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Abstract
Background/Aims: Chronic kidney disease is frequently accompanied by anemia, hypoxemia, 
and hypoxia. It has become clear that the impaired erythropoietin production and altered iron 
homeostasis are not the sole causes of renal anemia. Eryptosis is a process of red blood cells (RBC) 
death, like apoptosis of nucleated cells, characterized by Ca2+ influx and phosphatidylserine 
(PS) exposure to the outer RBC membrane leaflet. Eryptosis can be induced by uremic toxins 
and occurs before senescence, thus shortening RBC lifespan and aggravating renal anemia. 
We aimed to assess eryptosis and intracellular oxygen levels of RBC from hemodialysis 
patients (HD-RBC) and their response to hypoxia, uremia, and uremic toxins uptake inhibition. 
Methods: Using flow cytometry, RBC from healthy individuals (CON-RBC) and HD-RBC were 
subjected to PS (Annexin-V), intracellular Ca2+ (Fluo-3/AM) and intracellular oxygen (Hypoxia 
Green) measurements, at baseline and after incubation with uremic serum and/or hypoxia 
(5% O2), with or without ketoprofen. Baseline levels of uremic toxins were quantified in serum 
and cytosol by high performance liquid chromatography. Results: Here, we show that HD-
RBC have less intracellular oxygen and that it is further decreased post-HD. Also, incubation 
in 5% O2 and uremia triggered eryptosis in vitro by exposing PS. Hypoxia itself increased 
the PS exposure in HD-RBC and CON-RBC, and the addition of uremic serum aggravated it. 
Furthermore, inhibition of the organic anion transporter 2 with ketoprofen reverted eryptosis 
and restored the levels of intracellular oxygen. Cytosolic levels of the uremic toxins pCS and 
IAA were decreased after dialysis. Conclusion: These findings suggest the participation of 
uremic toxins and hypoxia in the process of eryptosis and intracellular oxygenation.

Andréa Novais Moreno-Amaral Anemia and Immunology Research Laboratory (LabAIRe) - School of Medicine
Pontifícia Universidade Católica do Paraná – PUCPR
R. Imaculada Conceição, 1155 - Prado Velho, Curitiba, PR (Brazil)
E-Mail andrea.moreno@pucpr.br

https://doi.org/10.33594/000000396


Cell Physiol Biochem 2021;55:449-459
DOI: 10.33594/000000396
Published online: 14 July 2021 450

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Ferreira Dias et al.: Hypoxia and Uremia in Eryptosis

Introduction

The primary function of human red blood cells (RBC), which comprise approximately 
40% of the blood volume, is the hemoglobin-mediated oxygen transport [1] from the 
lungs to organs and tissues [2]. The RBC production by the bone marrow is regulated by 
erythropoietin (Epo), a hormone that maintains an adequate erythropoiesis rate. Anemia 
is observed in 70% of the patients undergoing dialysis and is mainly attributed to the lack 
of Epo production by the diseased kidneys and impaired iron homeostasis [3]. Despite the 
administration of high doses of erythropoietin stimulating agents (ESA), factors such as 
inflammation, accumulation of uremic toxins (UT), and reduced RBC lifespan [4] contribute 
to ESA hypo-responsiveness in 5-10% of the kidney failure population [5]. The reduced RBC 
lifespan might occur due to an apoptosis-like RBC death, called eryptosis. This premature 
RBC death can be triggered by increased cytosolic Ca2+ content and is initiated through 
phosphatidylserine (PS) exposure on the outer RBC membrane leaflet [6]. Phagocytic cells 
recognize PS on the RBC surface and upon receptor-mediated binding remove these cells 
from circulation. This process may contribute to worsening renal anemia [7, 8]. It is known 
that hemodialysis (HD) patients have accentuated eryptosis compared to healthy individuals 
[9, 10]. This is attributed, in part, to the action of protein-bound uremic toxins (PBUT), such 
as indoxyl sulfate (IS) [10, 11].

