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Abstract

It is known that premature elimination of non-parasitized RBCs (nRBCs) plays an important role in the pathogenesis of malarial
anemia, in which suicidal death process (eryptosis) of nRBCs has been suggested to be involved. To check this possibility, we
investigate eryptosis during infection of P. berghei ANKA in Wistar rats, a malaria experimental model that, similar to human
malaria, the infection courses with low parasitemia and acute anemia. As expected, P. berghei ANKA infection was marked by
low parasite burdens that reached a mean peak of 3% between days six and nine post-infection and solved spontancously. A
significant reduction of the hemoglobin levels (~30%) was also observed on days subsequent to the peak of parasitemia,
persisting until day 16 post-infection. In eryptosis assays, it was observed a significant increase in the levels of PS-exposing
nRBC, which coincided with the reduction of hemoglobin levels and was positively related to anemia. In addition to PS
externalization, eryptosis of nRBC induced by P. berghei infection was characterized by cytoplasm calcium influx, but not
caspases activity. These results confirm our previous studies evidencing a pro-eryptotic effect of malaria infection on nRBCs and
show that a caspase-independent eryptotic process is implicated in anemia induced by P. berghei ANKA infection in Wistar rats.
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Introduction

Malaria, a mosquito-borne disease caused by Plasmodium par-
asites, remains a great problem of public health in 91 countries
of tropical and subtropical areas of the globe (WHO 2017).
Although it is a treatable disease, malaria can rapidly progress
to severe and potentially lethal forms in the absence of prompt
and appropriate treatment, notably during P. falciparum infec-
tions (Varo et al. 2018). As a result, malaria has been responsi-
ble for about one half million deaths annually, to which severe
anemia has significant contribution (WHO 2017).

Anemia is a common feature of malaria and, despite its
pathophysiology has not been fully elucidated; it is believed
that premature elimination of non-parasitized red blood cells
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(nRBCs) may play an important role in its genesis (Jakeman
etal. 1999; Collins et al. 2003). In this sense, different cellular
and immunological mechanisms, such as hyperactivation of
the phagocytic system, sensitization of the erythrocyte mem-
brane by antibodies and complement, reduction of cell
deformability as well as down-expression of complement reg-
ulatory proteins have been described as potential participants
in the elimination of nRBC (Dondorp et al. 1999; Waitumbi
et al. 2000; Stoute et al. 2003; Helegbe et al. 2007). In addi-
tion, our group has suggested that suicidal erythrocyte death,
named eryptosis, can be implicated in the pathogenesis of
malarial anemia by leading nRBC to precocious elimination
through phagocytosis (Totino et al. 2016).

Enhanced levels of eryptosis, which shares many clas-
sical apoptotic hallmarks with nucleated cells, including
phosphatidylserine (PS) externalization, intracellular cal-
cium (Ca**) influx and activation of specialized proteases
(i.e., caspases and calpains), have been reported in differ-
ent clinical disorders in which anemia is a common fea-
ture (Jemaa et al. 2017). In agreement with this fact, our
studies on lethal infection of P. yoelii 17XL in BALB/c
mice showed, for the first time, an increase in eryptotic
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nRBC levels during the acute anemic phase, indicating a
role of eryptosis in malarial anemia pathogenesis (Totino
et al. 2010, 2013). Considering that the high parasite load
typical of the majority of malaria models in mice could
interfere in the investigation of nRBC commitment in
anemia development—since anemia of these malaria
models, such as P. yoelii 17XL infection, is closely related
to intravascular hemolysis of the high pRBC rates
(Lamikanra et al. 2007)—we attempted to study eryptosis
of nRBC in P. berghei ANKA infecting Wistar rats model.
This non-lethal experimental model, although poorly
explored, develops acute anemia with low parasitemia
levels similarly to the one recorded during human malaria
(Evans et al. 2006).

