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ore than 10% of hemodialysis (HD) patients have
IVI prolonged intradialytic hypoxemia (PIH), a con-
dition defined as arterial oxygen saturation below 90%
for at least one-third of the treatment time.' This is a
matter of concern, as PIH is associated with signifi-
cantly increased morbidity and mortality.' In a large
retrospective study in 983 HD patients, the risk of
all-cause hospitalization was 2.2-fold higher in PIH pa-
tients compared to the nonhypoxemic group. Mortality
risk was also significantly higher in HD patients with
PIH, regardless from the presence of heart failure or
chronic obstructive pulmonary disease (COPD)."

Intriguingly, patients with PIH also have higher
requirement of erythropoietin (EPO) and other
erythropoiesis-stimulating agents (ESAs), a finding that
is counterintuitive, because hypoxia is the main stim-
ulus for residual endogenous production of EPO.' To
start addressing this issue, we reasoned that hypoxemia
has been shown to impair resilience against reactive
oxygen species (ROS) and may increase erythrocyte
apoptosis (eryptosis), characterized by reduced cell
dimension, bleb formation, and phosphatidylserine
exposure.” Therefore, we hypothesized that higher
ESA requirement is the result of higher red blood cell
(RBC) fragility and shorter half-life in PIH patients, due
to an accumulation of intracellular reactive oxygen
species (iROS).

To test this idea, we designed a cross sectional study
to compare RBC phenotype and function in HD patients
with or without PIH and in healthy controls. In HD
patients, online intradialytic arterial oxygen saturation
(from arteriovenous fistula) was monitored using the
Crit-Line Monitor’ (see Supplementary Methods).
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We collected blood samples and measured eryptosis
and iROS production in RBCs from patients with or
without PIH (see Supplementary Methods). Finally, we
measured reticulocytes (RCs) and levels of the different
RC subsets.

RESULTS

Patient Characteristics

From March 2019 to October 2020, we included 56
patients on chronic HD and 18 healthy controls. Of the
56 HD patients, 12 had PIH. Although PIH has been
previously associated with older age and longer dial-
ysis vintage,' in our cohort demographic characteristics
did not significantly differ between HD patients with
or without PIH. Kt/V was also similar between the 2
groups.

Consistent with prior reports,’ PIH patients had
lower hematocrit levels, despite significantly higher
use of ESA (Table 1%). Healthy controls were signifi-
cantly younger than HD patients (Table 1).

HD Patients With PIH Have High levels of
Eryptosis and iROS
We started our analyses by measuring eryptosis and
found that HD individuals with PIH had signifi-
cantly higher levels of annexin-V—positive RBCs
than healthy controls. In contrast, annexin-
V—positive RBCs tended to be higher in HD pa-
tients without PIH compared to healthy controls,
but this difference did not reach statistical signifi-
cance (Figure la, b).

We next tested the hypothesis that increased eryp-
tosis in HD patients with PIH is due to increased
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Table 1. Patient characteristics and clinical parameters at sample collection

Characteristic or parameter Controls n = 18 HD patients, total n = 58

Age, yr 323+7.0 64.4 + 144
Men, % 6 (33.3%) 35 (69.3%)
Race, %

Asian 2 (11.1%) 3 (6.2%)

Black 0 (0%) 29 (50.0%)
White 16 (88.9%) 26 (44.8%)
Ethnicity, %

Hispanic or Latino 11 (19.0%)
Dialysis vintage, yr 4 (1.75-8)
Dialysis adequacy, KiNV® 1.60 + 0.31

Comorbidities, %

Diabefes 20 (34.4%)
Hyperfension 45 (77.6%)
COPD 6 (10.3%)
CHF 19 (32.8%)
Systolic BP 145.1 £ 220
Diastolic BP 7563 £ 14.5
Laboratory tests

WBC count, 1000/ul 69 + 2.1
RBC count, 1000/l 38+04
sAlbumin, g/dl 39+03
HGB, g/dl 1M11+£1.2
HCT, % 353 + 3.8
MGV, fl 945 + 6.7
MCH, pg/cell 300+ 24
RDW, % 16.3 £ 20
Ferritin, ng/ml 1002 (584.9-1256.5)
PTH, pg/ml 596 (379-996.3)
Calcium 89+ 0.6
Potassium 50+ 0.7
Therapy

ESA, % 26 (44.8%)
Iron, % 18 (31.0%)
Antihypertensive, % 11 (19.0%)
ACEi, % 4 (6.9%)
Vitamin D, % 54 (93.1%)

HD hypoxemic patients n = 12 HD nonhypoxemic patients n = 46

68.2 + 146 63.4 + 143
7 (58.3%) 28 (60.9%)
1(8.3%) 2 (4.3%)
5 (41.7%) 24 (52.2%)
6 (50.0%) 20 (43.5%)
1 (8.3%) 10 (21.7%)
131-3) 5 (2-9)
1.58 + 0.29 1.60 + 031
2 (16.7%) 18 (39.1%)
8 (66.7%) 37 (80.4%)
3 (25.0%) 3 (6.5%)

3 (25%) 16 (34.8%)
1405 + 22.4 146.4 + 21.9
68.8 + 12.1 77.2 + 147

7.36 + 25 6.77 + 2.0

36404 379+ 05

38405 3.9+03
105 + 0.81 1M2+13
33.70 + 2.81 35.69 + 3.95

944 +77 946 + 65
30.0 + 3.2 30.1 + 2.4
17.12 £ 2.2 16.1+1.9

625 (583.3-1069)
485 (383-793)

