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The 24-hour (24 h) post-transfusion survival of donor red blood cells (RBCs) is an important
marker of transfusion efficacy. Nonetheless, within that period, donated RBCs may
encounter challenges able to evoke rapid stress-responses. The aim of the present
study was to assess the effect of exposure to plasma and body temperature upon
stored RBCs under recipient-mimicking conditions in vitro from the first hours “post-
transfusion” up to 24 h. For this purpose, packed RBCs from seven leukoreduced CPD/
SAGM units were reconstituted with plasma of twenty-seven healthy individuals and
incubated for 24 h at 37oC. Three units were additionally used to examine stress-
responses in 3-hour intervals post mixing with plasma (n = 5) until 24 h. All
experiments were performed in shortly-, medium-, and long-stored RBCs. Hemolysis,
redox, morphology, membrane protein binding and vesiculation parameters were
assessed. Even though spontaneous hemolysis was minimal post-reconstitution, it
presented a time-dependent increase. A similar time-course profile was evident for the
concentration of procoagulant extracellular vesicles and the osmotic fragility (shortly-
stored RBCs). On the contrary, mechanical fragility and reactive oxygen species
accumulation were characterized by increases in medium-stored RBCs, evident even
from the first hours in the recipient-mimicking environment. Finally, exposure to plasma
resulted in rapid improvement of morphology, especially in medium-stored RBCs. Overall,
some RBC properties vary significantly during the first 24 h post-mixing, at levels different
from both the storage ones and the standard end-of-24 h. Such findings may be useful for
understanding the performance of RBCs and their possible clinical effects −especially on
susceptible recipients− during the first hours post-transfusion.
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INTRODUCTION

Transfusion of red blood cells (RBCs) is one of the most common
medical procedures worldwide, therefore its optimization is
always in the spotlight. Stored RBCs undergo a series of
alterations, collectively known as storage lesion, which affect
their morphology and metabolism and may impact their post-
transfusion efficacy (Yoshida et al., 2019). A part of the storage
lesion can be reversed once in the circulation of the recipient, as in
the case of ATP depletion (Barshtein et al., 2018) or mild
morphological modifications, but some phenotypes, like
membrane loss through vesiculation and acquisition of
spherocytic morphology, are considered irreversible (Prudent
et al., 2015). Moreover, features like the osmotic or
mechanical fragility hint the presence of sublethal injuries on
the RBC membrane; namely, storage related injuries that render
cells more prone to removal/lysis once transfused (Antonelou and
Seghatchian, 2016).

The two gold standards of transfusion are end-of-storage in-
bag hemolysis and 24 h post-transfusion recovery. Nonetheless,
recovery is the final phenotype, thus this parameter does not
give information regarding the underlying reason for the
removal of RBCs or the exact time within the 24 h that this
event occurred. In this context, a variety of factors have been
associated with the outcome of transfusion therapy. For
example, deformability of transfused RBCs presents a highly
significant positive correlation with the hemoglobin (Hb)
increment in thalassemic patients (Barshtein et al., 2017).
Additionally, the levels of some metabolites have been found
related to the post-transfusion survival of RBCs in vivo:
hypoxanthine has been linked to reduced recovery (Nemkov
et al., 2018), while octenoyl-carnitine to increased recovery
(Francis et al., 2020).

To study the physiology of transfused RBCs, in vitro
conditions that mimic some aspects of the recipient’s
environment have been used. Stored RBCs have been exposed
to body temperature (Roch et al., 2019) and healthy, diseased or
pro-inflammatory plasma (Mittag et al., 2015; Tzounakas et al.,
2016; Anastasiadi et al., 2021; Längst et al., 2021) to examine the
impact of temperature transition and plasma components upon
these cells. There are also in vitro models that aim to unravel
immunologic derangements, by exposing stored RBCs to human
T and B cells (Long et al., 2014). While they cannot completely
simulate the recipient’s circulation, these models have proven to
be useful and reliable, since results obtained by their usage are
consistent with respective analyses in animal models or clinical
trials, as exemplified in the case of glucose-6-phosphate deficient
and beta-thalassemia minor donors (Tzounakas et al., 2016;
Francis et al., 2020; Anastasiadi et al., 2021).

Having all the above in mind, the aim of the present study was
to examine the physiology of shortly- medium- and long-stored
RBCs when in contact with plasma at body temperature, already
from the first hours of in vitro “transfusion” until the commonly
studied 24 h, to get insight into 1) the timing of a series of RBC
alterations “post-transfusion” and 2) the degree of changes in
RBC physiology after transition from the cold to a recipient
simulating environment.

MATERIALS AND METHODS

Biological Samples and Blood Unit
Preparation
Seven leukoreduced RBC units containing citrate-phosphate-
dextrose (CPD)/saline-adenine-glucose-mannitol (SAGM) were
prepared from healthy individuals and were stored for 42 days at
4oC. Sampling was performed under aseptic conditions in early
(day 2; shortly-stored RBCs), middle (day 21; medium-stored
RBCs) and late (day 42; long-stored RBCs) storage. Fresh blood
was drawn by twenty-seven healthy donors into citrate vacutainer
tubes. The study was approved by the Ethics Committee of the
Department of Biology, School of Science, NKUA. Investigations
were carried out upon donor consent, in accordance with the
principles of the Declaration of Helsinki.

Recipient Environment Simulation
To assess the effect of plasma and body temperature upon stored
RBCs an in vitro model was used (Anastasiadi et al., 2021).
Shortly-, medium- and long-stored RBCs were reconstituted in
healthy plasma from twenty-seven potential control recipients
which was previously mixed with each unit’s supernatant to
finally reach a ratio analogous to the administration of two
blood units (32–34% hematocrit). The reconstituted samples
were incubated for 24 h at 37oC and in 5% CO2-air and were
under constant gentle agitation to avoid settling. RBCs from three
of the units, mixed with plasma from five subjects, were
additionally examined in 3-hour intervals post reconstitution,
up to 24 h, thus an aliquot was prepared for every time-point
under examination. Results from the 24 h time point of
reconstitution (n = 27) were integrated with those of 3-hour
intervals (n = 5) in all figures to simplify the structure and the
presentation of the manuscript. Assays of hemolysis, ROS
accumulation, potassium release, procoagulant EV activity,
RBC morphology and protein detection were performed. All
assays were performed in 3-hour intervals unless otherwise
stated. All measurements were also made in stored RBCs of
each unit of origin at blood bank conditions.