About 10% of the patients undergoing HD show prolonged intradialytic hypoxemia 
(PIH), defined as arterial oxygen saturation below 90%, during at least a third of the dialysis 
session. PIH is associated with higher all-cause mortality and hospitalization as well as higher 
doses of ESA administration, indicating some degree of ESA hypo-responsiveness [12]. This 
clinical observation gave rise to studies of the combined effects of hypoxia and uremic toxins. 
We found evidence that hypoxia and uremia may increase eryptosis in vitro through an 
imbalance of the intracellular redox environment [13]. This study aimed to explore the role 
of hypoxia and uremia in the genesis of eryptosis and to evaluate RBC intracellular oxygen 
levels in HD patients. We hypothesized that (i) hypoxia and uremia increase eryptosis in RBCs 
from healthy subjects (CON-RBC) and HD patients (HD-RBC) in vitro; (ii) low oxygen levels 
are observed in HD-RBC, particularly after dialysis; (iii) increased eryptosis and decreased 
oxygen levels are partially attributed to the extra- and intracellular accumulation of PBUT.

Materials and Methods

Subjects and blood sampling
The study was approved by the ethics committee of Pontifícia Universidade Católica do Paraná 

(registration number 1.752.213). Participants gave informant consent before blood collection. Demographic 
and biochemical data were collected from patients’ medical records or certified laboratory results for healthy 
subjects. Healthy subjects were required to have no history of renal or inflammatory disease and to have 
not received anti-inflammatory medication or blood transfusion one month prior to enrollment. All patients 
were undergoing HD with high-flux dialyzers for at least 3 months prior to enrollment. In hemodialysis 
patients, blood was drawn pre- and post-HD. In healthy subjects, blood was drawn by venipuncture. Samples 
were collected in tubes containing 3.2% sodium citrate and in SST tubes for serum collection. Blood samples 
were centrifuged (3000 rpm, 15 min, 4°C), buffy coat and plasma were discarded. RBCs were washed twice 
with cold phosphate-buffered saline (PBS) (1500 rpm, 10 min, 4°C) and immediately analyzed.

RBC treatments
RBCs from HD patients and healthy subjects were incubated for 24 hours under hypoxic conditions in 

an atmosphere comprising 5% O2 and 5% CO2 using the controllers ProOx 110 and ProCO2 120 (Biospherix, 
Redfield, NY, USA), respectively. Normoxic cells were incubated under physiological conditions, with 21% O2 
and 5% CO2. The effect of uremia was tested by the addition of 10% healthy (S-CON) or HD (S-HD) serum to 
the incubation medium. To each patient, a healthy subject was randomly assigned, forming a patient-donor 
pair. To increase randomness in the study, before every experiment new patient-donor pairs were selected. 
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RBC from healthy donors (CON-RBC) 
were incubated with autologous 
serum (S-CON) or S-HD serum from 
a randomly assigned HD patient. RBC 
from HD patients (HD-RBC) were 
incubated with autologous serum (S-
HD) or healthy serum (S-CON) from 
a randomly assigned healthy subject 
(Fig. 1). Serum was diluted with Tris-
Glucose-BSA buffer (composition 
(in mM): 21.0 tris [hydroxymethyl] 
aminomethane; 4.7 KCl; 2.0 CaCl2, 
140.5 NaCl; 1.2 MgSO4, 5.5 glucose 
and 4% of bovine serum albumin 
(Sigma-Aldrich, St. Louis, MO, USA) 
at pH 7.4. Additionally, we incubated 
RBC for 24 hours with or without the 
addition of 30 µM ketoprofen (KETO), 
an organic anion transport 2 (OAT2) 
inhibitor [14] to block the entry of UT.

Measurement of PS exposure
The incubation with Annexin-V 

PE (BD Bioscience, Sparks, MD, USA) 
was performed for 15 minutes in the 
dark and washed once with PBS. Cells 
were fixed with 200 µl of PBS 4% 
formaldehyde (Fix-FACS) and analyzed by flow cytometry (FACSCalibur BD Bioscience, Sparks, MD, USA).

