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Abstract
Background/Aims: Red blood cell (RBC) death could contribute to anemia in chronic kidney
disease (CKD) patients. Recent observational research has suggested a relationship between
RBC death (eryptosis) and hypoxemia in hemodialysis patients. Thus, we studied the isolated
and joint effects of a uremic toxin (indoxyl sulfate; IS) and hypoxia on RBC biology. Methods:
We incubated RBC from healthy donors with IS at concentrations of 0.01TmM, 0.09mM and
0.177mM under both normoxic (21% O,) and hypoxic (5% O,) conditions for 24 hours. Eryptosis
was evaluated by RBC phosphatidylserine (PS) exposure, cell volume, and cytosolic calcium
which were quantified by Annexin-V+, forward scatter, and Fluo-3AM+ binding, respectively.
RBC redox balance was reported by reactive oxygen species (ROS) production and intracellular
reduced glutathione (GSH). Analyses were performed by flow cytometry. Results: Hypoxia
induced a 2-fold ROS production compared to normoxia. PS exposure and cytosolic calcium
increased, while cell volume decreased by hypoxia and likewise by IS. IS increased ROS
production in a dose-dependent manner under conditions of both normoxia and hypoxia. The
same conditions promoted a GSH decrease with IS intensifying the hypoxia-induced effects.
Conclusion: In summary, our results indicate that the concurrent presence of hypoxia and
uremia augments RBC death and may therefore, contribute to the genesis of anemia in CKD.
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Introduction

After maturation in the bone marrow, red blood cells (RBC) are released into the blood
where they live for approximately 100 to 120 days [1]. In patients with chronic kidney
disease (CKD) anemia is frequently observed. Anemia in CKD is multifactorial in origin and
thought to be predominantly caused by insufficient production of erythropoietin (EPO) in
the kidneys and a shortened RBC life span (RBCLS). We [2] and others [3-5] have shown that
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RBCLS in hemodialysis (HD) patients is reduced to about 73 * 18 days (range 38-116) [3].
Both mathematical models [6] and clinical observation [3] show that a shortened RBCLS
requires more erythropoiesis-stimulating agents (ESA) to achieve hemoglobin targets. In
uremia, RBCLS may be reduced not only by uremic solutes such as acrolein [7], methylglyoxal
[8], and indoxyl sulfate (IS) [9], but also by stressors, including osmotic shifts, oxidative
stress, and energy depletion [10].

RBC death (eryptosis), can be triggered by increased cytosolic Ca** content and is
indicated by the exposure of phosphatidylserine (PS) and ceramide formation on the RBC
membrane [11, 12, 13]. We have shown that in RBC from healthy subjects (CON-RBC) the
uremic toxin IS increases the generation of reactive oxygen species (ROS) and eryptosis by
a pathway dependent on the influx of IS through organic anion transporter 2 (OAT2) as well
as nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity-dependent and
glutathione (GSH)-independent mechanisms [14]. These findings lend support to a putative
role of IS in the pathogenesis of renal anemia.

We have reported recently that approximately 10% of 983 chronic hemodialysis
patients experienced prolonged intradialytic hypoxemia (PIH). These hypoxemic patients
presented with a pro-inflammatory phenotype, characterized by increased inflammatory
markers, lower albumin levels, anemia despite higher ESA utilization (indicative of ESA
hyporesponsiveness), and higher morbidity and mortality [15]. Hypoxemia decreases
oxygen delivery to the periphery and tissue hypoxia is further compounded by the presence
of fluid overload, reduced cardiac output, capillary rarefication, and anemia. A reduction
in the oxygen-carrying capacity may be related to a lack of hemoglobin caused by anemia.
Patients with PIH had higher EPO use and lower hemoglobin and serum iron levels [15].
These clinical observations led us to hypothesize that the concurrent presence of hypoxemia,
i.e., areduced hemoglobin oxygen saturation, and uremic toxins may increase eryptosis and
thus promote anemia and ESA hyporesponsiveness.

Although both eryptosis and intradialytic hypoxemia are not recent discoveries, basic
research on these topics and their relationship to uremic toxicity has been scarce over the
years. The goal of our study was to evaluate the effects of the uremic toxin IS in the presence
or absence of hypoxic conditions on eryptosis and RBC redox status.