Materials and methods
Experimental infection

Female Wistar rats aged 13—15 weeks were intraperitone-
ally inoculated with 1 x 10° erythrocytes infected with
P berghei ANKA expressing green fluorescent protein
(GFP), obtained from passage BALB/c mice previously
infected with cryopreserved parasites. Infected rats were
monitored for 23-26 days with evaluation of parasitemia,
anemia and eryptosis in tail blood samples. When indicat-
ed, non-infected, age matched rats were used as control.
All animals were provided by the Institute of Science and
Technology in Biomodels/Fiocruz and the experiments
were performed as approved by the Ethics Committee on
the Use of Animals of the Oswaldo Cruz Institute/Fiocruz,
Rio de Janeiro, RJ, Brazil (CEUA/IOC 014/2015).

Evaluation of parasitemia

The parasitemia was monitored by flow cytometry through
detection of RBC presenting GFP fluorescence (i.e., pRBC).
Briefly, tail blood samples were 1:1000 diluted in phosphate-
buffered saline (PBS) and, then, GFP fluorescence was iden-
tified in a FACSVerse flow cytometer (Becton Dickinson),
using 488-nm blue laser and 527/32 bandpass filter.
Parasitemia was defined as the percentage of GFP-positive
RBCs within the total RBC population, after counting a min-
imum of 20,000 events. Blood samples from non-infected rats
were used as negative control.

Determination of anemia
Anemia degree was examined by measuring hemoglobin con-
centration in approximately 10 uL of tail blood using a porta-

ble hemoglobinometer (HemoCue Hb 301), as indicated by
manufacturer. Alternatively, anemia was determined by
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counting the number of RBC per mm® of blood. Briefly,
2 pL of blood were suspended in 0.5 mL heparinized PBS,
1:10 diluted in the same buffer and, then, the number of RBC
was determined in a hemocytometer.

Eryptosis assays

Eryptosis of nRBCs during the course of infection was
monitored by ex vivo examination of phosphatidylserine
exposure at the cell surface of GFP-negative RBCs using
annexin V staining. For this propose, rat tail blood sam-
ples were washed twice with PBS (350 g, 10 min) and
RBCs were suspended in annexin-binding buffer (BD
Pharmingen) at a density of 1 x 10° cells/mL. Five micro-
liters of allophycocyanin (APC)-conjugated annexin V
(BD Pharmingen) were added to 100 uL of RBC suspen-
sion and these cells were incubated for 15 min at room
temperature. Finally, RBCs were diluted five times in
annexin-binding buffer and analyzed using a FACSVerse
flow cytometer (Becton Dickinson). GFP-negative RBCs
(i.e., nRBC) were identified using 488-nm blue laser and
527/32 bandpass filter, while 633-nm red laser and 660/10
bandpass filter were used to detect annexin V (APC)-pos-
itive RBCs.

Additionally, Ca** influx and caspase activation were stud-
ied at the acute anemia stage of infection by using X-rhod-1
(Invitrogen) and Red-VAD-FMK (Calbiochem) staining, re-
spectively. RBCs (1 x 10° cells) were suspended in 200 pL
Ringer solution (in mM: 125 NaCl, 5 KCI, 1 MgSO,, 32 N-2-
hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), 5
glucose, and 1 CaCl,; pH 7.4) containing X-rhod-1 (1 uM) or
Red-VAD-FMK (2 uL) and, then, incubated at 37° C for
30 min or 1 h, respectively. After incubation, RBCs stained
with X-rhod-1 were washed and resuspended in Ringer solu-
tion, while a wash buffer provided by manufacturer was used
for Red-VAD-FMK staining. Finally, cells were analyzed in a
FACSVerse flow cytometer (Becton Dickinson) and X-rhod-1
and Red-VAD-FMK fluorescence were detected using 488-
nm blue laser and 586/42 nm bandpass filter.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 5.0
software (San Diego, CA, USA), as indicated in figure leg-
ends. A p value of <0.05 was considered statistically
significant.