Hemolysis Parameters
In-bag and spontaneous hemolysis (levels of extracellular Hb) were
calculated by spectrophotometry, using Harboe’s method (Harboe,
1959) followed by Allen’s correction. To assess the susceptibility to
osmotic stress, the samples were exposed to ascending
concentrations of NaCl (0–0.9%) and thereafter the mean
corpuscular fragility (MCF) index was calculated (i.e., %NaCl at
50%hemolysis). 1 h rocking (18 rpm; rocking angle ±17o) of samples
with stainless steel beads was used to implement a mechanical
stimulus. To consider only the mechanically induced hemolysis,
non-rocked aliquots served as baseline-hemolysis controls under the
same conditions. After two sequential centrifugations (2750xg/
15 min and 20,800xg/20min) extracellular Hb levels were
measured (Harboe’s method). The levels of total Hb
concentration were also measured and the mechanical fragility
index (MFI) was calculated as follows: MFI(%) = [(Hb(rocked)—
Hb(non-rocked))/(Hb(20%) –Hb(non-rocked))] x 100 (Raval et al., 2010).
Oxidative hemolysis (performed in 3, 6, 12 and 24 h) was evaluated
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upon treatment of RBCs with 17mm phenylhydrazine (PHZ) for
1 h at 37oC (Tzounakas et al., 2022), before centrifugation and
measurement of the Hb released in the supernatant (Harboe’s
method).

ROS Accumulation
Intracellular accumulation of ROS was fluorometrically measured
using the membrane permeable and redox-sensitive probe 5-
(and-6)-chloromethyl-2′,7′-dichloro-dihydro-
fluoresceindiacetate, acetyl ester (CM-H2DCFDA) in intact
RBCs. Intracellular esterases cleave this molecule, making it
unable to exit, and upon its oxidation by ROS it yields the
fluorescent dichlorofluorescein (DCF). Briefly, small aliquots of
RBCs were loaded with 10 μmol/L CM-H2DCFDA (30min/room
temperature). A wash was then performed, followed by a short
recovery time (12min). The cells were finally lysed to measure the
fluorescence levels. Apart from the intrinsic ROS, the oxidative
burden of RBCs was also evaluated after exogenous stimulation
with tert-butyl hydroperoxide (tBHP; 100 μM), diamide (2 mm)
and PHZ (100 μM; performed in 3, 6, 12 and 24 h). This was
performed in order to study the effects of additional oxidative
stress upon ROS accumulation, especially since some potential
transfusion recipients might be characterized by increased
oxidative burden. Diamide and phenylhydrazine mainly target
glutathione and Hb, respectively, while tBHP is a more general
oxidative reagent. Quantification of ROS levels was achieved after
normalization to protein concentration (Tzounakas et al., 2022).

Potassium Leakage and Extracellular
Vesicles’ Procoagulant Activity
Biochemical analysis of potassium (K+) was performed in the
supernatant of samples reconstituted for 3, 6, 9, 12, 18, and 24 h
using the AVL Series Electrolyte Analyzer 9,180. Extracellular
vesicles’ (EV) procoagulant activity was measured for the same
time points using a functional ELISA assay kit (Zymuphen MP-
activity, Hyphen BioMed, Neuvillesur-Oise, France), as per
manufacturer’s specifications. This assay is based on the
conversion of prothrombin to thrombin in the presence of PS+

EVs in the supernatant of the samples and the addition of
coagulation factors, Ca2+ and prothrombin. Using a chromogenic
thrombin substrate (absorbance at 405 nm) and a standard curve, the
concentration of procoagulant EVs can be calculated in nM of PS.

Scanning Electron Microscopy
Morphological evaluation of stored (medium-long storage) and
reconstituted (6, 12, and 24 h) RBCs was based on scanning
electron microscopy. Purified RBCs were firstly fixed with 2%
glutaraldehyde and post-fixed with 1% osmium tetroxide in
0.1 mol/L sodium cacodylate buffer, pH 7.4. To dehydrate the
samples before coating with gold-palladium, they were exposed to
ascending ethanol concentration solutions. Electron micrographs
(x1,000) were taken at random fields and cells with spherocytic
modifications (spherocytes, spheroechinocytes,
spherostomatocytes) or degenerative shapes were categorized
as “irreversible”. At least 2,000 cells were blindly evaluated for
each sample.

Membrane Isolation and Immunoblotting
Analysis
RBC membranes were isolated by hypotonic lysis (Kriebardis
et al., 2007) of old reconstituted (for 3, 6, 12, and 24 h) RBCs in
5 mmol/L sodium phosphate buffer, as previously extensively
described. Membrane aliquots (30 μg) were immune-probed for a
variety of proteins (known to be potentially recruited to the RBC
membrane) by using horseradish peroxidase-conjugated
secondary antibodies and enhanced chemiluminescence
development. Primary antibodies against calpain, soluble
clusterin, HSP70 (Santa Cruz Biotechnology, Santa Cruz, CA,
United States), peroxiredoxin-2 (Acris, Luzern, Switzerland),
human Hb (Europa Bioproducts, Wicken, UK), human IgGs
(Sigma Aldrich, St. Louis, MO, United States) and caspase-3 (Cell
Signaling Technology, Danvers, MA, United States) were used.
Antibody against 4.1 R was kindly provided by Prof. J. Delaunay
(Laboratoire d’ Hématologie, d’Immunologie et de
Cytogénétique, Hopital de Bicetre, Le Kremlin-Bicetre,
France). The bands were quantified by scanning densitometry
(Gel Analyzer v.1.0, Athens, Greece).

Statistical Analysis
All experiments were performed in duplicate. Statistical analysis
was performed by using the statistical package SPSS Version 22.0
(IBM Hellas, Athens, Greece, administered by NKUA). Repeated
measures ANOVA with Bonferroni-like adjustment for multiple
comparisons was used for the evaluation of time-course and
between groups differences. Significance was accepted at p < 0.05.