Materials and Methods

Subjects

This study was approved by the Ethics Committee of Pontificia Universidade Catélica do Parana
(PUCPR) (registration number 1.752.213). We obtained informed consent from healthy subjects that
fulfilled the following inclusion criteria: men or women aged 218 years with normal creatinine and urea
levels, normal hemoglobin (Hb) levels and absence of acute or chronic inflammation.

RBC preparation and incubation

Blood samples were drawn in 3.2% sodium citrate tubes (BD, Biosciences) and centrifuged at 3000
rpm for 15 min at room temperature. The buffy coat was carefully removed and discarded. The remaining
RBC were washed twice with cold phosphate buffered saline (PBS). RBC were incubated for 24h at 37°C and
5% CO, in normoxic (21% 0,) or hypoxic (5% 0,) conditions, using the Culture Chamber ProOx 110 and
ProCO2 120 (Biospherix, Redfield, NY, USA). RBC were incubated with IS at concentrations within the range
observed in stage 5 CKD patients (0.01mM, 0.09mM, and 0.17mM) [16]. IS was diluted in Tris-Glucose-BSA
buffer (all concentrations in mM; 21.0 tris [hydroxymethyl] aminomethane; 4.7 KCI; 2.0 CaCl2, 140.5 NaCl;
1.2 MgS04, and 5.5 glucose, containing 4% of bovine serum albumin (BSA) [Sigma-Aldrich, St. Louis, MO,
USA]—pH 7.4). Negative control RBC were incubated with Tris-Glc-BSA only. After incubations, RBC were
prepared for assays. Fig. 1 shows a schematic of the study design.
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Eryptosis
a) Measurement of annexin-V binding to
quantify phosphatidylserine (PS) exposure: Cells Incubated for 24h at 37°C in

were incubated with annexin-V conjugated with Nermgerie Hypoxia
phycoerythrin (PE) (BD, Biosciences, Sparks, (21% O2) (5% 02)
MD, USA) for 15 min in the dark, according to
the manufacturer’s instructions, then washed Indoxyl Sulfate
once with PBS and resuspended in FixFACS. PE 0.01mM; 0.0SmM or 0.17mM
fluorescence was analyzed by flow cytometry TRIS-Glc-BSA (CON-RBC)

(FACS, Calibur BD Bioscience, Sparks, MD,
USA); PS expression was expressed as Mean

After incubation

Fluorescence Intensity (MFI). cells were

prepared for

b) Cell volume analysis: Data were collected Assays
by flow cytometry (FACS, Calibur BD Bioscience,

Eryptosis

Redox Balance

Sparks, MD, USA), and the forward light scatter
channels (FSC) were set to linear gain. Cell size ~ Fig. 1. Schematic view of the RBC incubations and
is the principal component of the FSC signal and ~ Assays evaluated.

the principles of the FACScan flow cytometer

to measure cell volume have been described

previously [9, 17, 18]. Briefly, approximately 100,000 RBC were analyzed per experiment and a histogram
was generated and analyzed using FACScan analyzing software.

c) Measurement of intracellular calcium (Ca?*): RBC were labeled with Fluo-3AM+ (Thermo Fischer
Scientific, Waltham, MA, USA) for 40 min in 37°C in the dark, as per manufacturer’s instructions, then
washed 3x with PBS and resuspended in FixFACS. Fluo-3AM+ fluorescence was analyzed by flow cytometry
(FACS, Calibur BD Bioscience, Sparks, MD, USA) and expressed as fold-change from CON-RBC in normoxia.

Redox Balance

a) Measurement of ROS production: RBC were resuspended in 2mM 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA) (Abcam, Cambridge, MA, USA) for 30 min in the dark. Then, RBC were resuspended in
PBS + 0.4% formaldehyde (FixFACS). DCFH-DA fluorescence levels were quantified by flow cytometry (FACS
Calibur BD Bioscience, MD, USA); results were expressed as MFL

b) Measurement of GSH: RBC were incubated with ThiolTracker Violet (Thermo Fisher Scientific,
Waltham, MA, USA) for 30 min in the dark, according to the manufacturer’s instructions, then washed once
with PBS and resuspended in FixFACS. Fluorescence was determined by flow cytometry (FACS, Calibur BD
Bioscience, MD, USA) and expressed as Relative % of ThiolTracker Violet after the samples were normalized
against CON-RBC in normoxia.