Results and discussion

To evaluate the relationship between eryptosis and malarial
anemia, we investigated the experimental infection of
P. berghei ANKA in Wistar rats, which is a model of non-
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lethal acute malarial anemia established by Evans and col-
leagues (Evans et al. 2006), to analyze immunological mech-
anisms contributing to precocious elimination of nRBC.
These authors have shown that Wistar model is marked by a
low burden parasitemia peaking at 3.4% that, while notably
differing from the majority of rodent malaria models, resem-
ble the human disease (Lamikanra et al. 2007). Indeed, a sim-
ilar profile of P. berghei ANKA infection coursing with low
parasitemia was also observed by us, in general reaching a
mean peak of 3% between days six and nine post-infection
and resolving spontaneously by day 19 (Fig. 1). On the other
hand, an anemia degree corresponding to a reduction of he-
moglobin concentration less intense than the 60% reported by
the Evans’ group (Evans et al. 2006) was noted. In our exper-
iments, P. berghei infection led to a significant reduction of
around 30% in the hemoglobin levels on days subsequent to
the peak of parasitemia, persisting until day 16 post-infection,
as compared with non-infected control animals (Fig. 1). Such
a disparity in the anemia magnitude could be explained by the
well-known variability of genetic background between differ-
ent breeding colonies of outbred rats (Hedrich 2000), since
host genetic diversity has, indeed, been shown to represent a
determinant factor of severe malarial anemia susceptibility
(Okeyo et al. 2013; Munde et al. 2017). These results showing
a more moderate anemia are, however, in agreement with two
more recent works in which 20-30% reduction of hemoglobin
levels in P. berghei ANKA-infected Wistar rats was also de-
tected (Gomez et al. 2011; Safeukui et al. 2015).

Since P. berghei ANKA induced an expressive anemia in
Wistar rats, we examined the frequency of eryptotic nRBC
during the course of infection by assaying externalized PS.
As shown in Fig. 2, P. berghei ANKA infection was followed
by a significant increase in the levels of PS-exposing nRBC on

days 12 and 15 post-infection (Fig. 2¢), which coincided with
the reduction of hemoglobin concentrations (Fig. 2b). This
rise in PS-exposing nRBC levels has been described during
anemia of P, yoelii 17XNL non-lethal infection in Swiss mice
(Fernandez-Arias et al. 2016), as well as in severely anemic
children with falciparum malaria (Fendel et al. 2010).
Similarly, our previous study on P. yoelii 17XL infection,
which develops lethal anemia in BALB/c mice as a result of
hyperparasitemia, also evidenced an eryptotic effect of malar-
ia on nRBC, but failed to detect an association between
eryptosis and anemia (Totino et al. 2010, 2013). Now, using
Wistar model, it was remarkable that PS-exposing nRBC
levels were inversely related to hemoglobin concentrations
on day 15 post-infection (Fig. 2d), bringing additional evi-
dence of eryptosis involvement in the pathogenesis of malarial
anemia (Totino et al. 2016) as it has also been described for
anemia associated with other clinical conditions in which ex-
cessive rates of eryptotic RBCs occur, including diabetes, re-
nal insufficiency, sickle-cell anemia, chronic lead exposure,
sepsis, and mycoplasmosis (Lang and Lang 2015).

