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Abstract

Impact Statement

Besides insufficient erythropoietin production due to
renal cell damage, uremic toxin retention is a pos-
sible cause of anemia in chronic kidney disease
(CKD). Therefore, the effects of uremic toxins during
erythropoiesis need to be elucidated. In this study,
indoxyl sulfate (IS), a protein-bound uremic toxin
accumulated in renal disease patients, was admin-
istered to CD34+ hematopoietic stem cells during
in vitro erythropoiesis. Our research found that IS
reduced cell proliferation and impaired hematopoi-
etic stem cell differentiation into red blood cells.
These findings might result from the triggering of
cellular apoptosis and senescence. The treatment
of IS induced apoptotic cell death by increasing the
expression of apoptotic mMRNA markers, loss of
nuclear and cell membrane integrity, and DNA frag-
mentation. Furthermore, the study demonstrated
that IS affected cell cycle arrest by upregulating the
levels of senescence mRNA markers. These find-
ings could be applied to novel targeted therapy for
anemia in CKD.

Anemiais a major complication in over 50% of chronic kidney disease (CKD) patients.
One of the main causes of anemia in CKD is the reduction of erythropoietin (EPO)
synthesis from renal tubular cells. Therefore, first-line treatment of CKD is EPO
administration; however, EPO unresponsiveness in several patients is frequently
found. More undefined causes of anemia in CKD are under interest, especially
uremic toxins, which are a group of solutes accumulated in CKD patients. The highly
detectable protein-bound uremic toxin, indoxyl sulfate (IS) was investigated for its
effects on in vitro erythropoiesis in this study. CD34+ hematopoietic stem cells
were isolated from human umbilical cord blood and differentiated toward erythrocyte
lineage for 14 days in various concentrations of IS (12.5, 25, 50, and 100 pg/mL).
The effects of IS on cell proliferation, differentiation, apoptosis, and senescence
were determined. Cell proliferation was investigated by manual cell counting. Cell
surface marker expression was analyzed by flow cytometry. Wright’s staining was
performed to evaluate cell differentiation capacity. Apoptosis and senescence marker
expression was measured using reverse transcription polymerase chain reaction
(RT-PCR). TUNEL assay was performed to detect apoptotic DNA fragmentation.
Our results demonstrated that IS reduced cell proliferation and impaired erythrocyte
differentiation capacity. In addition, this study confirmed the effects of IS on cell
apoptosis and senescence during erythropoietic differentiation. Therefore, the
promotion of apoptosis and senescence might be one of the possible mechanisms
caused by uremic toxin accumulation leading to anemia in CKD patients.
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Introduction

Chronic kidney disease or CKD is a serious condition that
defined as a progressive loss of kidney function over time.!
The leading reported causes of CKD are from various condi-
tions including diabetes mellitus, hypertension, immuno-
logical reactions, glomerulonephritis, and tubule-interstitial
fibrosis.? CKD patients suffer from fatigue, edema, and ane-
mia.? Anemia is a severe complication in CKD, accounting
for over 50% of patients with end-stage renal failure.* The
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persistence of anemia in patients with CKD influences the
quality of life by long-stay hospitalization, cognitive impair-
ment, increased risk of cardiovascular disease, and mortality.>
The major pathological factor of anemia is the reduction of
erythropoietin (EPO) synthesis from interstitial cells resid-
ing in the renal cortex. EPO is a hormone mainly produced
by kidneys and necessary for red blood cell survival and
maturation.” Therefore, most CKD patients with anemia are
treated with erythropoiesis-stimulating agents (ESAs) such
as recombinant EPO.8 However, the successful outcome of
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treatment is dependent on the patient’s underlying condi-
tion. In addition, the blood EPO level can be considered
inappropriately low considering the degree of anemia.’
These findings indicate that EPO insufficiency may not be
the only cause of anemia in CKD. Meanwhile, other factors
have been reported to be associated with the pathogenesis of
anemia in CKD, for example, hepcidin,!? hypoxia-inducible
factor-1," and uremic toxins.12