Statistical analysis

Results are expressed as mean * standard deviation (SD). Groups were compared by repeated
measurement one-way analysis of variance (ANOVA) and post-hoc Tukey multiple comparison test. Paired
t-test was performed to assess significant differences between normoxia and hypoxia. Furthermore, in
order to explore if hypoxia intensified the IS effect, a t-test was used to determine the significance between
the difference of normoxia vs hypoxia at different IS concentrations, denoted delta (A). Statistical analyses
were performed using Graph Pad Prism 5 (GraphPad Software, La Jolla, CA, USA). A p-value of p<0.05 was
considered statistically significant.

Statement of Ethics

The Ethics Committee of Pontificia Universidade Catélica do Parana (PUCPR) approved this study
(Approved on August 29, 2016, under registration number 1.752.213).

Informed consent was obtained from all individuals enrolled in the present study.

796



Cellular Physiology Cell Physiol Biochem 2019;53:794-804

. . DOI: 10.33594/000000173 © 2019 The Author(s). Published by
and BIOChemIStry Published online: 30 October 2019 | Cell Physiol Biochem Press GmbH&Co. KG

Tozoni et al.: Hypoxia and Indoxyl Sulfate Promote Eryptosis and Oxidative Stress

Results Table 1. Baseline characteristics of participants. BMI: Body mass index.
Hb: Hemoglobin. Data expressed as mean+SD or binary variables

Description of the study  (frequency)

population Laboratory characteristics of the study individuals Healthy Subjects [n=10]

RBC were obtained  Age (years) 233+ 444

_ Gender (Male %) 30

from healthy men (n—??) Caucasians (%) 100
and women (n=7). Their  BMI (Kg/m?) 22+2.53
mean age was 23.3+4.4  Hb(g/dL) 14.1x 1.05
h Creatinine (mg/dL) 0.7+ 0.01
years. Table 1 presents the ., (mg/dL) 24t 2.82

baseline characteristics of
the study population.

Eryptosis

Phosphatidylserine (PS) exposure.
Increased PS exposure was found in
RBC incubated with the two highest IS
concentrations (IS 0.09 mM: 11.2+4.4 MFI;
IS 0.17 mM: 14.245.8 MFI). PS exposure
increased in hypoxic RBC, particularly
with the two highest IS concentrations (IS
0.09 mM: 17.3£2.0; IS 0.17 mM: 19.5£5.1
MFI). Following previous results, the
hypoxic environment per se, without
IS addition, was able to induce more PS Fig. 2. IS promotes phosphatidylserine (PS)
exposure than normoxia in CON-RBC  exposure in a time-dose response. RBC obtained from
(hypoxia: 11.5+2.6 MFI; normoxia 5.9+1.7 healthy subjects (n=10) were treated with different
MFI). Similarly, increased PS exposure in concentrations of IS (0.01, 0.09, 0.17mM) for 24h at
hypoxia was significantly different in all 37°C in an incubator with controlled oxygen in under
IS concentrations compared to normoxia  normoxic (21% 0,) (white bars) or hypoxic (5% 0,)
(Fig. 2). To find if hypoxia intensified the (black bars) conditions. Control RBC (CON-RBC) were
IS effect seen in normoxia, we calculated incubated with TRIS-Glc-BSA in normoxia and hypoxia.
the delta, which is the variation of the RBC were analyzed by flow cytometry, and the results
increase in ROS production between CON- were expressed as Mean Fluorescence Intensity (MFI).
RBC and each IS concentration. When the ~ ~ P<0-01; **p<0.001 between normoxia versus
deltas of the elevated PS exposure induced ~ 1ypoxia in the same group. ##p<0.01; ###p<0.001
by hypoxia between CON-RBC and IS between CON-RBC versus IS concentration in the same
concentrations were compared, we found  8roup (normoxia vs normoxia; hypoxia vs hypoxia).
no significant difference between them.

This result suggests that uremia and hypoxia act in an independent manner, although, when
both are present, they confer additional RBC damage, resulting ultimately in premature cell
death.