1005 (594.5-1334)
632 (377-1048)

9.0 + 0.4 8.8+ 0.6
51405 50+ 0.7
9 (75.0%) 17 (37.0%)
4 (33.3%) 14 (30.4%)
2 (16.7%) 9 (19.6%)
0 (0%) 4 (8.7%)

10 (83.3%) 44 (95.7%)

Data are represented as mean =+ standard deviation or as median (interquartile range). Numbers in boldface type are significantly different between groups. Significance set at P < 0.05.
ACEi, angiotensin converting enzyme inhibitor; BP, blood pressure; CHF, congestive heart failure; COPD, chronic obstructive pulmonary disease; ESA, erythropoiesis stimulating agents;
HCT, hematocrit; HD, hemodialysis; HGB, hemoglobin; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; PTH, parathyroid hormone; RBC, red blood cell; RDW, red

cell distribution width; WBC, white blood cell.
aK4/V was calculated based on the Daugirdas formula.”

intracellular ROS production. The analyses were per-
formed within 2 hours from withdrawal to prevent
altered iROS production. As shown in Figure lc, d, HD
patients with PIH had significantly higher iROS levels
than nonhypoxemic patients. Consistent with previ-
ously published results,”" there was no significant
difference in the iROS levels between healthy controls
and nonhypoxemic HD patients, regardless of hypoxic
status.

Altogether, these data support the hypothesis that
PIH increases iROS production in RBCs, leading to
accelerated RBC eryptosis and loss. This mechanism
explains, at least in part, the increased requirement for
ESA in HD patients with PTH.
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PIH Is Not Associated With Higher Levels of
Inflammatory Markers

An alternative, additional mechanism responsible for
higher ESA requirement in PIH patients could be an
impaired bone marrow response to ESA, leading to
lower reticulocyte production. One of the main reasons
for resistance to ESA therapy is chronic inflammation, a
condition that often associates with PTH." We analyzed
the levels of serum ferritin and albumin, markers of
systemic inflammation.” Ferritin levels in HD patients
were high overall, but did not significantly differ be-
tween patients with or without PIH. Similarly, we
found no significant difference in serum albumin levels
between the 2 HD groups (Table 1).
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Figure 1. Red blood cell (RBC) phenotypic characterization. (a) Representative plots and (b) data quantification of annexin V* RBCs. (c)
Representative plots and (d) quantification of iROS* RBCs. (e) Representative plots of reticulocyte populations and (f) quantification of total
CD717 reticulocytes. (g) Quantification of CD717" reticulocyte subpopulations. Quantifications of flow cytometry data are shown as average +
standard error of the mean. *P < 0.05. iROS, intracellular reactive oxygen species; n.s., not significant.

No Significant Differences in Reticulocyte
Counts Were Found Between HD Patients With
or Without PIH

Next, we measured percentages of total reticulocytes
and of those with high, intermediate, and low expres-
sion of CD71 (transferrin receptor), the expression of
which is lost during reticulocytes maturation® (see
Supplementary Methods).

We found no significant differences in the total
reticulocyte percentages (Figure le, f) or in any of the 3
subpopulations (Figure 1g), suggesting no impaired
response to EPO in HD patients with PIH.
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DISCUSSION

Multiple causes have been implicated in the patho-
genesis of PIH, including, among others, intradialytic
hypotension, sleep apnea, congestive heart failure, and
COPD.” Regardless of its etiology, PIH is a serious
medical condition associated with intradialytic com-
plications, such as hypotension and cramps,” but also
with poor clinical outcomes in the long term.'
Hemodialysis patients with PIH have increased ESA
requirements, and our data support the concept that
this phenomenon is due to increased RBC eryptosis and
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turnover, induced by iROS accumulation. The levels of
total reticulocytes and the percentages of reticulocytes
in different stages of maturation were not significantly
different between PIH patients and non-PIH controls,
suggesting that their response to EPO is not impaired."

Although EPO deficiency represents a central
mechanism in the pathogenesis of anemia in HD pa-
tients, the process is indeed multifactorial, and in-
volves systemic inflammation that reduces the
response to EPO by erythroid cells in the bone
marrow. Although HD patients in our study showed
signs of inflammation compared to healthy controls,
we did not detect significant differences in ferritin or
serum albumin levels between PIH and non-PIH pa-
tients, suggesting that increased ESA requirement in
PIH patients was not due to more severe chronic
inflammation.

Reduced RBC survival in HD patients can be pro-
moted by different stimuli, including oxidative
stress, various diseases (including diabetes, heart
failure, and sepsis) and also uremic toxins® that pro-
mote eryptosis by increasing iROS production.” A
recent study showed that uremic toxin indoxyl sul-
fate increases iROS production in a dose-dependent
manner, in both hypoxic and nonhypoxic condi-
tions, suggesting that hypoxia and uremic toxins
promote eryptosis in an independent manner.>’ We
did not have information on uremic toxins in our
cohort, but this is a variable that will be important to
consider in future studies.

The major limitation of our report is the relatively
small sample size. However, the results of our
comprehensive RBC phenotypic analyses will form the
basis for the sample size estimation of larger
investigations.

The pathophysiology of PIH is only partially un-
derstood and our findings are important, as they sup-
port the concept that increased ESA requirement in
PIH patients is due, at least in part, to increased RBC
fragility. Our study provides a rationale for future
studies testing the hypothesis that therapeutic strate-
gies for anemia in PIH should aim at prolonging RBC
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survival (possibly by reducing ROS production),
together with increasing erythrocyte production.
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