RESULTS

In the presence of plasma and body temperature, shortly- and
medium-stored RBCs presented an increase in hemolysis within
the first 12 hours, but not later. Released hemoglobin
concentration was greater than the in-bag one in shortly-
stored RBCs at all time-points after reconstitution but only
when nearing 24 h in the medium- and long-stored RBCs
(Figure 1). The time-course patterns of mechanical and
osmotic fragilities varied between the RBCs of different storage
age post reconstitution. Interestingly, the shortly-stored cells
presented increased osmotically induced hemolysis from 12 h
onwards, at levels exceeding the storage ones. On the other hand,
medium-stored RBCs were characterized by higher mechanical
fragility compared to the storage levels, already from the first
hours and until the 12 h interval in the recipient simulating
environment. Oxidative (PHZ) hemolysis was consecutively
increasing post reconstitution towards values higher than
those of the blood bag in 24 h, regardless of storage age (Figure 1).

The ROS accumulation profiles differed for every storage
period tested. In shortly-stored RBCs intrinsic and diamide- or
PHZ-induced ROS presented a rising trend from the beginning
until the end of the 24 h incubation period, with the levels not
really deviating from the corresponding storage ones (Figure 2).
The exact opposite pattern was revealed when triggered with
tBHP: intracellular ROS accumulation was higher than inside the
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FIGURE 1 | Hemolysis parameters of reconstituted stored red blood cells in freshly drawn plasma. Baseline levels of stored RBCs in the cold (4°C) are shown by
transparent horizontal bands (band thickness is representative of the standard deviation [SD]). (*) p < 0.050 reconstituted RBCs vs. baseline RBCs in the cold; brackets
show differences with p < 0.050 between 3, 12, and 24 h post reconstitution.
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FIGURE 2 | Reactive oxygen species (ROS) of reconstituted stored red blood cells in freshly drawn plasma with or without external stimuli. Baseline levels of stored
RBCs in the cold (4°C) are shown by transparent horizontal bands (band thickness is representative of the standard deviation [SD]). (*) p < 0.050 reconstituted RBCs vs.
baseline RBCs in the cold; brackets show differences with p < 0.050 between 3, 12, and 24 h post reconstitution.
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FIGURE 3 | Potassium leakage, extracellular vesicles’ procoagulant activity and RBC morphology of reconstituted stored red blood cells in freshly drawn plasma.
Baseline levels of stored RBCs in the cold (4°C) are shown by transparent horizontal bands (band thickness is representative of the standard deviation [SD]). (*) p < 0.050
reconstituted RBCs vs. baseline RBCs in the cold; brackets show differences with p < 0.050 between 3 h (or 6 h in the case of RBC modifications), 12 and 24 h post
reconstitution. Representative micrographs from scanning electron microscopy are shown for day 21 samples (x 1,000); white scale bars: 10 μm.
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unit for the first 6 h and then reached similar levels. Medium-
stored RBCs presented the highest ROS values, both time-course
and compared to the unit, already from the first 3–6 h (intrinsic,
diamide- and PHZ-induced) or at 12 h (tBHP-induced) post-
reconstitution. Lastly, in long-stored RBCs only the tBHP-
induced ROS increased at higher than storage levels around
the half of the incubation period, as opposed to the other
three conditions that exhibited variations within the storage
levels (Figure 2).

The concentration of extracellular K+ was increasing from the
beginning until the end of the 24 h period in the plasma of both
shortly- and long-stored reconstituted samples, with higher than
storage levels in the reconstitutions of long-stored RBCs (Figure 3).
Concerning the release of procoagulant EVs from the reconstituted

RBCs, there were increasing patterns in all the samples from 12 to
24 h. There were more PS+ EVs in the reconstituted samples of
shortly-stored RBCs compared to the units of origin, already from
6 h onwards, but later on in the reconstitutions of medium- and
long-stored RBCs. Transition of medium-stored RBCs to plasma
environment at body temperature resulted in a gradual increase in
normal discocytes during the 24 h period at the expense of reversible
RBC modifications. In addition, the percentage of discocytes was
higher than the one in-bag from 12 h post-reconstitution onwards,
while irreversible shape modifications were steadily lower compared
to the storage levels. In the samples of long-stored RBCs lower
irreversible modifications and more discocytes (compared to the
storage levels) were detected the first 12 h post reconstitution
(Figure 3).

FIGURE 4 | Protein binding profile (arbitrary units after normalization to 4.1 R protein levels) of reconstituted long-stored red blood cells in freshly drawn plasma.
Baseline levels of stored RBCs in the cold (4°C) are shown by transparent horizontal bands (band thickness is representative of the standard deviation [SD]). (*) p < 0.050
reconstituted RBCs vs. baseline RBCs in the cold; brackets show differences with p < 0.050 between 3, 12 and 24 h post reconstitution; inserts: indicative western blots
of the selected proteins.
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Finally, membranes of long-stored reconstituted RBCs were
probed for a variety of potentially membrane-binding proteins.
The levels of clusterin were steady throughout the incubation
period, but always lower when compared to the storage levels
(Figure 4). Starting by very low levels, HSP70 binding gradually
increased and maximized at 24 h. Increased peroxiredoxin-2
(prdx2) levels were also evident around the middle of the
incubation period, but the levels were similar to those in the
cold. Membrane-associated hemoglobin, its oligomers as well as
caspase-3, commenced at storage levels but significantly
increased from middle incubation onwards. Finally, the
membrane binding of calpain and IgG immunoglobulins was
always higher in the reconstituted RBCs compared to storage, and
additionally, in the first case, a time-course increase was evident
from 3 to 12 h (Figure 4).

DISCUSSION

Since the 24 h RBC recovery is one of the gold quality standards of
transfusion efficacy, this specific time point has been thoroughly
studied in clinical trials as well as in numerous in vivo and in vitro
models (de Wolski et al., 2016; Francis et al., 2020; Anastasiadi
et al., 2021). Hereby, by using an in vitro simulation of transfusion
we provide evidence regarding the time-course of physiological
changes that occur in stored RBCs, as they reach the first 24 h post
mixing with plasma at body temperature. Our results showed that
1) some parameters of medium-stored RBCs, such as mechanical
fragility and ROS accumulation, present an early response to the
new conditions by reaching their highest values, exceeding the
storage levels, the very first hours post mixing, 2) transition to
recipient-mimicking conditions mainly preserves RBC integrity
by favoring their morphology while keeping spontaneous
intravascular hemolysis to minimal, and 3) the binding of
several stress-related proteins to the membrane of long-stored
RBCs is gradually elevated 24 h post-mixing with recipient
plasma, and, in some cases, already half way there.