Uremic toxins are solute substances that originate from
cellular metabolism. Many forms of uremic toxins are clas-
sified as small water-soluble compounds, low molecular
weight compounds, and protein-bound uremic toxins.!3
Indoxyl sulfate (IS), a type of protein-bound uremic toxin, is
a metabolic derivative from tryptophan to indole produced
by gastrointestinal bacteria. Indole is oxidized and sulfated
to form IS in hepatocytes and is normally excreted through
the renal proximal tubules.!* IS can bind with albumin,
which causes a high accumulation in CKD patients even
when maintaining dialysis.!> It has been suggested that path-
ological mechanisms of uremic toxins to promote renal cell
damage leading to renal failure include induction of reactive
oxygen species (ROS), inflammation, fibrosis, and oxidative
stress.16-18 In addition, uremic toxins have also been reported
to cause red blood cell death! and neutrophil apoptosis.?’
Moreover, uremic toxin-induced senescence was reported
in various kidney cell types, including renal tubular cells,
podocytes, endothelial cells, and immune cells.?'->* However,
there is still no study on the apoptosis and senescence effects
of IS during erythropoiesis.

In this study, we hypothesized that IS might affect eryth-
rocyte proliferation, differentiation, and maturation, lead-
ing to anemia in CKD patients through cellular apoptosis
and senescence mechanisms. The study was performed by
isolation of CD34+ hematopoietic stem cells from human
umbilical cord blood and differentiation toward erythrocyte
lineage in vitro. The effects of IS were investigated through
cell proliferation analysis, differentiation capacity, apoptotic
marker investigation, and expression of apoptotic and senes-
cence markers.

Materials and methods
CD34+ mononuclear cell isolation

All umbilical cord blood samples were obtained from full-
term deliveries after receiving informed consent accord-
ing to a protocol approved by Mahidol University Central
Institutional Review Board (MU-CIRB 2018/041.0702).
Mononuclear cells were isolated from umbilical cord blood
using density gradient centrifugation. Briefly, 5mL of
Lymphoprep™ (Alere Technologies AS, Oslo, Norway) was
added in a 15-mL conical tube and overlaid with 5mL of
cord blood. Samples were centrifuged at 800 RCF for 20 min
at 20°C. The interphase layer was collected and resuspended
with 1X phosphate-buffered saline (PBS) containing 2% fetal
bovine serum (FBS) (MilliporeSigma, Burlington, MA, USA)
and 1 mM EDTA (Fluka Chemie GmbH, Buchs, Switzerland).
CD34+ cells were isolated from mononuclear cells by immu-
nomagnetic cell separation using EasySep™ PE Positive
Selection Kit (STEMCELL Technologies, Vancouver, Canada).
Briefly, 1.5 X108 cells/mL were added to a round-bottom
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tube and incubated with 3pug/mL FcR blocker, 3ug/mL
CD34-PE conjugated antibody (clone no. 8G12), 100 uL/mL
selection cocktail, and 50uL/mL magnetic particles. After
incubation, 1X PBS containing 2% FBS and 1 mM EDTA was
topped up and placed in an EasySep™ magnetic station for
5min at room temperature. Isolated CD34+ cells were main-
tained with Iscove’s Modified Dulbecco’s Medium (IMDM)
(Biochrom GmbH, Berlin, Germany) at 37°C, 5% CO, in
humidified condition. Purity of CD34+ cells was measured
using a FACSCanto™ flow cytometer.