Cell volume. RBC volume was decreased with increasing IS concentration. A significant
difference was found with the two highest IS concentrations (0.09 and 0.17mM), both in the
normoxic (283+17.6 and 270.4+22.6, respectively) and in hypoxic conditions (232.5£19.5
and 214.7+14.7, respectively). Consistent with the PS exposure results, in both normoxia or
hypoxia condition, cell volume decreased in a uremic toxin dose-dependent manner (Fig. 3).
Following previous results, hypoxia per se induced a decrease of cell volume in the absence of
IS (hypoxia: 272.3£26.1 versus normoxia: 317.8+27.2). Additionally, no significant difference
between the deltas was observed, demonstrating that the decrease in the RBC volume seen
in the CON-RBC in hypoxia is not different from the decrease observed after treatment with
IS in hypoxia. These results reinforce the idea that these stimuli act independently.

Calcium influx. Under normoxic conditions cytosolic calcium levels increased in RBC
incubated with IS when compared to control cells (IS 0.01mM 1.2+0.25-fold; IS 0.09 mM
1.5+0.2-fold; 0.17 mM 1.8+0.3-fold). In hypoxia, only the two highest IS concentrations
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caused a significant increase in calcium influx compared to the control without IS (IS 0.09 mM
1.7+0.25-fold; 0.17 mM 2+0.25-fold). Additionally, calcium influx was significantly increased
in hypoxia compared to normoxia when RBC were incubated with Tris-Glc-BSA (1.3+0.17-
fold) or with the two lower IS concentrations (1.5+0.15-fold; 1.7+0.25-fold, respectively)
(Fig. 4). Although hypoxic condition and IS increased cytosolic calcium in RBC, the deltas
between control and IS concentrations in hypoxia compared with normoxia were not
different. This suggests that hypoxia and uremia act independently, but when both stimuli
are present calcium influx is increased, inducing PS exposure and ultimately eryptosis.

Redox Balance

ROS Generation. RBC incubated with TRIS-Glc-BSA (CON-RBC) under hypoxic conditions
showed an increased ROS production compared to normoxia (17+ 6.5 vs. 8.8£3.5 MFI) (Fig.
5). The addition of IS further augmented that ROS increase (IS 0.01 mM: 23.618.5 (hypoxia)
vs 11.443.5 (normoxia); IS 0.09 mM: 31.14+6.9 vs 20.8+5.5; IS 0.17 mM: 32.8+4.7 vs 22.5+5.9).

Fig. 3. Hypoxia and Uremia effects on RBC volume. A. Representative histogram of forward scatter
of erythrocytes following 24-h exposure of RBC to normoxia (gray area) or hypoxia (black line). B. RBC
obtained from healthy subjects (n=10) were treated with different concentrations of IS (0.01, 0.09, 0.17mM)
for 24h at 37°C in an incubator with controlled oxygen under normoxic (21% 0,) (white bars) or hypoxic
(5% 0,) (black bars) conditions. Control RBC (CON-RBC) were incubated with TRIS-Glc-BSA in normoxia
and hypoxia. RBC were analyzed by flow cytometry. **p<0.01; ***p<0.001 between normoxia versus hypoxia
in the same group. ##p<0.01; ###p<0.001 between CON-RBC versus IS concentration in the same group
(normoxia vs normoxia; hypoxia vs hypoxia).

Fig. 4. RBC cytosolic calcium in response
to the uremic and hypoxic condition. RBC
obtained from healthy subjects (n=10) were
treated with different concentrations of IS
(0.01, 0.09, 0.17mM) for 24h at 37°C in an
incubator with controlled oxygen under
normoxic (21% 0,) (white bars) or hypoxic
(5% 0,) (black bars) conditions. Control RBC
(CON-RBC) were incubated with TRIS-Glc-BSA
in normoxia and hypoxia. The analysis was
realized by flow cytometry through Fluo-3AM
fluorescence and the results were expressed as
fold changes in fluorescent levels against CON-
RBCin normoxia. *<0.05; **p<0.01; ***p<0.001
between normoxia versus hypoxia in the same group. #p<0.05; ###p<0.001 between CON-RBC versus IS
concentration in the same group (normoxia vs normoxia; hypoxia vs hypoxia).
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The results showed no significant difference between the deltas, demonstrating that the
increased ROS production seen in the CON-RBC in hypoxia is not different from the increase
observed with the three different concentrations of IS in hypoxia. Therefore, elevated ROS
production is derived only by the rising concentrations of IS. This finding indicates that
hypoxia and uremia act independently. However, in the presence of both, RBC increase ROS
production in response to both stimuli. In normoxic conditions, IS at 0.09mM or 0.17mM
increased ROS production by about 2.4-fold compared with the initial value measured for
CON-RBC. Similarly, ROS production was about 1.7 times higher at 0.09 mM, or 0.17 mM IS
in hypoxia compared to the initial ROS production in CON-RBC.