Measurement of intracellular Ca2+

According to the manufacturer’s instructions, erythrocytes were stained with 2 µM Fluo-3/AM 
(Thermo Fisher Scientific, Waltham, MA, USA) in Tris-glucose buffer without BSA. After incubation for 40 
min at 37°C, cells were washed thrice with PBS and resuspended in 200 µl Tris-glucose buffer without 
BSA. Ca2+ dependent fluorescence intensity was measured by flow cytometry (FACSCalibur BD Bioscience, 
Sparks, MD, USA).

Determination of O2 levels
RBCs were loaded with Hypoxia Green probe (Thermo Fisher Scientific, Waltham, MA, USA) following 

manufacturer’s instructions. With a reduced intracellular oxygen content, the hypoxia green probe releases 
rhodamine, emitting fluorescence. Cells were incubated with 1 µM of the probe diluted in Tris-glucose 
buffer without BSA for 2 hours (at 37°C in the dark). Then, cells were washed once with PBS, fixed with 200 
µl Fix-FACS, and analyzed by flow cytometry (FACSCalibur BD Bioscience, Sparks, MD, USA).

Serum and RBCs concentration of protein-bound uremic toxins
The PBUT indoxyl sulfate (IS), indole 3-acetic acid (IAA), and p-cresyl sulfate (pCS) were quantified 

in serum and cells by high-performance liquid chromatography (HPLC) and fluorescence detection, as 
described by Stockler-Pinto et al. [15] and Rodrigues et al. [16], respectively. The analytical method was 
developed on a Shimadzu Prominence system and detected by a fluorescence detector (Shimadzu RF-20A). 
Analytes were separated using a C8 Luna column 150 × 4.6 mm, 5 µm (Phenomenex, Torrance, CA, USA). The 
gradient mobile phase consisted of 50 mM ammonium formate pH 3.0 and methanol, with a linear gradient 
proportion increasing from 25 to 70% (v/v) along to the run, at a flow rate of 0.7 mL/min. The fluorescence 
wavelengths for IS and IAA were λ excitation = 280 nm/λ emission = 383 nm. For pCS it was λ excitation 
= 265 nm/λ emission = 290 nm. The concentration of PBUT in RBCs was normalized by protein content, 
determined by Bradford assay.

Fig. 1. Schematic overview of RBC incubations. A: each HD pa-
tient (HD Pat.) was randomly assigned to a healthy subject (CON), 
forming a patient-healthy subject pair. B: The HD-RBC and CON-
RBC were separately incubated with HD serum (S-HD) or healthy 
serum (S-CON), from within the respective patient-healthy subject 
pair. In this setting, the incubation occurred for 24 hours with or 
without ketoprofen (KETO), in 5% O2 or 21% O2. Eryptosis and 
levels of intracellular O2 were evaluated immediately after blood 
collection (baseline) and after incubation.
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Data analysis
The results are presented as mean ± SD or median (interquartile range). The statistical software was 

SPSS Statistics version 20 (Chicago, Ill, USA). The graphs were created using GraphPad Prism 5 (La Jolla, CA, 
USA). We evaluated the data distribution using the Shapiro-Wilk test. Multiple comparisons between groups 
were done by one-way ANOVA and post hoc least significant difference test. Paired data were analyzed using 
paired samples t-test. A p< 0.05 was considered statistically significant.

Results

Baseline clinical characteristics of 
study subjects
The clinical characteristics of the 

healthy subjects (n=14) and HD-patients 
(n=22) are shown in Table 1. Additional 
biochemical and treatment parameters 
from HD-patients are shown in Table 2. 
HD-patients were older compared to 
healthy subjects (58.1±18.1 vs. 34.8±17.3 
years). Also, we found a significant 
predominance of male sex in HD 
patients. The CKD etiology showed a high 
prevalence of hypertension (40%) and 
diabetes type II (30%). HD patients were 
anemic (Table 1). Dialysis vintage was 
41±35.6 months (Table 2).