Cell culture

The isolated CD34+ cells were seeded in erythropoietic dif-
ferentiation medium with or without different concentrations
of IS consisting of 12.5, 25, 50, and 100 ug/mL (equivalent to
49.74,99.48,198.97, and 397.93 uM, respectively).? The eryth-
ropoietic differentiation medium containing IMDM supple-
mented with 3% human AB serum, 2% FBS, 10 ug/mL insulin
(Sigma-Aldrich, MO, USA), 3IU/mL heparin (LEO Pharma,
Ballerup, Denmark), 200 ug/mL transferrin (Sigma-Aldrich),
100IU/mL pen/strep (Life Technologies, CA, USA), and
31IU/mL EPO (Janssen Pharmaceutica, Beerse, Belgium) was
divided into three phases: Phase I (days 0-8) was supple-
mented with 10ng/mL stem cell factor (SCF) and 1ng/mL
interleukin 3 (IL3) (both were purchased from STEMCELL
Technologies), Phase II (days 9-10) was supplemented with
1ug/mL SCE, and Phase III (days 11-14) was supplemented
with 500 pg/mL transferrin. Erythropoietic differentiation
medium supplemented with dimethyl sulfoxide (DMSO)
was used as reagent control.

Cell growth analysis

Isolated CD34+ cells (1 X 10° cells) were cultured in eryth-
ropoietic differentiation medium with or without IS (0, 12.5,
25,50, and 100 ug/mL). The media were changed at days 0, 4,
9, and 11. Cell number was manually counted every day for
14 days using a hemocytometer by mixing with trypan blue
in the ratio 1:1. The results were plotted on a growth curve.

Cell surface marker analysis

Isolated CD34+ cells (3 X 10° cells) were cultured in eryth-
ropoietic differentiation medium with or without IS.
Erythropoietic differentiation marker was analyzed at days
4,7,11, and 14. Briefly, cells were washed with 1X PBS con-
taining 1 mM EDTA and 2% FBS and centrifuged at 1500 rpm
for 5min at room temperature. Cell pellet was incubated
with anti-CD71 APC antibody (clone no. CY1G14) and anti-
CD235a FITC antibody (clone no. HI264) (both were pur-
chased from BioLegend, CA, USA) at 4°C for 30 min. After
excess antibodies were removed, cells were fixed in 1% para-
formaldehyde and investigated using the BD FACSCanto™
II flow cytometer.

Differentiated cell morphology analysis

The morphology of erythropoietic differentiation was inves-
tigated at days 4, 7, 11, and 14 after cultivation with eryth-
ropoietic differentiation medium with or without IS. Briefly,
cells were washed with 1X PBS and resuspended in 5uL
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human albumin (Plasma Fractionation Center, The Thai Red
Cross Society, Chonburi, Thailand) and smeared on glass
slides. Slides were air-dried 5-10min and fixed with absolute
methanol (Honeywell, Charlotte, NC, USA). After methanol
was evaporated, slides were incubated with Wright’s stain
for 3min, and Wright’s stain buffer added for 4min. Slides
were rinsed with running water and air-dried. Cell morphol-
ogy was determined and counted using a light microscope
(Olympus, Shinjuku, Tokyo, Japan).2®

Annexin V-PI assay

Cells were harvested at days 7 and 14 after erythropoietic
differentiation to perform Annexin V-PI staining (BD
Biosciences, CA, USA). Briefly, 1 X105 cells were collected
and washed twice with 1X PBS. Cells were resuspended with
100 L of 1X binding buffer containing 0.1 M Hepes (pH 7.4),
25mM CaCl,, and 1.4M NaCl. Annexin V-FITC conjugated
and PI were added and incubated at room temperature for
15min in the dark.?” Binding buffer was added to the sample
prior to analysis with FACSCanto II flow cytometry. Flow]Jo
software (version 10.6.2) was used to analyze the data.