Intracellular reduced glutathione levels. In hypoxia, CON-RBC showed a slight increase
in ThiolTracker-labeled cells when compared with the normoxic condition (118%=+0.8 vs
100%=1.5, respectively). When IS was added to the incubations at different concentrations,
the level of GSH decreased even further in a dose-dependent manner in both normoxia and
hypoxia. While in normoxia only the highest IS concentration significantly decreased GSH
levels (IS 0.17 mM: to 85%=0.7), in hypoxia GSH levels decreased at all IS concentrations
(IS 0.01 mM 82%=1.2; 0.09 mM 68%=+1.2; 0.17mM 60%=1.0). Again, we investigated the
deltas of the decreased GSH levels between CON-RBC and IS concentrations in hypoxia. We
found that there were significant differences in delta GSH levels between CON-RBC and IS
concentrations demonstrating that hypoxia intensified the effect of IS seen in normoxia (Fig.
6).

Fig. 5. ROS production in response to IS
and hypoxia. RBC obtained from healthy
subjects (n=10) were treated with different
concentrations of IS (0.01, 0.09, 0.17 mM) for
24h at 37°C in an incubator with controlled
oxygen partial pressure under normoxic
(21% 0,) (white bars) or hypoxic (5% 0,)
(black bars) conditions. Control RBC (CON-
RBC) were incubated with TRIS-Glc-BSA in
normoxia and hypoxia. ROS production was
analyzed by flow cytometry through DCFH-
DA probe fluorescence and results were

represented as Mean Fluorescence Intensity

(MFI). **p<0.01; ***p<0.001 between
normoxia versus hypoxia in the same group. ##p<0.01; ###p<0.001 between CON-RBC vs. IS concentration
in the same group (normoxia vs. normoxia; hypoxia vs. hypoxia).

Fig. 6. Effect of IS on RBC GSH levels. RBC
obtained from healthy subjects (n=10) were
treated with different concentrations of IS
(0.01, 0.09, 0.17 mM) for 24h at 37°C in an
incubator with controlled oxygen under
normoxic (21% 0,) (white bars) or hypoxic
(5% 0,) (black bars) conditions. Control RBC
(CON-RBC) were incubated with TRIS-Glc-BSA
in normoxia and hypoxia. Thiol Tracker-labeled
cells were analyzed by flow cytometry and
results were represented as Relative % against
CON-RBC in normoxia. *p<0.05; ***p<0.001
between normoxia versus hypoxia in the same
group. ##p<0.01; ###p<0.001 between CON-RBC versus IS concentration in the same group (normoxia vs
normoxia; hypoxia vs hypoxia). * p<0.05; *44p<0.001 variation on GSH levels between IS concentrations and
controls in normoxia and hypoxia.
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Discussion

The main finding of our study is that hypoxia and the uremic toxin IS increase eryptosis
and thus shorten RBCLS. Our research was motivated by the clinical observation that about
10% of chronic HD patients show a prolonged intradialytic hypoxemia (PIH), a clinical
phenotype that is associated with inflammation, ESA hyporesponsiveness and increased
morbidity and mortality [15]. We were particularly intrigued by the ESA hiporesponsiveness
seen in PIH patients, because in healthy subject hypoxemia is the primary physiological
stimulus of endogenous EPO production. This observation led us to hypothesize that in HD
patients hypoxemia and uremic retentions solutes my act synergistically and reduce RBCLS.