Baseline characteristics of eryptosis
Our results showed that both 

markers of eryptosis – PS exposure and 
intracellular Ca2+

 levels - were increased 
in HD-RBC compared to CON-RBC. The 
mean of the fluorescence intensity for 
PS was 12.8 higher on the RBC surface from 
post-HD compared to pre-HD, while Ca2+ influx 
demonstrated no difference between pre- and 
post-HD (Fig. 2).

Intracellular oxygen level
Intracellular oxygen levels were decreased 

in RBCs from HD patients pre- and post-HD 
when compared to CON-RBC. It is shown as an 
increase in hypoxia level (Fig. 3). Additionally, 
HD treatment was associated with a significant 
rise in hypoxia level (mean difference = 7.5) 
(Fig. 3).

Serum and RBC PBUT concentration
Serum PBUT was significantly decreased 

after dialysis but remained high compared to 
healthy serum (Table 3). Intracellularly, only 
pCS was detected in CON-RBC. Pre-HD RBCs had 
a higher concentration of all PBUT compared to 
control. Additionally, pCS and IAA decreased 
significantly compared to pre-HD (Table 3).

Table 1. Baseline characteristics of participants. Data 
expressed as mean ± SD, or binary variables (frequen-
cy). BMI = Body mass index; Hb = hemoglobin; HD = 
hemodialysis; NA= not applicable. * p<0.05, ** p<0.01, 
*** p<0.001 compared to healthy subjects; a p<0.001 
compared to pre-HD. b Pre-dialysis in HD patients

Table 2. Additional biochemical and treatment 
parameters in HD patients. PTH = parathyroid 
hormone; 25(OH)D = 25-hydroxyvitamin D; 
EPO = epoetin alfa
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Effect of hypoxia on PS exposure
CON-RBC were exposed to 5% O2 

and HD serum by 24h incubation. We 
observed the 5% O2 condition itself 
promoted an increase of PS exposure 
(11.3%) compared to CON-RBC in 21% O2 
(4±1.7%). In addition, CON-RBC in 21% 
O2 incubated with S-HD increased the 
eryptosis from 4±1.7 to 17.6±6.5%. When 
both factors – 5% O2 and S-HD – were 
combined, eryptosis increased to 25% 
(Fig. 4A). In HD-RBC, the incubation with 
5% O2 promoted a 6.3% increase of PS exposure compared to HD-RBC in 21% O2 and healthy 
serum. S-CON decreased eryptosis of HD-RBC in 21% O2 (from 27.4±9.2% to 16.2±6%) and 
5% O2 (from 37.1±10.6% to 22.6±6.8%). The UT inhibitor ketoprofen (KETO) decreased 
eryptosis in both cell types and treatments, except CON-RBC in 21% O2 (Fig. 4A and B).

Effect of hypoxia on Ca2+ content
S-HD promoted an increase in Ca2+ concentration in CON-RBC, and this effect was 

amplified in 5% O2. Surprisingly, KETO increased Ca2+
 in CON-RBC incubated in 21% O2 and 

had no impact on CON-RBC in 5% O2. When CON-RBC were incubated with S-HD, KETO 
reduced Ca2+ concentration in both 21% O2 and 5% O2 conditions. The same experimental 
design was performed using HD-RBC. S-CON diminished intracellular Ca2+ concentrations in 
normoxic HD-RBC. In HD-RBC, 5% O2 incubation did not change Ca2+ levels when compared 

Table 3. PBUT levels in serum and RBC cytoplasm of 
healthy controls and HD patients before and after he-
modialysis

Fig. 3. Hypoxia level in response to HD. Fresh iso-
lated RBCs from healthy individuals (CON-RBC, 
n=6) and ESRD patients – before (Pre-HD, n=9) and 
after (Post-HD, n=8) hemodialysis session – were 
loaded with Hypoxia Green. Data are expressed as 
mean fluorescence intensity (MFI). ** p<0.01; *** 
p<0.001 compared to CON-RBC. &p<0.05 compar-
ing post- vs pre-HD.