RNA extraction and quantitative reverse
transcription polymerase chain reaction analysis

Cells were collected in Trizol® reagent (Thermo Fisher
Scientific, MA, USA) and extracted RNA using Direct-zol™
RNA MiniPrep (ZYMO Research, CA, USA). The con-
centration and purity of RNA were quantified using the
NanoDrop™ spectrophotometer and NanoDrop™ 2000 soft-
ware (Thermo Fisher Scientific). cDNA template was synthe-
sized using the Revert Aid First Strand cDNA synthesis kit
(Thermo Fisher Scientific). Quantitative reverse transcrip-
tion polymerase chain reaction (qQRT-PCR) was performed
using SYBR® FAST qPCR Master Mix (Kapa Biosystems/
Roche Holding AG, Switzerland). Briefly, cDNA template
was mixed with 2X KAPA SYBR master mix, forward and
reverse primers and distilled water. The PCR reaction was
performed for 40 cycles of enzyme inactivating at 95°C
for 3min, denaturing at 95°C for 3s, annealing at 60°C for
30s and extension at 72°C for 20s using a CFX96 machine.
Relative gene expression was evaluated using the 2-4Act
method after normalization to the reference gene.?8 All prim-
ers are listed in Supplementary Table S1.

TUNEL assay

Cell death was analyzed using the TUNEL assay provided
by the In Situ Cell Death Detection Kit, Fluorescein (Roche
Holding AG) according to the manufacturer’s instructions.
First, cells were collected and fixed in 4% paraformalde-
hyde in PBS pH 7.4 for 1h at room temperature. After rins-
ing with 1X PBS, cells were permeabilized with 0.1% Triton
X-100 in 0.1% sodium citrate for 2min. Thereafter, samples
were rinsed twice with 1X PBS and incubated with 50 ul of
TUNEL reaction mixture at 37°C for an hour in the dark.
Next, samples were rinsed three times with 1X PBS and
counterstained with ProLong™ Gold Antifade Mountant
with DAPI. Cell death was analyzed using a fluorescence
microscope. A minimum of 1000 cells were counted in five

different fields and calculated the percentage of TUNEL-
positive cells.

Cell senescence analysis

Cell senescence analysis was performed using the
Senescence B-Galactosidase (B-gal) Staining Kit (Cell
Signaling Technology, MA, USA) following the manufac-
turer’s instructions. Briefly, cells were collected in a 1.5-mL
microtube and washed with 1X PBS. Cells were fixed with
1X fixative solution for 15min at room temperature and
rinsed twice with 1X PBS. Cells were then incubated with
B-gal staining solution at 37°C overnight. Stained cells were
dropped on glass slides and covered with a coverslip. Cell
senescence was analyzed using a light microscope.

Statistical analysis

All data are presented as the mean value * standard error
of the mean (SEM) from at least three independent experi-
ments. Statistical analysis was investigated using GraphPad
Prism software (version 6.01; GraphPad Software, CA, USA).
A one-way analysis of variance (ANOVA) with Tukey’s post
hoc test was used to analyze the differences among groups.
Statistical significance was considered at P value <0.05.

Results

IS reduces cell growth during erythrocyte
differentiation

Cells isolated from umbilical cord blood mononuclear cells
by magnetic cell sorting were quantified for the number of
CD34+ population. Flow cytometry analysis indicated that
of CD34+ cells was increased from 2.33 =1.35% (presort)
to 84.04 =8.50% (postsort) (Figure 1(a) and (b)). These cells
were used to investigate the effect of IS on in vitro erythro-
poiesis by culturing in differentiation medium in the pres-
ence and absence of IS for 14days (Figure 1(c)). The results
demonstrated that the cell number in all conditions increased
13-15 folds from the initial cells at day 5 and reached the
maximum growth at day 14. The number of cells in IS treat-
ment groups was significantly reduced compared to control
groups after day 7. At the end of differentiation phase, the
cumulative cell numbers of CTRL, DMSO, 12.5, 25, 50, and
100ug/mLIS were 25.6 X 105+ 5.6 X 10%,24.0 X 105 £ 4.2 X 105,
10.3 X 105 £ 6.6 X 10%, 10.8 X 10> = 7.0 X 105,
8.3X10°*£4.9 X105 and 4.4 X105*= 1.1 X 10° cells, respec-
tively (Figure 2 and Table S2).