In the present study we describe for the first time that hypoxia and uremia promoted
alterations in healthy RBC characterized by an increased eryptosis and disturbance in redox
balance compared to normoxia and non-uremic conditions. Uremic toxins have already been
described as inducers of eryptosis characterized by increased PS exposure, reduced cell
volume [7, 8, 9] and increased cytosolic calcium [9]. Our results indicate that PS exposure
was elevated and cell volume was decreased in the presence of IS in a dose-dependent
manner, confirming that IS is an essential promoter of eryptosis. Hypoxia also contributed
to enhanced PS exposure and cellular shrinking compared to normoxia. Besides that, IS was
able to increase cytosolic Ca?* in a dose-dependent manner in both normoxia and hypoxia.
Although hypoxia acts independently of the toxin concentration, both stimuli together
increase PS exposure, promote cellular shrinkage and augment calcium influx into the RBC
—concurrent events in the eryptosis process.

A previous study has demonstrated that IS can induce eryptosis and described that
an increase in ceramide could play a role in the red cell death process [9]. Another study
showed that ceramide synthesis in erythrocyte was associated with PS exposure [19]. Finally,
ceramide has been reported to initiate the apoptosis in the PC12 cell line under hypoxic
conditions in a p53-independent manner via caspase-3 activation [20]. It is possible that in
a hypoxic and uremic condition, ceramide can participate in the eryptosis, which deserves
further investigation. To the best of our knowledge, our study is the first report of erythrocyte
cell death induced by hypoxia is associated with uremia. In addition, both hypoxia and the
exposure to IS independently increased PS on the cell surface and decreased cell volume,
both characteristics of eryptosis. Both stimuli increased calcium influx, an endogenous
inducer of eryptosis.

Elevated PS exposure and cellular shrinkage associated with increased calcium influx
have been shown in erythrocytes before [7, 9, 21]. Calcium efflux also contributes to RBC
damage [17, 18, 22, 23], and the balance between calcium influx and efflux can be increased
by hypoxia. Uremia is an essential contributor to apoptosis in various cell types [24, 25, 26]
and hypoxia is a stimulus that could aggravate this scenario. RBC exhibit diverse oxygen-
sensitive responses that autonomously regulate their properties and functions [27]. On the
other hand, prolonged hypoxia leads to accumulation of deoxyhemoglobin and its interaction
with the cytoplasmic domain of Band3 protein. This interaction triggers RBC deformability,
membrane vesiculation, and ATP release via hemolysis reducing RBCLS [28].

RBC could be considered “reporter cells” for the oxidative state [29] since they may
be particularly vulnerable to oxidative stress due to constant exposure to oxygen radicals
generated by autoxidation of hemoglobin [30], an event amplified under hypoxic conditions
[31]. Although ROS production is required to modulate metabolism or cellular signalling,
excess levels of ROS can harm cellular structures and biomolecules [32]. The present study
showed that IS increased ROS production in RBC in a dose-dependent manner under both
normoxic and hypoxic conditions. Similarly, Dou et al. described that IS in endothelial
cells enhanced ROS production, increased NAD(P)H oxidase activity, and decreased GSH
levels. The authors concluded that IS modifies the balance between pro- and antioxidant
mechanisms in these cells by promoting oxidative stress and decreasing levels of GSH [33].

The same pattern was observed in RBC when incubated in the presence of IS, since the
levels of GSH were diminished in a dose-dependent manner and this reduction was intensified
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by hypoxia. Interestingly, ROS production was increased in RBC by hypoxia while the levels
of GSH only decreased when IS was present in the RBC incubation. These results suggest that
RBC are less protected from the toxic effects caused by the oxidative stress promoted by IS
in normoxia or hypoxia, as compared to the impact caused by increased intracellular ROS
generation generated only by IS in normoxic condition. It has been suggested that hypoxia
influences the antioxidant defense system in RBC through O,-responsive cycling in the
glucose metabolism [34, 35], which is linked to reduced recycling of antioxidant molecules.
Our results indicate that the increased ROS production in hypoxia is independent of the toxin
concentration. Therefore, patients who have PIH may demonstrate higher ROS production in
RBC compared to the ones who do not suffer from PIH during dialysis treatment.