In order to better characterize the eryptotic process of
nRBC occurring in P. berghei ANKA-infected Wistar rats,
Ca”* influx and caspase activity were studied at the anemic
phase of infection (day 12 post-infection). As evidenced by X-
rhod-1 staining, P. berghei infection significantly increased
the levels of nRBC with elevated cytosolic Ca®* activity at
the time that anemia was marked by a drop of 77% in the
number of peripheral RBC, when compared to non-infected
control rats (Fig. 3a). In contrast, although an increase in the
levels of nRBC presenting caspase activity was detected in
anemic infected rats by using Red-VAD-FMK staining, this
increase was not significantly different from that observed in
non-infected control animals (Fig. 3b), suggesting that
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Fig. 1 Course of parasitemia and anemia in P. berghei-infected
Wistar rats. Rats were infected with 1 x 10° red blood cells parasitized
by GFP-expressing parasites and, then, parasitemia and blood
hemoglobin (Hb) concentration were evaluated over 26 days post-
infection by using flow cytometry and hemoglobinometer, respectively.
In parallel, non-infected animals were used as control. Data are shown as

mean + standard error (SEM) and represent one of two independent
experiments performed with 5 to 8 animals in each group (control or
infected). Statistical difference of Hb concentration was tested
comparing control and infected animals by two-way ANOVA and
Bonferroni posttests. **: p <0.01; ***: p <0.001
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Fig.2 Phosphatidylserine (PS) externalization in non-parasitized red
blood cells (nRBC) and relation to anemia in P. berghei-infected
Wistar rats. Animals were infected with 1x 10° red blood cells
parasitized by GFP-expressing parasites and, then, parasitemia (A),
blood hemoglobin (Hb) concentration (B) and frequency of PS-
exposing nRBC (C) were evaluated over 23 days post-infection.
Parasitemia (GFP-positive RBCs) as well as PS externalization
(annexin V-positive nRBCs) were determined by flow cytometry
analysis and anemia was evaluated using a hemoglobinometer. Data in

caspases are not key components of eryptosis pathways in-
duced by P. berghei infection in Wistar rats.
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Fig. 3 Calcium influx and caspase activity in non-parasitized red
blood cells (nRBC) at anemic stage of P. berghei ANKA infection.
Wistar rats were infected with 1 x 10° red blood cells parasitized by
GFP-expressing parasites and, then, Ca>* influx (A) and activity
caspase (B) in nRBCs were evaluated at day 12 post-infection by flow
cytometry, using X-rhod-1 and Red-VAD-FMK staining, respectively.
Anemia was evaluated by quantification of peripheral RBC (A) or
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(A-C) are shown as mean + standard error (SEM); statistical difference of
Hb concentrations (B) and PS-exposing nRBC levels (C) was tested by
one-way ANOVA and Tukey posttests comparing with pre-infection
values (day 0). As shown in (D), a negative correlation between
individual frequency of PS-exposing nRBC and Hb concentration was
observed in day 15 post-infection, as tested by Spearman correlation
coefficient. Data represent one of two independent experiments
performed with 7 to 10 animals. *: p <0.05; **: p<0.01; ***: p<0.001

Increased intracellular influx of Ca** promoted by activa-
tion of plasma membrane Ca®* permeable channels has been
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hemoglobin (Hb) concentration (B). In parallel, non-infected animals
were used as control. Data are shown as mean =+ standard error (SEM)
and represent one of two independent experiments performed with 5 to 10
animals in each group (control or infected). Statistical difference of
hematological parameters (Hb or RBC number), caspase activity and
Ca** influx were tested comparing control and infected animals by
Mann Whitney test. **: p<0.01; ***: p<0.001
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identified as a common trigger of eryptosis (Lang and Qadri
2012), but the involvement of caspases as executers of
eryptosis is not consensually demonstrated. It is well-known
that caspases are central proteases in apoptotic pathways of
nucleated cells (Chang and Yang 2000) and their activity has
also been detected during in vitro induction of eryptosis by
Schistosoma mansoni antigens (Kasinathan and Greenberg
2010), staurosporine (Qian et al. 2012), phytoestrogen
ferutinin (Gao et al. 2013) and tyrosine kinase inhibitor
dasatinib (Chan et al. 2018). However, treatment with caspase
inhibitors has not been able to prevent eryptosis triggered by
different types of inducers and, therefore, it is believed that
eryptosis can be carried out through caspase-independent
pathways (Jilani et al. 2011; Lupescu et al. 2012; Al Mamun
Bhuyan et al. 2017). In agreement with this view, earliest
studies on RBC susceptibility to programmed cell death dem-
onstrated that, despite functional caspases are present in RBC
cytoplasm, they failed to become activated under eryptotic
stimuli, while activation of calpains—the major Ca**-activat-
ed cysteine proteases of RBC—was implicated in induction of
eryptotic process (Berg etal. 2001; Bratosin et al. 2001). Thus,
it is possible that calpains rather than caspases are required to
trigger calcium-mediated eryptosis in nRBC during malaria
infections, in which the mechanisms of eryptosis induction
has not yet been elucidated, but potentially involve adsorption
of parasite antigens on the cell surface, autoantibodies, and
complement sensitization as well as oxidative stress generated
by both parasite itself and host immune responses (Totino
et al. 2016).