IS impairs in vitro erythrocyte differentiation

During in vitro erythrocyte differentiation with the treatment
of IS (0, 12.5, 25, and 50 pg/mL), erythropoietic cell surface
markers (CD71 and CD235a) and morphology were inves-
tigated at days 4, 7, 11, and 14. The CD71-/CD235a~ sub-
population was identified as undifferentiated cells, while
CD71+*/CD235a- and CD71*/CD235a* showed early and
late premature erythrocyte differentiation, and the CD71-/
CD235a™" subpopulation represented mature erythrocytes
(Figure 3(a) to (d)). At day 4, erythrocyte marker expres-
sion in the control and IS-treated groups was not different.
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Figure 1. CD34+ cell isolation and erythrocyte differentiation procedure. (a) Umbilical cord blood mononuclear cells were analyzed for the purity of CD34+ cells
before magnetic cell sorting (presort) and after sorting (postsort). (b) Quantitative measurement of umbilical cord mononuclear cells demonstrated a higher amount

of CD34+ cells after sorting (84.04 + 8.50%) compared to presort (2.33 + 1.35%). Data are shown as mean value = SD (n=7). (c) CD34+ cells were differentiated to
erythrocytes by culturing in three phases of differentiation medium for 14 days in combination with IS at concentrations of 12.5, 25, 50, and 100 pg/mL. (A color version
of this figure is available in the online journal.)
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Figure 2. Cell growth analysis. Cell number of CD34+ cells during erythrocyte differentiation was counted and presented as a growth curve. Three independent
experiments were analyzed and presented as mean value = SEM. One-way ANOVA was used as a statistical analysis. P < 0.05 was identified as a significant

difference.

Most erythropoietic cells under IS treatment remained in an
undifferentiated state (CD71-/CD235a") at days 7 and 11.
However, IS treatment showed a significantly lower number
of later state differentiations (CD71/7CD235a~ and CD71*/
CD235a*) at days 7, 11, and 14 (Figure 4(a) to (d)). We further
investigated erythrocyte differentiation using a morpho-
logical study. Erythropoiesis stages — comprising pronor-
moblast, basophilic normoblast, polychromatic normoblast,
orthochromatic normoblast, and mature erythrocyte — were
identified by Wright's stain (Figure 5(a)) and are presented
as a percentage (Figure 5(b)). However, the morphological
study did not show significant changes after IS treatment
compared to the CTRL group.

IS increases cellular apoptosis during in vitro
erythropoiesis

One of the possible mechanisms which might lead to the
reduction of cell number and impairment of differentiation
is apoptosis. FITC-conjugated Annexin V and PI staining
was performed to investigate apoptotic cell death. Flow
cytometry analysis revealed the population of live cells
(Annexin V-/PI"), early apoptosis (Annexin V*/PI"), late
apoptosis (Annexin V*/PI*), and necrosis (Annexin V-/
PI*) (Figure 6(a) and (b)). During in vitro erythropoiesis, cells
with IS treatment exhibited an increased apoptotic rate in a

dose-dependent manner at day 14 and showed a significant
increase in the 50 and 100 pg/mL treated groups (Figure 7).
DNA fragmentation, the hallmark of late stage apoptosis, was
further investigated using TUNEL assay to stain 3’-hydroxyl
termini in the double-strand DNA breaks at day 14 of the
treatment (Figure 8(a)). IS-treated cells showed increased
TUNEL-positive cells in a dose-dependent manner, and
this significantly increased in the 25, 50, and 100 ng/mL IS
treatment groups (Figure 8(b)). The expression of apoptotic
markers (BAX and BID) was investigated using quantitative
RT-PCR analysis. The results revealed that the expression of
proapoptotic genes tended to increase in cells treated with
IS. In addition, a significant increase of BAX expression was
found at day 7 in the 12.5ug/mL IS treatment group (Figure
9(a) and (b)).