Fig. 2. Levels of eryptosis as indicated by PS exposure (A) and RBC intracellular Ca2+
 content (B). Fresh 

isolated RBCs from healthy individuals (CON-RBC, n=12) and HD patients - before (Pre-HD, n=18) and after 
(Post-HD, n=12) HD - were loaded with Annexin-V and Fluo-3AM. Data are expressed as mean fluorescence 
intensity (MFI). ***p<0.001 compared to CON-RBC. & means p<0.05 comparing pre vs post HD.
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to the same treatment in 21% O2. In the presence of KETO, HD-RBC treated with S-CON 
presented no difference in Ca2+ levels. However, in HD-RBC incubated with autologous serum, 
KETO reduced Ca2+ content (Fig. 5).

Effect of uremia on RBC oxygen level
S-HD per se decreased intracellular oxygen levels in CON-RBC as indicated in Fig. 6A, 

represented by increased intracellular hypoxia (from 15.28±1.7 to 23.49±2.2). As expected, 
when incubated in 5% O2, the increase in CON-RBC intracellular hypoxia was more evident 
(25±6.7), particularly in the presence of S-HD (41.68±8) (Fig. 6A). The intracellular oxygen 

Fig. 5. Ca2+ influx into RBCs in response to uremia, hypoxia, and UT entry inhibitor. Isolated RBCs from 
healthy individuals (CON-RBC, n=6) and patients pre-HD (Pre/HD-RBC n=6) were incubated for 24h under 
normoxic (21% O2) or hypoxic (5% O2) conditions, in the presence or absence of the UT entry inhibitor 
ketoprofen (KETO). All treatments contain 10% serum from the patient-healthy subject pair, which can be 
pre hemodialysis serum (S-HD) or healthy individuals’ serum (S-CON). Data are expressed as mean fluores-
cence intensity (MFI). ** means p<0.01 comparing normoxia vs hypoxia; “a” means p<0.05, “aa” p<0.01 and 
“aaa” p<0.001 comparing keto group vs no keto group; # means p<0.05, ## means p<0.01 and ### p<0.001 
comparing autologous serum vs S-HD or S-CON.

Fig. 4. Phosphatidylserine exposure in response to hypoxia, uremia, and UT entry inhibitor. Isolated RBCs 
from healthy individuals (CON-RBC, n=6) and patients pre-HD (Pre/HD-RBC, n=6) were incubated for 24h 
under normoxic (21% O2) or hypoxic (5% O2) conditions, in the presence or absence of the UT entry in-
hibitor ketoprofen (KETO). All treatments contain 10% serum from the patient-healthy subject pair, which 
can be pre hemodialysis serum (S-HD) or healthy individuals’ serum (S-CON). Data are expressed as mean 
fluorescence intensity (MFI). ** means p<0.01 and *** p<0.001 comparing normoxia vs hypoxia; “a” means 
p<0.05, “aa” p<0.01 and “aaa” p<0.001 comparing KETO group vs no KETO group; ## means p<0.01 and 
### p<0.001 comparing autologous serum vs S-HD or S-CON.
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levels in these cells were restored by the incubations with KETO, both in 21% O2 (15±1.5) 
and 5% O2 (19.8±3.8). Additionally, a significant decrease in oxygen levels, and therefore, 
increased intracellular hypoxia was observed in HD-RBC incubated with S-HD in 21% O2 
(31.33±6.8) and 5% O2 (44.2±7.0). In the presence of S-CON, the intracellular oxygen levels 
increased almost 40%, both in 21% O2 and 5% O2 conditions (Fig. 6B). It was even more 
evident in the presence of KETO (12.3±1.9; 16.1±1.1, respectively).