In conclusion, we showed for the first time that increase of
eryptotic nRBC rates stimulated by plasmodial infection is
related to anemia degree in a model of low parasite burden,
supporting our initial hypothesis of eryptosis participation in
the pathogenesis of malarial anemia. Moreover, we observed
that P. berghei-induced eryptosis occurred independently of
caspase activation, pointing to well-known involvement of
calpain-dependent pathways in eryptotic processes. Further
investigations evaluating calpain activity are required to im-
prove our understanding of eryptotic pathways triggered dur-
ing malaria and, thus, help to delineate eryptotic inhibition
studies to better address the clinical significance of suicidal
erythrocyte death in malaria pathogenesis.

Funding information This work received financial support from the
Fundacdo de Amparo a Pesquisa do Estado do Rio de Janeiro
(FAPERJ, Brazil) and Instituto Oswaldo Cruz (Fiocruz, Brazil). CTDR
is recipient of a Research Productivity Fellowship from the Conselho
Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq, Brazil)
and CTDR and MFFC received grants from FAPERJ as “Cientistas do
Nosso Estado”.

Compliance with ethical standardsAil animal experiments
were approved by the Ethical Committee of Animal Experiments of
Instituto Oswaldo Cruz-Fiocruz (protocol: L-040/2015).

Conflict of interest The authors declare that they have no conflicts of
interest.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Al Mamun Bhuyan A, Bissinger R, Cao H, Lang F (2017) Triggering of
suicidal erythrocyte death by exemestane. Cell Physiol Biochem 42:
1-12. https://doi.org/10.1159/000477224

Berg CP, Engels IH, Rothbart A, Lauber K, Renz A, Schlosser SF,
Schulze-Osthoff K, Wesselborg S (2001) Human mature red blood
cells express caspase-3 and caspase-8, but are devoid of mitochon-
drial regulators of apoptosis. Cell Death Differ 8:1197-1206. https://
doi.org/10.1038/sj.cdd.4400905

Bratosin D, Estaquier J, Petit F, Amoult D, Quatannens B, Tissier JP,
Slomianny C, Sartiaux C, Alonso C, Huart JJ, Montreuil J,
Ameisen JC (2001) Programmed cell death in mature erythrocytes:
a model for investigating death effector pathways operating in the
absence of mitochondria. Cell Death Differ 8:1143—1156. https://
doi.org/10.1038/sj.cdd.4400946

Chan WY, Lau PM, Yeung KW, Kong SK (2018) The second generation
tyrosine kinase inhibitor dasatinib induced eryptosis in human eryth-
rocytes - an in vitro study. Toxicol Lett 295:10-21. https://doi.org/
10.1016/j.toxlet.2018.05.030

Chang HY, Yang X (2000) Proteases for cell suicide: functions and reg-
ulation of caspases. Microbiol Mol Biol Rev 64:821-846. https://
doi.org/10.1128/ MMBR.64.4.821-846.2000