IS induces cellular senescence

The effect of IS on cellular senescence was also investigated
using real-time qRT-PCR. The senescence markers — includ-
ing P16, P21, and P53 — play a major role in cell cycle arrest
which is a hallmark of cellular senescence. The results indi-
cated that the mRNA expression of P16 and P21 were signifi-
cantly upregulated under 100 ng/mL]IS at day 7 (Figure 10(a)
and (b)). Similarly, 100 ug/mL of IS significantly increased
P53 mRNA expression at days 7 and 14 (Figure 10(c)).
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Figure 4. Quantitative expression of erythrocyte differentiation markers. The quantitative measurement of CD71-/CD235a-, CD71+/CD235a-, CD71+/CD235a*,
and CD71-/CD235a" was investigated. (a) At day 4, there was no significant change in erythrocyte marker expression. (b) At day 7, IS treatment with 50 yg/mL
showed significantly higher cell number in undifferentiated population, CD71-/CD235a- (P=0.0458), whereas cell number of IS treatment groups decreased in later
differentiation marker, CD71+/CD235a" (P=0.0157 in 12.5pg/mL, 0.0302 in 25 pug/mL, and 0.0395 in 50 ug/mL). (c) At day 11, IS demonstrated a higher number

of undifferentiated cells (P=0.0002 in 12.5pg/mL, 0.0002 in 25 pg/mL, and 0.0001 in 50 pg/mL), while showing a reduced level of CD71+/CD235a- (P=0.0128 in
25pg/mL and 0.012 in 50 pg/mL), and CD71+/CD235a* (P=0.0197 in 25pug/mL, 0.0131 in 25 ug/mL and 0.0214 in 50 ug/mL). (d) At day 14, the treatment of IS was
significantly decreased CD71+/CD235a* (P=0.0294 in 12.5ug/mL, 0.023 in 25ug/mL, and 0.0116 in 50 ug/mL). One-way ANOVA was used as a statistical analysis.

P <0.05 was identified as a significant difference.
*P <0.05; ***P <0.001 vs CTRL.

Senescence-associated B-gal can be used as a biomarker of
senescence. So, we further investigated B-gal staining of
IS-treated cells at day 14. As shown in Figure S1, the B-gal
positive cells were increased in IS-treated cells compared to
control groups.

Discussion

IS is a low molecular weight metabolite of dietary trypto-
phan and easily binds to the albumin called protein-bound
uremic toxin. In CKD patients with impaired kidney func-
tion or end-stage kidney disease, IS cannot be removed even
with hemodialysis treatment and subsequently accumulates
in the blood circulation.?? Chih-Jen Wu demonstrated that
both free and total IS significantly reduced the EPO level by

inhibiting EPO expression and decreasing plasma EPO con-
centrations.?? Several studies have demonstrated the strong
toxicities of protein-bound uremic toxins that are associ-
ated with systemic disorders, including cardiovascular dis-
ease, bone and mineral disorders as well as anemia.'>3! The
increased removal of protein-bound uremic toxins might
constitute a basic approach to improve clinical outcomes.3?
The study of in vitro IS effects should consider the inter-
action between IS and albumin, including the acceptable
concentration used and other factors that affect IS-albumin
binding capacity.®® The IS level in 103 CKD patients was
determined and its alteration was associated with the stage
of CKD; Stage 3: 3.2 +3.0png/mL, Stage 4: 5.4 +3.6ug/mL,
Stage 5: 19.9 =10.5ug/mL, and Stage 5 with hemo-
dialysis: 42.5 + 15.6 ug/mL.3* Furthermore, another study
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Figure 5. Wright’s staining of in vitro erythrocyte differentiation. (a) Erythrocyte differentiation morphology was evaluated using Wright’s stain. Scale bar 50 ym.
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figure is available in the online journal.)

demonstrated that the baseline level of IS in 1170 hemodi-
alysis patients was 31.6pg/mL and the maximum concen-
tration was 102.2ng/mL.3> However, there is no evidence
of IS pathological concentration that affects in vitro erythro-
poiesis. The previous study reported that mature red blood
cells from healthy donors treated with IS at concentrations of
90uM (23.6 ug/mL) and 170uM (42.7 ug/mL) increased ROS
production and cell death.3 Therefore, the IS concentrations
used in this study (0, 12.5, 25, 50, and 100pg/mL) are cor-
related with CKD physiological concentration and might be
used as CKD pathological concentration for investigation of
erythropoiesis in vitro.