In RBC, glucose is metabolized by the Embden-Meyerhof and hexose monophosphate
(HMP) pathways, and only through the latter NADPH is generated. The generated NADPH
acts as a cofactor since it donates electrons to glutathione reductase. This enzyme reduces
oxidized glutathione (GSSG) to the active and antioxidant form of glutathione (reduced
glutathione; GSH). GSH generation produces NADP, which in turn stimulates glucose
metabolism in the HMP. This mechanism equips RBC with an adequate reduction capacity
during an oxidative challenge [30]. Our results demonstrate that the decreased GSH levels
observed during periods of oxidative stress, such as in hypoxia, are dependent on the uremic
environment. This effect of IS can be explained by a limited HMP activity under hypoxic
conditions and, thus, a decreased supply of NADPH in RBC. This inability to generate NADPH
results in a limited capacity to make GSH through glutathione reductase [35]. Since hypoxic
erythrocytes lose their antioxidant defense, which is linked to the reduction of equivalent
recycling [30], it is suggested that RBC do not recover from the oxidative damage generated
by uremic toxicity. This inability to recycle may be associated with the constant oxidative
environment [S promotes inside these cells related to the stimulus of hypoxia in constraining
antioxidant defense generation.

Furthermore, our results show that CON-RBC in hypoxia had a slight increase in GSH
levels, which can be explained by the fact that we used healthy RBC as a model. Thus, these
cells have their antioxidant defense mechanism intact and can compensate for the hypoxic
challenge through an adaptive response. It is known that HD patients have diminished
GSH/GSSG redox potential compared to healthy individuals [36], which may render these
patients more susceptible to oxidative damage caused by uremia. Here we show that uremic
toxins like IS contribute to the inability of RBC to maintain a proper redox balance during
the progression of the disease. However, the mechanism in which IS interferes in the GSH
recycling should be further investigated. In summary, our results suggest that RBC incubated
with different concentrations of IS show decreased GSH content and at the same time
increased and sustained oxidative stress, probably due to altered recycling of antioxidant
molecules in a hypoxic environment.

Admittedly, our study has some limitations. First, our blood donors were much younger
than most HD patients [37]. Second, we studied only Caucasians. Third, our study population
of 10 subjects is comparably small. On the other hand, this is the first study to identify hypoxia
and uremia as synergistic triggers of eryptosis and oxidative stress, resulting in shortened
RBCLS and possibly aggravating anemia in CKD and hemodialysis patients.

Conclusion

In summary, our investigation into the triad eryptosis, uremia, and hypoxia suggest:
1) an alteration in the recycling of antioxidant defense molecules during the increased
oxidative stress inside the RBC; 2) the ability of IS to promote ROS production and increased
PS exposure, both of which were raised under hypoxic conditions; and 3) the possibility that
hypoxic stress may synergistically contribute to RBC changes induced by uremia (Fig. 7).
Thus, our results support the idea that uremic toxins possibly play an important role in the
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Fig. 7. Disturbance of .

red blood cell (RBC) | .ue A Healthy RBC

homeostasis by uremia - . Calcium

and hypoxemia. T ) i
(A) Under normal Phosphatidylserine
conditions, healthy

RBC maintain a normal
calcium influx and a
physiological balance
between reduced

glutathione (GSH) Hypoxemia

and reactive oxygen \

species (ROS). Under
these  circumstances,

phosphatidylserine B
(PS) is located at the
inner leaf of the RBC
cell membrane and

not exposed to the
extracellular milieu. (B)

Uremia

In CKD, uremic toxins Py

(UT), such as indoxyl C .'

sulfate (IS) accumulate; )

in addition, a low ‘s__, CKD RBC

hemoglobin oxygen
saturation (hypoxemia)
is observed in a number
of patients. These conditions in CKD RBC, favor an increased calcium influx and consequently a rise in
intracellular calcium concentration. With the cellular redox state-maintained, the amount of ROS generation
increases and GSH recycling is impaired. When the redox balance is disturbed, high ROS levels can disrupt
the normal cellular machinery, eventually triggering the translocation of PS to the RBC surface, a signal
that initiates RBC death (eryptosis). (C) Undertaking further study are necessary to understand 1. levels of
ceramide formation under uremic and hypoxemic conditions, and 2. the impact of blocking the transport of
the uremic toxins into RBC via organic anion transporter 2 (OAT2) on cell homeostasis. Fig. created using
BioRender (https://app.biorender.com).

redox imbalance and reduction of RBCLS, predominantly in patients that suffer from chronic
hypoxemia during dialysis.
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