When incubated with plasma at body temperature, stored RBCs
were characterized by extremely low loss of Hb in comparison to the
respective ex vivo storage conditions. Even in shortly-stored
reconstituted RBCs, that were found more prone to spontaneous
hemolysis compared to baseline, the new production of free Hb was
extremely low, not capable of leading to post-transfusion
complications to the recipient. Considering the in vitro nature of
these experiments, which may also lead to exacerbated hemolysis
during prolonged incubation (Längst et al., 2021) due to continuous
absence of pro-survival factors, such findings are in line with studies
reporting that transfused RBCs are cleared from the circulation
through extravascular rather than intravascular hemolysis (Hod
et al., 2011). At the same time, the low levels of hemolysis post-
reconstitution with plasma, when compared to the higher
susceptibility to spontaneous lysis observed by in vitro models
examining temperature-related RBC modifications in its absence
(Burger et al., 2013), highlights the protective effect of plasma
components on transfused RBCs (Butler et al., 1992). The
osmotic hemolysis of shortly-stored RBCs followed a distinct
pattern of gradual increase during the 24 h incubation period

towards levels seemingly equal to those of long-stored RBCs. It is
plausible to suppose that the loss of K+ that characterizes long-stored
RBCs (Vraets et al., 2011), even under the currently presented
reconstitution conditions, causes a decrease in cell volume that
enables these cells to effectively cope with water influx,
counteracting the simultaneously observed membrane loss.
Whatever the mechanism is, two separate issues arise. Firstly,
long-stored RBCs release a high amount of potassium cations to
the extracellular environment right after their contact with
recipient’s plasma or the transition to 37oC (Burger et al., 2013),
which can be harmful to specific patient backgrounds (e.g., neonates)
post-transfusion. In fact, it has been reported that clinical
hyperkalemia and cardiac arrests can occur after transfusion of
long/many stored RBC units (Vraets et al., 2011). Secondly, it seems
that RBCs stored for only 2 days, namely the closest to the in vivo
condition available, present an increased rate of lesions post-mixing,
as in the case of osmotic fragility or extracellular vesicle release.
These features should be also taken into consideration for
transfusions in specific recipient groups, like those with renal
deficiencies, that affect the osmotic balance (Dhondup and Qian,
2017), or patients with coagulation issues (Kvolik et al., 2010),
respectively. It should be noted that these RBCs have experienced
severe environmental changes in only 48 h, such as transition from
body temperature to 4oC and vice versa as well as filter
leukoreduction. Whether this procedure stresses them leading to
augmented RBC vesiculation rate, as reported for specific donor
contexts (Hess et al., 2009), remains to be determined.

The study of medium-stored RBCs upon reconstitution
provided some of the most interesting results of this study.
RBCs stored for 21 days presented an impressive and rapid
improvement of their morphology as evidenced by scanning
electron microscopy evaluation. The parallel increase in
discocytic forms at the expense of reversible shape
modifications, along with the early decrease of irreversible
RBCs, point towards the favorable effect of plasma albumin, a
component related to the preservation of morphological and
hemorheological features (Reinhart et al., 2015). The slightly
decreased levels of irreversible modifications might be
attributed to their rupture, as evident by the low levels of Hb
release. In addition, some RBCs categorized as irreversible might
instead be type III echinocytes (Antonelou et al., 2012), that are
on the verge of becoming irreversible or not. Notably, the first
12 h when the percentage of reconstituted discocytes is in the
range of stored samples, the susceptibility to mechanical stress is
significantly elevated. This finding is rather anticipated due to the
irreversible membrane and cytoskeletal injuries that affect the
structural stability, and firstly appear in medium-stored RBCs
(Kozlova et al., 2021). It is tempting to hypothesize that, when
transfused, the irreversibly transformedmedium-stored RBCs are
rapidly cleared in the spleen clefts as a result of their increased
mechanical instability, currently observed in the first hours post
exposure to recipient conditions. Although long-stored RBCs
start with the same post-mixing pattern, they are not able to keep
up until 24 h in vitro, probably due to the observed 1) extensive
loss of membrane through vesiculation and 2) insults to their
membrane, evidenced by the time-dependent recruitment of
cytosolic components which belong to the “repair or destroy
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box” of proteins (Goodman et al., 2007; D’Alessandro et al.,
2010), along with proteases. Interestingly, this progressive
recruitment of those proteins during the first 24 h post-mixing
with recipient plasma, hereby shown for the first time, resembles
the one that occurs in stored RBCs within their 42-day lifespan
in-bag. Such a shift, evident from the first 12 h in some cases, is
indicative of the need to keep up with proteostatic and redox
imbalances as well as of an array of insults to the RBC integrity.
On the one hand the HSP70 system, that accounts for ~1/3 of the
RBCs’ chaperome and is responsible for prevention of protein
aggregation, protein disaggregation and protein refolding
(Mathangasinghe et al., 2021), translocates to protect
membrane proteins. Accordingly, the antioxidant
peroxiredoxin-2 when bound to the membrane seems to
ameliorate the detrimental effects of oxidized Hb (Cha et al.,
2000). On the other hand, the recruitment of caspase-3 is well
known for promoting the cleavage of band 3 cytoplasmic domain
in both stored (Rinalducci et al., 2012) and aged RBCs (Mandal
et al., 2003) as a consequence of oxidative stress. In the same
context, calpain presence to membrane fractions may lead to
degradation of ankyrin and other cytoskeletal components
(Mortensen and Novak, 1992) resulting in impaired
deformability as previously shown in both knockout
(Wieschhaus et al., 2012) and sickle cell disease mouse models
(De Franceschi et al., 2013). Taken together, these observations
point towards the accumulation of stressful factors to the
membrane already from the first 12 h post-mixing. Whether
this recruitment is homeostatic, or it mainly acts as a stress
response without beneficial outcome, remains to be elucidated.