Recently, stem cell-based models are becoming powerful
tools for pathogenesis study in various diseases resulting
from genetic risks and environmental factors due to their
self-renewal and differentiation properties.?”3 The in vitro
erythropoiesis assay is a promising strategy for examin-
ing red blood cell development and disease-related red
blood cell abnormality. In this study, the erythroid cells
were derived from cord blood of healthy donors with a dif-
ferentiation protocol and the exposure of cells to various
concentrations of IS mimicked CKD patients. The hemat-
opoietic stem cell isolation and erythrocyte differentiation

procedure were adapted from the previous reports.3*40 The
differentiation medium contains several cytokines, includ-
ing heparin and insulin, which are responsible for stem cell
proliferation, hematopoiesis, and differentiation. However,
both heparin and insulin did not affect in cell number dur-
ing hematopoietic stem cell differentiation through erythroid
cells.® In addition, the proliferation rate might be affected by
DMSO, which is used as a solvent of IS. Therefore, besides
control group, we evaluated the proliferation of treated cells
with the same concentration of DMSO as a reagent control
and the culture medium was freshly prepared before use.
Our findings revealed that the treatment of IS decreased
cell proliferation rate and impaired in vitro erythropoietic
differentiation capacity. During erythropoiesis, erythrocyte
development was delayed, with cells being retained in the
early stage and a low cell number advancing to the late stage
of erythropoiesis differentiation. In previous studies, uremic
toxins, polyamines, were shown to reduce erythroid colony
formation (CFU-E) and erythroid maturation by inhibition of
EPO activity.#'# In addition, Mathias et al.** demonstrated
that the reduction of CD34+ cell expansion and cell viability,
especially in the polychromatic normoblast stage during in
vitro erythropoiesis resulted from apoptotic cell death.
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Figure 6. Annexin V-PI staining analysis. Apoptotic cell death during erythrocyte differentiation was analyzed by Annexin V-PI staining using flow cytometry at days 7
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Figure 7. Quantitative analysis Annexin V—PI staining. Apoptotic cell death was significantly increased at day 14 in 50 ug/mL (P=0.0114) and 100 pg/mL (P=0.0054).
One-way ANOVA was used as a statistical analysis. P < 0.05 was identified as a significant difference.
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Figure 8. TUNEL assay analysis. (a) DNA fragmentation during apoptosis was analyzed by TUNEL assay at day 14. TUNEL-positive cells are shown as green
dots. DAPI was used as the counterstain (blue). Scale bar 50pum. (b) IS treatment significantly increased TUNEL-positive cells in 25 ug/mL (P=0.048), 50 pg/mL
(P=0.0031), and 100 pg/mL (P <0.0001). One-way ANOVA was used as a statistical analysis. P <0.05 was identified as a significant difference. (A color version of
this figure is available in the online journal.)

*P <0.05; **P<0.01; ***P <0.001 vs CTRL.
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Mature red blood cells circulate in the bloodstream for
more than 100 days. However, the acceleration of red blood
cell death contributes to anemia characterized by cell shrink-
age and being engulfed by macrophages.*> Several uremic
toxins have been identified to cause suicidal red blood cell
death (eryptosis), such as acrolein, methylglyoxol, vana-
date, and IS.146=8 In this study, the results of Annexin V-PI
staining showed the exposure of cell membrane phosphati-
dylserine indicating that IS induced cellular apoptosis dur-
ing in vitro erythrocyte differentiation. Furthermore, DNA
fragmentation, the hallmark of apoptosis, was confirmed
by the TUNEL assay. Bcl-2 family proteins play a major role
in apoptotic pathways, and they can be divided into three
groups composing of pro-apoptotic BH3-only proteins (Bid),
pro-survival Bcl-2-like proteins (Mcl-1 and Bcl-2), and pore-
forming proteins (Bak and Bax).# The pro-apoptotic Bid is
activated by caspase-8 and directly binds to Bax. Activated
Bax oligomerizes to form pores in the mitochondrial outer
membrane that releases cytochrome to initiate apoptotic cell
death.5! In this study, qRT-PCR results demonstrated that IS
promoted BAX mRINA expression.