Collins WE, Jeffery GM, Roberts JM (2003) A retrospective examination
of anemia during infection of humans with Plasmodium vivax. AmJ
Trop Med Hyg 68:410—412. https://doi.org/10.4269/ajtmh.2003.68.
410

Dondorp AM, Angus BJ, Chotivanich K, Silamut K, Ruangveerayuth R,
Hardeman MR, Kager PA, Vreeken J, White NJ (1999) Red blood
cell deformability as a predictor of anemia in severe falciparum
malaria. Am J Trop Med Hyg 60:733-737. https://doi.org/10.
4269/ajtmh.1999.60.733

Evans KJ, Hansen DS, van Rooijen N, Buckingham LA, Schofield L
(2006) Severe malarial anemia of low parasite burden in rodent
models results from accelerated clearance of uninfected erythro-
cytes. Blood 107:1192-1199. https://doi.org/10.1182/blood-2005-
08-3460

Fendel R, Brandts C, Rudat A, Kreidenweiss A, Steur C, Appelmann I,
Ruehe B, Schroder P, Berdel WE, Kremsner PG, Mordmiiller B
(2010) Hemolysis is associated with low reticulocyte production
index and predicts blood transfusion in severe malarial anemia.
PLoS One 5:¢10038. https://doi.org/10.1371/journal.pone.0010038

Fernandez-Arias C, Rivera-Correa J, Gallego-Delgado J, Rudlaff R,
Fernandez C, Roussel C, Gotz A, Gonzalez S, Mohanty A,
Mohanty S, Wassmer S, Buffet P, Ndour PA, Rodriguez A (2016)
Anti-self phosphatidylserine antibodies recognize uninfected eryth-
rocytes promoting malarial anemia. Cell Host Microbe 19:194-203.
https://doi.org/10.1016/j.chom.2016.01.009

Gao M, Wong SY, Lau PM, Kong SK (2013) Ferutinin induces in vitro
eryptosis/erythroptosis in human erythrocytes through membrane
permeabilization and calcium influx. Chem Res Toxicol 26:1218—
1228. https://doi.org/10.1021/tx400127w

Gomez ND, Safeukui I, Adelani AA, Tewari R, Reddy JK, Rao S, Holder
A, Buffet P, Mohandas N, Haldar K (2011) Deletion of a malaria
invasion gene reduces death and anemia, in model hosts. PLoS One
6:€25477. https://doi.org/10.1371/journal.pone.0025477

Hedrich HJ (2000) History, strains and models. In: Krinke G (ed) The
laboratory rat. Handbook of experimental animals. Academic Press,

@ Springer


https://doi.org/10.1159/000477224
https://doi.org/10.1038/sj.cdd.4400905
https://doi.org/10.1038/sj.cdd.4400905
https://doi.org/10.1038/sj.cdd.4400946
https://doi.org/10.1038/sj.cdd.4400946
https://doi.org/10.1016/j.toxlet.2018.05.030
https://doi.org/10.1016/j.toxlet.2018.05.030
https://doi.org/10.1128/MMBR.64.4.821-846.2000
https://doi.org/10.1128/MMBR.64.4.821-846.2000
https://doi.org/10.4269/ajtmh.2003.68.410
https://doi.org/10.4269/ajtmh.2003.68.410
https://doi.org/10.4269/ajtmh.1999.60.733
https://doi.org/10.4269/ajtmh.1999.60.733
https://doi.org/10.1182/blood-2005-08-3460
https://doi.org/10.1182/blood-2005-08-3460
https://doi.org/10.1371/journal.pone.0010038
https://doi.org/10.1016/j.chom.2016.01.009
https://doi.org/10.1021/tx400127w
https://doi.org/10.1371/journal.pone.0025477