The pattern of intracellular ROS production was also
interesting, showing a rapid accumulation of ROS in medium-
stored RBCs the first hours post mixing. Middle storage is a key
time point for RBCs regarding the development of metabolic and
oxidative lesions (Reisz et al., 2016; Tzounakas et al., 2021;
Tzounakas et al., 2022). At this time period a metabolic shift
is observed, and the cells present high (in several cases the
highest) ROS production accompanied by extensive oxidative
defects to membrane lipids and proteins. These changes seem to
render the cells more susceptible to alterations in their
intracellular oxidative burden when exposed to a “closer to
normal” environment. In vitro studies on the transition of
stored RBCs from cold to body temperature (without the
addition of plasma) revealed a decrease in NADPH levels as
well as dimerization of Prdx2 frommiddle storage onwards (Roch
et al., 2019). The only exogenous oxidative stimuli that induced a
distinct ROS generation profile post-reconstitution (namely rapid
accumulation in both shortly- and medium-stored RBCs) was
tBHP, a general reagent that hits numerous cellular targets. Such
findings might be of great importance for patients under redox-
reactive medication or with distinctive redox profile (e.g.,
thalassemia major; (Fibach and Dana, 2019)) in need of
transfusion therapy. In the first case, there is a wide spectrum
of clinically evaluated drugs that inhibit redox signaling, such as
glutathione inhibitors (Raza et al., 2009; Kirkpatrick and Powis,
2017) used to treat cancer or myelodysplastic syndromes in
potential transfusion recipient patients. In the second case, the
transfusion-dependent thalassemia major patients are

characterized by excess of the redox-active iron in their
circulation (Hershko, 2010). Regarding oxidative hemolysis,
the shortly- and medium-stored reconstituted RBCs exhibited
maximum values in the commonly studied end point of 24h,
though, their older counterparts had above storage levels from
12 h onwards. While the antioxidant effect of plasma is well-
known (Yeum et al., 2004), the fact that the incubation took place
in vitro, namely, in the absence of clearance mechanisms,
endothelium and normal blood flow, may lead to the
accumulation of lesions on the RBC membrane. Interestingly,
the time-course pattern of the oxidatively-induced hemolysis was
similar to that of the membrane-bound Hb and Hb species in
long-stored RBCs. Owning to the pro-oxidant activity of the
hemin and Heinz bodies (Chiu and Lubin, 1989), the increased
affinity of oxidized/denatured Hb for membrane docking sites
results in lipid peroxidation and protein carbonylation (Bose
et al., 2022). Another fine example of membrane attachment was
that of plasma-recruited IgGs to reconstituted longer-stored
RBCs, a finding suggestive of their rapid clearance post-
transfusion due to RBC opsonization. In the same context,
prolonged storage leads to increased phosphatidylserine
exposure, another “non-self” signal of RBCs, after transition to
recipient environment conditions in vitro (Burger et al., 2013;
Mittag et al., 2015). Paradoxically, clusterin recruitment was not
observed in the membrane of long-stored reconstituted RBCs,
since its bound levels were significantly lower compared to those
in the cold. Even though this finding needs further evaluation, it
clearly suggests that the clusterin load of stored RBC membrane
represents more than a passive recruitment from the plasma
circulating stores.

Stored RBCs, whilst having accumulated an array of storage
lesions, must cope with additional stresses when transfused,
which may further burden their physiology. Although the new
environment is recipient-dependent with respect to the
clearance mechanisms or the inflammatory and redox
aspects, the transfused RBCs will encounter, in all cases,
baseline temperature-, plasma- and mechanical stress-
related challenges. The currently presented transfusion
model can shed some light regarding the occurrence and
time course of RBC alterations post exposure to plasma and
body temperature. We hereby report for the first time some
rapid cellular responses to those newly encountered challenges
that might prove to be clinically relevant in terms of post-
transfusion recovery and adverse reactions to the recipient.
The closed-system nature of this in vitro model might
exacerbate some of the observed alterations, especially due
to the absence of removal mechanisms, neighboring cells, and
survival signals. Despite this limitation, we believe that its
application to different recipient settings and post-mixing
times can provide useful information regarding stored RBC
performance after transfusion.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9074979

Tzounakas et al. RBCs Within 24 h Post-Storage

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


ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the Department of Biology,
School of Science, NKUA. Written informed consent for
participation was not required for this study in accordance
with the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

VT and MA designed the study. VT, AA, DK, AV, and VA
performed the experiments. VT and AA analysed the results and
prepared the figures. KS and AK were responsible for the sample
acquisition and the preparation of RBC units. VT, AA, and MA
wrote the first draft of the manuscript. DK, AV, VA, EP, IP, KS,

and AK drafted the manuscript and contributed to the final
version. All authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

We would like to thank the blood donation volunteers. M. S.
Jacovides Hellas S.A. is specially acknowledged for the kind
offer of the LTRC blood bags. We would also like to thank
Ariadne Liakopoulou for her participation in a part of the
experiments in the context of her bachelor’s thesis. We are
very grateful toward the post graduate program “Pedagogy
through innovative Technologies and Biomedical
approaches” for supporting this research.