Senescence is a cell cycle arrest mechanism identified
by loss of cell proliferation capacity.5? The previous studies
reported that senescence impaired mesenchymal stem cell
proliferation and differentiation capacity.>>* Cellular senes-
cence can be triggered by various stress inducers including
oxidative stress, DNA damage, and oncogene activation.
Cell cycle arrest is controlled by several signaling molecules,
including P53, P21, and P16. P53 is a transcription factor,
which directly regulates the expression of P21.%° In addi-
tion, these senescence proteins function to inactivate Rb
and promote cell cycle arrest.?*%” Recently, we found that
IS treatment triggered cell senescence during erythropoie-
sis by upregulating P53 expression that consequently trig-
gered the expression of P21 leading to a promotion of the
P53/P21 axis of cellular senescence. Furthermore, this study
showed that P16 expression was also significantly upreg-
ulated. The increased expression of B-gal was detected in
the cells treated with IS. However, more samples should
be investigated to support the senescence mechanism of
IS. In addition, other senescence markers should be further
studied, such as telomere length, lamin B1 downregulation,
senescence-associated secretory phenotype (SASP), and ROS
production.’ Previously, several studies have demonstrated
that IS induced senescence by increased ROS production and
upregulated senescence markers in various cell types includ-
ing proximal tubular cells,?® endothelial cells,* and vascular
smooth cells.>

The study of IS effects in mature erythrocytes demon-
strated that IS treatment induced the level of ROS produc-
tion and increased red blood cell death. The organic anion
transporter 2 (OAT2) in the red blood cell (RBC) mem-
brane plays a major role in IS uptake with NADPH oxidase
activity-dependent mechanism.* IS induced eryptosis by
enhancing extracellular Ca?* influx resulting to cell shrink-
age and membrane scrambling.!® There are several studies
suggesting that uremic toxins are associated with apopto-
sis in various hematopoietic cells in CKD patients, includ-
ing polymorphonuclear cells,®® monocytes,®" neutrophils,®?
lymphocytes,® and platelets.® In addition, Thomas Crépin
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etal. reported the shortening of telomere length and reduced
lymphocyte count of peripheral blood mononuclear cells
(PBMCs) derived from CKD patients, which were associated
with senescence.®® The example of ineffective erythropoiesis
as the pathological cause of the disease is thalassemia, which
is presented by the increase of ROS in the red cell precur-
sors.® The activation of macrophages in bone marrow of 8-
thalassemia patients indicated the apoptosis and senescence
of erythroid progenitor cells.®”

In conclusion, this study has revealed the pathogenic
effects of protein-bound uremic toxin, IS, during in vitro
erythropoiesis. IS treatment reduced cell proliferation and
impaired erythrocyte differentiation capacity. These abnor-
mality conditions might partly be due to two mechanisms
— apoptosis and senescence. Therefore, the promotion of
apoptosis cell death and cellular senescence during erythro-
cyte differentiation might be one of the possible mechanisms
caused by uremic toxin accumulation leading to anemia in
CKD patients. However, this study has some limitations due
to the lack of the information from patient’s own cells, and
there are no any other reports that describe the effects of
uremic toxins in senescence and apoptosis during the dif-
ferentiation of hematopoietic stem cells to red blood cell
lineage by in vivo animal model. Therefore, the study of IS
mechanism causing anemia in CKD patients is needed to be
further elucidated using the erythroid progenitor cells from
CKD patients and animal-based models that would be the
promising approaches to support our findings.
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