382

Parasitol Res (2019) 118:377-382

London, pp 3-7. https://doi.org/10.1016/B978-012426400-7.
50040-6

Helegbe GK, Goka BQ, Kurtzhals JA, Addac MM, Ollaga E, Tetteh JK,
Dodoo D, Ofori MF, Obeng-Adjei G, Hirayama K, Awandare GA,
Akanmori BD (2007) Complement activation in Ghanaian children
with severe Plasmodium falciparum malaria. Malar J 6:165. https://
doi.org/10.1186/1475-2875-6-165

Jakeman GN, Saul A, Hogarth WL, Collins WE (1999) Anaemia of acute
malaria infections in non-immune patients primarily results from
destruction of uninfected erythrocytes. Parasitology 119:127-133.
https://doi.org/10.1017/S0031182099004564

Jemaa M, Fezai M, Bissinger R, Lang F (2017) Methods employed in
cytofluorometric assessment of eryptosis, the suicidal erythrocyte
death. Cell Physiol Biochem 43:431-444. https://doi.org/10.1159/
000480469

Jilani K, Qadri SM, Lang E, Zelenak C, Rotte A, Bobbala D, Lang F
(2011) Stimulation of erythrocyte phospholipid scrambling by
enniatin A. Mol Nutr Food Res 55:5294-S302. https://doi.org/10.
1002/mnfr.201100156

Kasinathan RS, Greenberg RM (2010) Schistosoma mansoni soluble egg
antigens trigger erythrocyte cell death. Cell Physiol Biochem 26:
767-774. https://doi.org/10.1159/000322344

Lamikanra AA, Brown D, Potocnik A, Casals-Pascual C, Langhome J,
Roberts DJ (2007) Malarial anemia: of mice and men. Blood 110:
18-28. https://doi.org/10.1182/blood-2006-09-018069

Lang E, Lang F (2015) Triggers, inhibitors, mechanisms, and significance
of eryptosis: the suicidal erythrocyte death. Biomed Res Int 2015:
513518-513516. https://doi.org/10.1155/2015/513518

Lang F, Qadri SM (2012) Mechanisms and significance of eryptosis, the
suicidal death of erythrocytes. Blood Purif 33:125—130. https:/doi.
org/10.1159/000334163

Lupescu A, Shaik N, Jilani K, Zelenak C, Lang E, Pasham V, Zbidah M,
Plate A, Bitzer M, Foller M, Qadri SM, Lang F (2012) Enhanced
erythrocyte membrane exposure of phosphatidylserine following
sorafenib treatment: an in vivo and in vitro study. Cell Physiol
Biochem 30:876-888. https://doi.org/10.1159/000341465

Munde EO, Raballah E, Okeyo WA, Ong'echa JM, Perkins DJ, Ouma C
(2017) Haplotype of non-synonymous mutations within IL-23R is
associated with susceptibility to severe malaria anemia in a
P. falciparum holoendemic transmission area of Kenya. BMC
Infect Dis 17:291. https://doi.org/10.1186/s12879-017-2404-y

@ Springer

Okeyo WA, Munde EO, Okumu W, Raballah E, Anyona SB, Vulule JM,
Ong'echa JM, Perkins DJ, Ouma C (2013) Interleukin (IL)-13 pro-
moter polymorphisms (-7402 T/G and -4729G/A) condition suscep-
tibility to pediatric severe malarial anemia but not circulating I1L-13
levels. BMC Immunol 14:15. https://doi.org/10.1186/1471-2172-
14-15

Qian EW, Ge DT, Kong SK (2012) Salidroside protects human erythro-
cytes against hydrogen peroxide-induced apoptosis. J Nat Prod 75:
531-537. https://doi.org/10.1021/np200555s

Safeukui I, Gomez ND, Adelani AA, Burte F, Afolabi NK, Akondy R,
Velazquez P, Holder A, Tewari R, Buffet P, Brown BJ, Shokunbi
WA, Olaleye D, Sodeinde O, Kazura J, Ahmed R, Mohandas N,
Fernandez-Reyes D, Haldar K (2015) Malaria induces anemia
through CD8+ T cell-dependent parasite clearance and erythrocyte
removal in the spleen. MBio 6:¢02493—e02414. https://doi.org/10.
1128/mBi0.02493-14