REFERENCES

Anastasiadi, A. T., Paronis, E. C., Arvaniti, V.-Z., Velentzas, A. D., Apostolidou, A.
C., Balafas, E. G., et al. (2021). The Post-Storage Performance of RBCs from
Beta-Thalassemia Trait Donors Is Related to Their Storability Profile. Int.
J. Mol. Sci. 22 (22), 12281. doi:10.3390/ijms222212281

Antonelou, M. H., and Seghatchian, J. (2016). Insights into Red Blood Cell Storage
Lesion: Toward a New Appreciation. Transfus. Apher. Sci. 55 (3), 292–301.
doi:10.1016/j.transci.2016.10.019

Antonelou, M. H., Tzounakas, V. L., Velentzas, A. D., Stamoulis, K. E., Kriebardis,
A. G., and Papassideri, I. S. (2012). Effects of Pre-Storage Leukoreduction on
Stored Red Blood Cells Signaling: A Time-Course Evaluation from Shape to
Proteome. J. Proteomics 76, 220–238. doi:10.1016/j.jprot.2012.06.032

Barshtein, G., Arbell, D., Livshits, L., and Gural, A. (2018). Is it Possible to Reverse
the Storage-Induced Lesion of Red Blood Cells? Front. Physiol. 9, 914. doi:10.
3389/fphys.2018.00914

Barshtein, G., Goldschmidt, N., Pries, A. R., Zelig, O., Arbell, D., and Yedgar, S.
(2017). Deformability of Transfused Red Blood Cells Is a Potent Effector of
Transfusion-Induced Hemoglobin Increment: A Study with β-Thalassemia
Major Patients. Am. J. Hematol. 92 (9), E559–E560. doi:10.1002/ajh.24821

Bose, D., Aggarwal, S., Das, D., Narayana, C., and Chakrabarti, A. (2022). Erythroid
Spectrin Binding Modulates Peroxidase and Catalase Activity of Heme
Proteins. IUBMB Life 74, 474–487. doi:10.1002/iub.2607

Burger, P., Kostova, E., Bloem, E., Hilarius-Stokman, P., Meijer, A. B., van den Berg,
T. K., et al. (2013). Potassium Leakage Primes Stored Erythrocytes for
Phosphatidylserine Exposure and Shedding of Pro-coagulant Vesicles. Br.
J. Haematol. 160 (3), 377–386. doi:10.1111/bjh.12133

Butler, K. M., Bradley, C. A., and Owensby, J. E. (1992). Plasma Components
Protect Erythrocytes against Experimental Haemolysis Caused by Mechanical
Trauma and by Hypotonicity. Int. J. Exp. Pathol. 73 (1), 27–30. doi:10.1007/
978-1-4615-3606-2_5

Cha, M.-K., Yun, C.-H., and Kim, I.-H. (2000). Interaction of Human Thiol-
specific Antioxidant Protein 1 with Erythrocyte Plasma Membrane.
Biochemistry 39 (23), 6944–6950. doi:10.1021/bi000034j

Chiu, D., and Lubin, B. (1989). Oxidative Hemoglobin Denaturation and RBCDestruction:
the Effect of Heme on Red Cell Membranes. Semin. Hematol. 26 (2), 128–135.

D’Alessandro, A., Righetti, P. G., and Zolla, L. (2010). The Red Blood Cell
Proteome and Interactome: an Update. J. Proteome Res. 9 (1), 144–163.
doi:10.1021/pr900831f

De Franceschi, L., Franco, R. S., Bertoldi, M., Brugnara, C., Matté, A., Siciliano, A.,
et al. (2013). Pharmacological Inhibition of Calpain-1 Prevents Red Cell
Dehydration and Reduces Gardos Channel Activity in a Mouse Model of
Sickle Cell Disease. FASEB J. 27 (2), 750–759. doi:10.1096/fj.12-217836

de Wolski, K., Fu, X., Dumont, L. J., Roback, J. D., Waterman, H., Odem-Davis, K.,
et al. (2016). Metabolic Pathways that Correlate with Post-Transfusion
Circulation of Stored Murine Red Blood Cells. Haematologica 101 (5),
578–586. doi:10.3324/haematol.2015.139139

Dhondup, T., and Qian, Q. (2017). Acid-Base and Electrolyte Disorders in Patients
with and without Chronic Kidney Disease: An Update. Kidney Dis. 3 (4),
136–148. doi:10.1159/000479968

Fibach, E., and Dana, M. (2019). Oxidative Stress in β-Thalassemia. Mol. Diagn
Ther. 23 (2), 245–261. doi:10.1007/s40291-018-0373-5

Francis, R. O., D’Alessandro, A., Eisenberger, A., Soffing, M., Yeh, R., Coronel, E.,
et al. (2020). Donor Glucose-6-Phosphate Dehydrogenase Deficiency Decreases
Blood Quality for Transfusion. J. Clin. Invest. 130 (5), 2270–2285. doi:10.1172/
JCI133530

Goodman, S. R., Kurdia, A., Ammann, L., Kakhniashvili, D., and Daescu, O. (2007).
The Human Red Blood Cell Proteome and Interactome. Exp. Biol. Med.
(Maywood) 232 (11), 1391–1408. doi:10.3181/0706-MR-156

Harboe, M. (1959). A Method for Determination of Hemoglobin in Plasma by
Near-Ultraviolet Spectrophotometry. Scand. J. Clin. Lab. Invest. 11, 66–70.
doi:10.3109/00365515909060410

Hershko, C. (2010). Pathogenesis and Management of Iron Toxicity in
Thalassemia. Ann. N. Y. Acad. Sci. 1202, 1–9. doi:10.1111/j.1749-6632.2010.
05544.x

Hess, J. R., Sparrow, R. L., van der Meer, P. F., Acker, J. P., Cardigan, R. A., and
Devine, D. V. (2009). Red Blood Cell Hemolysis during Blood Bank Storage:
Using National Quality Management Data to Answer Basic Scientific
Questions. Transfusion 49 (12), 2599–2603. doi:10.1111/j.1537-2995.2009.
02275.x

Hod, E. A., Brittenham, G. M., Billote, G. B., Francis, R. O., Ginzburg, Y. Z.,
Hendrickson, J. E., et al. (2011). Transfusion of Human Volunteers with Older,
Stored Red Blood Cells Produces Extravascular Hemolysis and Circulating
Non-Transferrin-Bound Iron. Blood 118 (25), 6675–6682. doi:10.1182/blood-
2011-08-371849

Kirkpatrick, D. L., and Powis, G. (2017). Clinically Evaluated Cancer Drugs
Inhibiting Redox Signaling. Antioxid. Redox Signal 26 (6), 262–273. doi:10.
1089/ars.2016.6633

Kozlova, E., Chernysh, A., Moroz, V., Kozlov, A., Sergunova, V., Sherstyukova, E.,
et al. (2021). Two-Step Process of Cytoskeletal Structural Damage during Long-
Term Storage of Packed Red Blood Cells. Blood Transfus. 19 (2), 124–134.
doi:10.2450/2020.0220-20

