin-enriched
domains, as previously shown (D’auria et al., 2013). Alternatively,
oxidative stress could decrease the PMCA activity, as already
shown in neurodegenerative diseases (Gorlach et al., 2015).

Hypothetical Model for the Succession
of Events Leading to RBC Vesiculation in
K+/EDTA Tubes
Based on data in tubes supplemented or not with glucose, we
propose the following model. The first event was the decrease
of cholesterol-enriched domain abundance whatever glucose
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supplementation or not, suggesting an ATP-independent process
(Figure 10, pink). The second event, which started to increase
when the ATP was ∼30% and represented the main contributor
to blood EV release, was the oxidative stress (Figure 10,
orange). The third event was the calcium/aSMase. This model
was less ATP-dependent but appeared related to the increase
of sphingomyelin-enriched domains, the increased activity of
aSMase and the alteration of sphingomyelin domain biophysical
properties, leading to calcium accumulation and ceramide-
enriched domain formation and vesiculation (Figure 10, blue).
The fourth ultimate event occurred during the 4th week and was
marked by PS externalization (Figure 10, green). In conclusion,
we have shown that the modulation of lipid domains plays a
significant role in the RBC vesiculation, releasing EVs of various
lipid composition upon storage in tubes, but oxidative stress and
PS exposure are also major events. The next step will be to test the
relevance of those mechanisms to RBC vesiculation in blood bags
before transfusion.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The study was approved by the Medical Ethics Committee of the
University of Louvain, Brussels, Belgium. The participants gave
written informed consent.

AUTHOR CONTRIBUTIONS

A-SC and DT designed the experiments, analyzed and interpreted
the data, and wrote the manuscript. MG and HP collected and
analyzed the data. AS and JV were in charge of lipid imaging
and quantification. ND assisted to flow cytometry experiments.
LD’A assisted to nanoparticle tracking analysis. RT and GM
were responsible for lipidomics on sorted EVs. EM and YL were
responsible for fatty acid analysis on RBCs. PVDS did all the
electron microscopy experiments. All the authors reviewed the
final version of the manuscript.

FUNDING

This work was supported by grants from the UCLouvain (FSR
and Actions de Recherche Concertées, ARC), the F.R.S-FNRS,
and the Salus Sanguinis Foundation.

ACKNOWLEDGMENTS

We thank Drs. A. Miyawaki, M. Abe, and T. Kobayashi
(Riken Brain Science Institute, Saitama, Japan and University of
Strasbourg, France) as well as H. Mizuno (KU Leuven, Belgium)

for generously supplying the Dronpa-theta-D4 plasmid. We
also thank Dr. L. Gatto (de Duve Institute, UCLouvain) for
supporting us with statistical analyses, and Dr. S. Horman (IREC
Institute, UCLouvain) for providing us platelet lysates to confirm
purity of sorted EVs. The MASSMET platform (UCLouvain)
is acknowledged for the access to the LC-MS equipment. We
also thank Drs. A. Rapaille and T. Najdovski (Croix-Rouge de
Belgique) for providing us access to the equipment for plasmatic
pH measurements.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2020.
00712/full#supplementary-material

FIGURE S1 | Fresh RBCs in K+/EDTA, heparin or citrate tubes exhibit similar
intracellular ATP and calcium contents. Fresh isolated RBCs from K+/EDTA,
heparin or citrate tubes were analyzed for their intracellular ATP (A) and calcium
contents (B,C). Data are expressed as % of K+/EDTA tubes. (A) Intracellular ATP
content, determined as in Figure 1E. Means ± SEM of 4 independent
experiments for heparin tubes (Mann–Whitney U test) and means ± SD of 2
independent experiments for citrate tubes. (B) Calcium content in heparin vs.
K+/EDTA tubes, assessed as in Figure 3A. Means ± SD of triplicates. (C)
Calcium content in citrate vs. K+/EDTA tubes. RBCs were labeled with Fluo-4 AM
and analyzed by flow cytometry. The MFI of the RBC population was then
determined. Data are means ± SEM of 4 independent experiments.

FIGURE S2 | The global RBC intracellular hemoglobin content starts to decrease
from 3 weeks of storage in K+/EDTA tubes. Global Hb content was determined by
spectrophotometry at 450 nm upon storage to normalize contents in intracellular
ATP (A), intracellular calcium (B), membrane chol (C) and membrane lipid
peroxidation (D). Data represented Hb absorbance values based on the quantity
of RBCs engaged in each type of test (means ± SEM of 1–3
independent experiments).