Stoute JA, Odindo AO, Owuor BO, Mibei EK, Opollo MO, Waitumbi JN
(2003) Loss of red blood cell-complement regulatory proteins and
increased levels of circulating immune complexes are associated
with severe malarial anemia. J Infect Dis 187:522-525. https:/doi.
org/10.1086/367712

Totino PR, Magalhaes AD, Silva LA, Banic DM, Daniel-Ribeiro CT,
Ferreira-da-Cruz MF (2010) Apoptosis of non-parasitized red blood
cells in malaria: a putative mechanism involved in the pathogenesis
of anaemia. Malar J 9:350. https://doi.org/10.1186/1475-2875-9-
350

Totino PR, Pinna RA, Oliveira AC, Banic DM, Daniel-Ribeiro CT,
Ferreira-da-Cruz MF (2013) Apoptosis of non-parasitised red blood
cells in Plasmodium yoelii malaria. Mem Inst Oswaldo Cruz 108:
686-890. https://doi.org/10.1590/0074-0276108062013003

Totino PR, Daniel-Ribeiro CT, Ferreira-da-Cruz MF (2016) Evidencing
the role of erythrocytic apoptosis in malarial anemia. Front Cell
Infect Microbiol 6:176. https://doi.org/10.3389/fcimb.2016.00176

Varo R, Crowley VM, Sitoe A, Madrid L, Serghides L, Kain KC, Bassat
Q (2018) Adjunctive therapy for severe malaria: a review and crit-
ical appraisal. Malar J 17:47. https://doi.org/10.1186/s12936-018-
2195-7

Waitumbi JN, Opollo MO, Muga RO, Misore AO, Stoute JA (2000) Red
cell surface changes and erythrophagocytosis in children with severe
Plasmodium falciparum anemia. Blood 95:1481-1486

World Health Organization (WHO) (2017) World Malaria Report 2017.
WHO, Geneva


https://doi.org/10.1016/B978-012426400-7.50040-6
https://doi.org/10.1016/B978-012426400-7.50040-6
https://doi.org/10.1186/1475-2875-6-165
https://doi.org/10.1186/1475-2875-6-165
https://doi.org/10.1017/S0031182099004564
https://doi.org/10.1159/000480469
https://doi.org/10.1159/000480469
https://doi.org/10.1002/mnfr.201100156
https://doi.org/10.1002/mnfr.201100156
https://doi.org/10.1159/000322344
https://doi.org/10.1182/blood-2006-09-018069
https://doi.org/10.1155/2015/513518
https://doi.org/10.1159/000334163
https://doi.org/10.1159/000334163
https://doi.org/10.1159/000341465
https://doi.org/10.1186/s12879-017-2404-y
https://doi.org/10.1186/1471-2172-14-15
https://doi.org/10.1186/1471-2172-14-15
https://doi.org/10.1021/np200555s
https://doi.org/10.1128/mBio.02493-14
https://doi.org/10.1128/mBio.02493-14
https://doi.org/10.1086/367712
https://doi.org/10.1086/367712
https://doi.org/10.1186/1475-2875-9-350
https://doi.org/10.1186/1475-2875-9-350
https://doi.org/10.1590/0074-0276108062013003
https://doi.org/10.3389/fcimb.2016.00176
https://doi.org/10.1186/s12936-018-2195-7
https://doi.org/10.1186/s12936-018-2195-7

	Eryptosis of non-parasitized erythrocytes is related to anemia in Plasmodium berghei low parasitema malaria of Wistar rats
	Abstract
	Introduction
	Materials and methods
	Experimental infection
	Evaluation of parasitemia
	Determination of anemia
	Eryptosis assays
	Statistical analysis

	Results and discussion
	References