Discussion

In this study, we demonstrated for the first time that HD-RBC had reduced intracellular 
oxygen levels compared to CON-RBC, particularly after dialysis. Oxygen levels were restored 
with the inhibition of OAT2 or absence of UT. Moreover, we found that incubation in 5% 
O2 and uremia contribute to the increased eryptosis in RBCs from healthy subjects and HD 
patients in vitro.

The participation of eryptosis in the context and progression of different pathologies 
has been studied in the past decades. Eryptosis was observed in clinical conditions such as 
diabetes type II [17], liver disease [18], hypertension, and dyslipidemia [19]. In accordance 
with previous findings, our data shows that eryptosis is higher in RBCs from pre-HD patients 
compared to healthy subjects [10]. PS expression is accentuated after HD, while the increase 
in Ca2+ levels is observed in pre-HD only [20]. Although it might lead to the interpretation that 
HD partially regulates Ca2+ concentration and eryptosis would be consequently decreased, 
PS remains highly exposed.

We showed the incubation in 5% O2 itself enhanced eryptosis in CON-RBC and HD-
RBC by exposing PS. In previous studies, S-HD [9] and hypoxia incubation [13] increased PS 
exposure on healthy RBCs. Here, the highest percentage of PS and Ca2+ levels were observed 
when both stimuli - S-HD and 5% O2 - were combined. Interestingly, the incubation in 5% O2 
did not augment Ca2+ concentration either in CON-RBC or HD-RBC, showing that uremia 
might play a more critical role in this process. However, previous findings indicated that 
hypoxia increases intracellular Ca2+ content in healthy RBC incubated in media instead of 
autologous serum [13]. We interpret that the sustained PS exposure caused by hypoxia might 
have other triggers, such as the accumulation of UT, or Ca2+ might occur as an early event that 
is already regulated after 24 hours of incubation. Clinical evidence suggest that acute and 
moderate hypoxia might have beneficial results, such as the promotion of erythropoiesis. 

Fig. 6. Intracellular hypoxia level in response to uremia, hypoxia, and UT entry inhibitor. Isolated RBC from 
healthy individuals (CON-RBC, n=6) and patients pre hemodialysis (HD-RBC n=6) were incubated for 24h 
under normoxic (21% O2) or hypoxic (5% O2) conditions, in the presence or absence of the UT entry in-
hibitor ketoprofen (KETO). All treatments contain 10% serum from the patient-healthy subject pair, which 
can be pre hemodialysis serum (S-HD) or healthy individuals’ serum (S-CON). Data are expressed as mean 
fluorescence intensity (MFI). * means p<0.05, ** p<0.01 and *** p<0.001 comparing normoxia vs hypoxia; 
“a” means p<0.05 comparing keto group vs no keto group; ## means p<0.01 and ### p<0.001 comparing 
autologous serum vs S-HD or S-CON.
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On the other hand, chronic and prolonged hypoxemia tend to be pathological [21, 22]. 
Therefore, studies assessing the effects of hypoxia in different regions of the body are of 
significant importance. Apart from the main cause of anemia in CKD, which is decreased Epo 
synthesis and functional iron deficiency [23], we suggest that the increased eryptosis rate 
and the shortened RBC lifespan [24] reduce the number of circulating RBCs in CKD patients. 
However, the mechanisms underlying eryptosis in renal anemia and how to correct it are still 
poorly understood.

In addition to the increased eryptosis by S-HD, isolated UT have been described to 
trigger eryptosis. IS [10, 11, 13] and acrolein [25] promoted cell shrinkage and PS exposure. 
Additionally, IS and indole-3 acetic acid (IAA) induced a procoagulant phenotype through 
microparticles release by RBC [26]. Here, we showed an accumulation of IS, pCS, and IAA in 
HD-RBC pre-dialysis compared to control. Deltombe et al. measured PBUT in RBC, and they 
found that the rate of transport of the PBUT in pre-HD RBC increases as follows: HA < IS < 
pCS < IAA. This corroborates our findings, where we observed that only IAA and pCS, not IS, 
are reduced after HD, indicating different behaviors among these toxins and high transport 
capacity for pCS and IAA, respectively [27]. As expected, PBUT serum levels were elevated 
in pre-HD, and although a visible decrease was found after HD, that still significantly high 
compared to healthy RBC. This is attributed to the PBUT properties, where the binding to 
albumin disable their clearance by dialysis membranes [28].