FIGURE S3 | Flow cytometry allows to distinguish EVs released by RBCs vs.
those released by platelets. EVs were isolated from plasma by ultracentrifugation
and labeled with CFSE, a general EV marker, and with fluorescent anti-GPA and
anti-CD41 antibodies to identify EVs released by RBCs and platelets, respectively.
EVs were increasingly diluted according to the storage time of the blood sample to
avoid overcharge of the cytometer. The side scatter (SSC) vs. CFSE profiles and
the anti-CD41-PE vs. anti-GPA-AlexaFluor647 profiles were gathered.
Representative plots are shown.

FIGURE S4 | Flow cytometry analysis upon storage reveals a single population of
H2DCFDA-labeled RBCs with higher median fluorescence intensity which
contrasts with distinct populations of Annexin V-labeled RBCs without
fluorescence increase. RBCs were labeled with H2DCFDA to determine the
intracellular ROS content (A) or with Annexin V-FITC to evaluate PS surface
exposure (B,C) and analyzed by flow cytometry. (A) Representative plots of RBCs
labeled with H2DCFDA upon storage. (B) MFI values determined with FlowJo of
the global RBC population labeled with Annexin V-FITC (means ± SEM of 3
independent experiments). (C) Representative plots of RBCs
labeled with Annexin V.

FIGURE S5 | Membrane lipid order increases upon storage. Fresh (0w) or
2 week-stored RBCs (2w) were labeled with Laurdan, spread on PLL-coated
coverslips and observed by vital multiphoton microscopy. Discocytes (disco) were
distinguished from spherocytes (sphero) based on size and circularity. (A)
Representative vital imaging. (B) Quantification of hemi-RBC area after 2 weeks of
storage. (C) Quantification of membrane generalized polarization (GP) values for
discocytes and spherocytes after 2 weeks of storage. Images are representative
from 2 independent experiments and results are means ± SEM of 37–231 RBCs
(one-way ANOVA followed by Tukey’s post hoc test). Adapted from Leonard et al.
(2018).
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FIGURE S6 | Plasmatic pH levels are only very slightly decreased upon storage.
Plasmatic pH levels were determined in 0–4 week-stored blood samples with the
GEM PREMIER 3500.

FIGURE S7 | RBC- and platelet-derived EVs are successfully sorted by magnetic
force. EVs were isolated by ultracentrifugation from plasmas of K+/EDTA tubes
stored for 0.9 and 1.3 weeks at 4◦C. EVs released from RBCs were then sorted
through incubation with magnetic beads coupled to anti-GPA antibodies by
magnetic force. The sorted EVs were then analyzed by Western Blot for the
presence of GPA to confirm successful sorting (A) and CD41 to exclude
contamination (B). A platelet lysate and EVs isolated from 1.3 weeks-stored tubes
but not sorted were used as internal controls.

FIGURE S8 | RBC-derived EVs are enriched in lysophosphatidylinositol and
lysophosphatidylglycerol species but depleted in their precursors at the end of
storage. RBC-released EVs were isolated from total blood EVs by
immunopurification and analyzed by LC-MS for their content in: (A,B)
phosphatidylinositol (PI) and lysoPI species; (C–E) phosphatidylglycerol (PG,

further classified according to the length of their carbon chains) and lysoPG
species; and (F–H) phosphatidylethanolamine (PE, further classified according to
the length of their carbon chains) and lysoPE species. Each curve depicts one lipid
species; circle, saturated lipid; triangle, lipid containing at least one MUFA;
inverted triangle, lipid containing at least one PUFA; black to light gray colors,
short to long carbon chains. All data are expressed as % of the EVs stored for
1 week and are means ± SD of 4 replicates from 1 experiment representative of 2.

FIGURE S9 | Inhibition of the aSMase activity by amitriptyline specifically
increases the abundance of sphingomyelin-enriched domains. Whole blood was
incubated or not (CTL, open columns) with amitriptyline (+AMI, black columns) for
1h. Isolated plasmas were then tested for aSMase activity (A) while isolated RBCs
were analyzed for the abundance of lipid domains (B). (A) aSMase activity
determined as in Figure 4H. Data are expressed in % of CTL. (B) Sphingomyelin
(SM)- and GM1-enriched domain abundance determined as in Figure 5. Data are
expressed in % of CTL (means ± SEM of 3–4 independent experiments; Wilcoxon
signed rank test).
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