Kriebardis, A. G., Antonelou, M. H., Stamoulis, K. E., Economou-Petersen,
E., Margaritis, L. H., and Papassideri, I. S. (2007). Storage-Dependent
Remodeling of the Red Blood Cell Membrane is Associated with
Increased Immunoglobulin G Binding, Lipid Raft Rearrangement, and
Caspase Activation. Transfusion 47 (7), 1212–1220. doi:10.1111/j.1537-
2995.2007.01254.x

Kvolik, S., Jukic, M., Matijevic, M., Marjanovic, K., and Glavas-Obrovac, L. (2010).
An Overview of Coagulation Disorders in Cancer Patients. Surg. Oncol. 19 (1),
e33–e46. doi:10.1016/j.suronc.2009.03.008

Längst, E., Crettaz, D., Bardyn, M., Tissot, J. D., and Prudent, M. (2021). “Modèle
de transfusion In Vitro pour étudier les globules rouges,” in Congrès de la
Société Française de Transfusion Sanguine Marseille, France, November 24–26,
2021. (Marseille, France: Transfusion Clinique et Biologique).

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 90749710

Tzounakas et al. RBCs Within 24 h Post-Storage

https://doi.org/10.3390/ijms222212281
https://doi.org/10.1016/j.transci.2016.10.019
https://doi.org/10.1016/j.jprot.2012.06.032
https://doi.org/10.3389/fphys.2018.00914
https://doi.org/10.3389/fphys.2018.00914
https://doi.org/10.1002/ajh.24821
https://doi.org/10.1002/iub.2607
https://doi.org/10.1111/bjh.12133
https://doi.org/10.1007/978-1-4615-3606-2_5
https://doi.org/10.1007/978-1-4615-3606-2_5
https://doi.org/10.1021/bi000034j
https://doi.org/10.1021/pr900831f
https://doi.org/10.1096/fj.12-217836
https://doi.org/10.3324/haematol.2015.139139
https://doi.org/10.1159/000479968
https://doi.org/10.1007/s40291-018-0373-5
https://doi.org/10.1172/JCI133530
https://doi.org/10.1172/JCI133530
https://doi.org/10.3181/0706-MR-156
https://doi.org/10.3109/00365515909060410
https://doi.org/10.1111/j.1749-6632.2010.05544.x
https://doi.org/10.1111/j.1749-6632.2010.05544.x
https://doi.org/10.1111/j.1537-2995.2009.02275.x
https://doi.org/10.1111/j.1537-2995.2009.02275.x
https://doi.org/10.1182/blood-2011-08-371849
https://doi.org/10.1182/blood-2011-08-371849
https://doi.org/10.1089/ars.2016.6633
https://doi.org/10.1089/ars.2016.6633
https://doi.org/10.2450/2020.0220-20
https://doi.org/10.1111/j.1537-2995.2007.01254.x
https://doi.org/10.1111/j.1537-2995.2007.01254.x
https://doi.org/10.1016/j.suronc.2009.03.008
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Long, K., Woodward, J., Procter, L., Ward, M., Meier, C., Williams, D., et al. (2014).
In Vitro transfusion of Red Blood Cells Results in Decreased Cytokine
Production by Human T Cells. J. Trauma Acute Care Surg. 77 (2), 198–201.
doi:10.1097/TA.0000000000000330

Mandal, D., Baudin-Creuza, V., Bhattacharyya, A., Pathak, S., Delaunay, J., Kundu,
M., et al. (2003). Caspase 3-Mediated Proteolysis of the N-Terminal
Cytoplasmic Domain of the Human Erythroid Anion Exchanger 1 (Band 3).
J. Biol. Chem. 278 (52), 52551–52558. doi:10.1074/jbc.M306914200

Mathangasinghe, Y., Fauvet, B., Jane, S. M., Goloubinoff, P., and Nillegoda, N. B. (2021).
The Hsp70 Chaperone System: Distinct Roles in Erythrocyte Formation and
Maintenance. Haematologica 106 (6), 1519–1534. doi:10.3324/haematol.2019.233056

Mittag, D., Sran, A., Chan, K. S., Boland, M. P., Bandala-Sanchez, E., Huet, O., et al.
(2015). Stored Red Blood Cell Susceptibility to In Vitro Transfusion-Associated
Stress Conditions is Higher after Longer Storage and Increased by Storage in
Saline-Adenine-Glucose-Mannitol Compared to AS-1. Transfusion 55 (9),
2197–2206. doi:10.1111/trf.13138

Mortensen, A. M., and Novak, R. F. (1992). Dynamic Changes in the Distribution
of the Calcium-Activated Neutral Protease in Human Red Blood Cells
Following Cellular Insult and Altered Ca2+ Homeostasis. Toxicol. Appl.
Pharmacol. 117 (2), 180–188. doi:10.1016/0041-008x(92)90235-k

Nemkov, T., Sun, K., Reisz, J. A., Song, A., Yoshida, T., Dunham, A., et al. (2018).
Hypoxia Modulates the Purine Salvage Pathway and Decreases Red Blood Cell
and Supernatant Levels of Hypoxanthine during Refrigerated Storage.
Haematologica 103 (2), 361–372. doi:10.3324/haematol.2017.178608

Prudent, M., Tissot, J.-D., and Lion, N. (2015). In Vitro Assays and Clinical Trials
in Red Blood Cell Aging: Lost in Translation. Transfus. Apher. Sci. 52 (3),
270–276. doi:10.1016/j.transci.2015.04.006

Raval, J. S., Waters, J. H., Seltsam, A., Scharberg, E. A., Richter, E., Daly, A. R., et al.
(2010). The Use of the Mechanical Fragility Test in Evaluating Sublethal RBC
Injury during Storage. Vox Sang. 99 (4), 325–331. doi:10.1111/j.1423-0410.
2010.01365.x

Raza, A., Galili, N., Smith, S., Godwin, J., Lancet, J., Melchert, M., et al. (2009).
Phase 1 Multicenter Dose-Escalation Study of Ezatiostat Hydrochloride
(TLK199 Tablets), a Novel Glutathione Analog Prodrug, in Patients with
Myelodysplastic Syndrome. Blood 113 (26), 6533–6540. doi:10.1182/blood-
2009-01-176032