We found that the inhibition of the organic anion transporter 2 (OAT2) – a transmembrane 
RBC protein [29] – by KETO and the incubation with S-CON have the potential to attenuate 
eryptosis. HD-RBC incubated with S-CON showed a significant decrease in PS exposure. 
However, it was not comparable to healthy cells, and hypoxia still increased eryptosis in 
this condition. This evidence suggests the participation of serum components in RBC death. 
The reduced PS exposure caused by the inhibition of OAT2 indicates the involvement of UT 
in the process of eryptosis. Our group’s previous findings showed an anti-eryptotic effect of 
KETO in healthy RBCs incubated with IS [10]. Interestingly, KETO reduced PS in non-uremic 
RBCs in 5% O2, showing a protective effect against eryptosis promoted by hypoxia. S-CON 
and KETO acted independently in reducing Ca2+ levels in HD-RBC. Although KETO reduced 
Ca2+ in CON-RBC incubated with S-HD, it showed an opposite effect by increasing Ca2+ when 
these cells were in a healthy environment. Decreasing PBUT entry to levels lower than its 
physiological concentration might be unfavorable since molecules such as IS are known to 
be beneficial at normal-physiological levels [30].

Herein, we found that RBC from HD patients have low intracellular oxygen levels 
than healthy RBCs and that this is particularly accentuated post-dialysis. This important 
finding leads to the assumption that HD-RBC might have disorders in oxygen metabolism 
either by intrinsic factors, such as the accumulation of UT, or extrinsic factors, such as 
the extracorporeal circuit. Indeed, our data from 24 hours incubation supports that S-HD 
promotes a drop in intracellular oxygen levels in CON-RBC in 21% O2. The increased 
intracellular oxygen levels in HD-RBC promoted by S-CON and KETO indicate the crucial role 
of uremic solutes in developing intracellular hypoxemia. In fact, IS induces abnormal oxygen 
consumption in renal tubular cells and correlates with renal function deterioration [31]. Also, 
a connection between IS and impaired Epo production through the desensitization of the 
oxygen-sensing system in erythropoietin-producing cells was indicated [32]. Experimental 
analysis revealed that RBC in hypoxia condition show less oxygen binding affinity, probably 
due to a Hemoglobin conformation modification [33]. Hypoxia was also shown to promote 
iron release from RBCs and methemoglobin formation, which render RBCs unable to deliver 
oxygen to the tissues [34].

We recognize that this work has limitations. First, a study evaluating eryptosis in an 
elderly population found that elderly subjects have higher PS externalization than younger 
individuals [35]. In the present work, the HD population is significantly older than the 
healthy population, and therefore some of the findings presented here might have age as 
a contributor. A second limitation of this study is attributed to the fact that our hypoxia 
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model (5% O2) is much more aggressive than the oxygen levels experienced by HD patients. 
Therefore, further research is needed to better translate the effects of hypoxemia to CKD 
patients.

Conclusion

In conclusion, we found that HD-RBC have impaired RBC survival by mechanisms of 
eryptosis and show reduced intracellular levels of oxygen, particularly after the HD session. 
Also, the incubation in 5% O2 per se promoted an increase in eryptosis in both CON-RBC and 
HD-RBC. In addition, S-HD decreased intracellular oxygen levels. These effects were partially 
inhibited by healthy serum and OAT2 inhibition. Together, these findings indicate the 
importance of uremic toxins in driving eryptosis and aggravating intracellular hypoxemia, 
possibly contributing to RBC clearance and renal anemia.
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