Reinhart, W. H., Piety, N. Z., Deuel, J. W., Makhro, A., Schulzki, T., Bogdanov, N.,
et al. (2015). Washing Stored Red Blood Cells in an Albumin Solution Improves
Their Morphologic and Hemorheologic Properties. Transfusion 55 (8),
1872–1881. doi:10.1111/trf.13052

Reisz, J. A., Wither, M. J., Dzieciatkowska, M., Nemkov, T., Issaian, A., Yoshida, T.,
et al. (2016). Oxidative Modifications of Glyceraldehyde 3-Phosphate
Dehydrogenase Regulate Metabolic Reprogramming of Stored Red Blood
Cells. Blood 128 (12), e32–e42. doi:10.1182/blood-2016-05-714816

Rinalducci, S., Ferru, E., Blasi, B., Turrini, F., and Zolla, L. (2012). Oxidative Stress
and Caspase-Mediated Fragmentation of Cytoplasmic Domain of Erythrocyte
Band 3 during Blood Storage. Blood Transfus. 10 (Suppl. 2), s55–62. doi:10.
2450/2012.009S

Roch, A., Magon, N. J., Maire, J., Suarna, C., Ayer, A., Waldvogel, S., et al. (2019).
Transition to 37°C Reveals Importance of NADPH in Mitigating Oxidative
Stress in Stored RBCs. JCI Insight 4 (21), e126376. doi:10.1172/jci.insight.
126376

Tzounakas, V. L., Anastasiadi, A. T., Drossos, P. V., Karadimas, D. G.,
Valsami, S. E., Stamoulis, K. E., et al. (2021). Sex-Related Aspects of the
Red Blood Cell Storage Lesion. Blood Transfus. 19 (3), 224–236. doi:10.
2450/2020.0141-20

Tzounakas, V. L., Anastasiadi, A. T., Stefanoni, D., Cendali, F., Bertolone, L.,
Gamboni, F., et al. (2022). Beta Thalassemia Minor is a Beneficial Determinant
of Red Blood Cell Storage Lesion.Haematologica 107 (1), 112–125. doi:10.3324/
haematol.2020.273946

Tzounakas, V. L., Kriebardis, A. G., Georgatzakou, H. T., Foudoulaki-Paparizos, L.
E., Dzieciatkowska, M., Wither, M. J., et al. (2016). Glucose 6-Phosphate
Dehydrogenase Deficient Subjects May Be Better "Storers" Than Donors of
Red Blood Cells. Free Radic. Biol. Med. 96, 152–165. doi:10.1016/j.
freeradbiomed.2016.04.005

Vraets, A., Lin, Y., and Callum, J. L. (2011). Transfusion-Associated Hyperkalemia.
Transfus. Med. Rev. 25 (3), 184–196. doi:10.1016/j.tmrv.2011.01.006

Wieschhaus, A., Khan, A., Zaidi, A., Rogalin, H., Hanada, T., Liu, F., et al. (2012).
Calpain-1 Knockout Reveals Broad Effects on Erythrocyte Deformability and
Physiology. Biochem. J. 448 (1), 141–152. doi:10.1042/BJ20121008

Yeum, K.-J., Russell, R. M., Krinsky, N. I., and Aldini, G. (2004). Biomarkers of
Antioxidant Capacity in the Hydrophilic and Lipophilic Compartments of
Human Plasma. Arch. Biochem. Biophys. 430 (1), 97–103. doi:10.1016/j.abb.
2004.03.006

Yoshida, T., Prudent, M., and D’Alessandro, A. (2019). Red Blood Cell Storage
Lesion: Causes and Potential Clinical Consequences. Blood Transfus. 17 (1),
27–52. doi:10.2450/2019.0217-18

Conflict of Interest: The 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Tzounakas, Anastasiadi, Karadimas, Velentzas, Anastasopoulou,
Papageorgiou, Stamoulis, Papassideri, Kriebardis and Antonelou. 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 June 2022 | Volume 13 | Article 90749711

Tzounakas et al. RBCs Within 24 h Post-Storage

https://doi.org/10.1097/TA.0000000000000330
https://doi.org/10.1074/jbc.M306914200
https://doi.org/10.3324/haematol.2019.233056
https://doi.org/10.1111/trf.13138
https://doi.org/10.1016/0041-008x(92)90235-k
https://doi.org/10.3324/haematol.2017.178608
https://doi.org/10.1016/j.transci.2015.04.006
https://doi.org/10.1111/j.1423-0410.2010.01365.x
https://doi.org/10.1111/j.1423-0410.2010.01365.x
https://doi.org/10.1182/blood-2009-01-176032
https://doi.org/10.1182/blood-2009-01-176032
https://doi.org/10.1111/trf.13052
https://doi.org/10.1182/blood-2016-05-714816
https://doi.org/10.2450/2012.009S
https://doi.org/10.2450/2012.009S
https://doi.org/10.1172/jci.insight.126376
https://doi.org/10.1172/jci.insight.126376
https://doi.org/10.2450/2020.0141-20
https://doi.org/10.2450/2020.0141-20
https://doi.org/10.3324/haematol.2020.273946
https://doi.org/10.3324/haematol.2020.273946
https://doi.org/10.1016/j.freeradbiomed.2016.04.005
https://doi.org/10.1016/j.freeradbiomed.2016.04.005
https://doi.org/10.1016/j.tmrv.2011.01.006
https://doi.org/10.1042/BJ20121008
https://doi.org/10.1016/j.abb.2004.03.006
https://doi.org/10.1016/j.abb.2004.03.006
https://doi.org/10.2450/2019.0217-18
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Early and Late-Phase 24 h Responses of Stored Red Blood Cells to Recipient-Mimicking Conditions
	Introduction
	Materials and Methods
	Biological Samples and Blood Unit Preparation
	Recipient Environment Simulation
	Hemolysis Parameters
	ROS Accumulation
	Potassium Leakage and Extracellular Vesicles’ Procoagulant Activity
	Scanning Electron Microscopy
	Membrane Isolation and Immunoblotting Analysis
	Statistical Analysis

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


