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tion of proliferation, suppression of apoptosis of endothelial 
cells, and increased production of nitric oxide due to activa-
tion of endothelial nitric oxide synthase (eNOS).9,10 Therefore, 
EPO might prevent progression of cardiovascular disease 
(CVD),11 because endothelial injury is the first step in the de-
velopment of CVD. Furthermore, EPO induces production of 
several erythroid-stimulating factors such as thrombospon-
din-1 (TSP-1) in endothelial cells. TSP-1 prevents inflamma-
tion, stimulates erythroblast proliferation, and counteracts in-
sulin-like growth factor-binding protein 3 (IGFBP-3)-mediated 
suppression of erythroblast proliferation.12,13

Part of the dietary protein-derived tryptophan is metabo-
lized into indole by tryptophanase in intestinal bacteria, which 
is absorbed into the blood from the intestine, and is metabo-
lized to indoxyl sulfate in the liver. Indoxyl sulfate is nor-
mally excreted into urine, whereas an inadequate renal clear-

rythropoietin (EPO) is an erythropoiesis-stimulating 
cytokine, and is produced mainly by the adult kidney 
in response to hypoxia.1 The relative deficiency of 

EPO is a major cause of anemia in patients with chronic kid-
ney disease (CKD).2,3 The use of recombinant EPO has im-
proved anemia in patients with CKD, reduced mortality and 
improved quality of life.4 EPO stimulates production of red 
blood cells by promoting proliferation and differentiation of 
erythroid progenitors and preventing apoptosis of late erythroid 
progenitors.5–7 Furthermore, EPO exhibits extra-hematopoiet-
ic effects beyond its hematopoietic function. The endothelium 
was the first non-hematopoietic tissue to be identified as a 
physiological target of EPO, because EPO receptor (EPOR) is 
expressed on human vascular endothelial cells from coronary, 
pulmonary, and cerebral arteries, umbilical veins and dermal 
vessels.8 The effects of EPO on endothelial cells are stimula-
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Background: Erythropoietin (EPO) is used to treat anemia in patients with chronic kidney disease (CKD). A wide 
variation in individual response to EPO, however, is often observed, causing EPO resistance. EPO exhibits not only 
hematopoietic but also extra-hematopoietic functions such as endothelial effects. Indoxyl sulfate, a uremic toxin, is 
involved in endothelial dysfunction, and consequently, the pathogenesis of CKD-associated cardiovascular disease. 
The aim of the present study was to determine the effect of indoxyl sulfate on the extra-hematopoietic functions of 
EPO in human umbilical vein endothelial cells (HUVECs).

Methods and Results: HUVECs were incubated with or without indoxyl sulfate or an Akt inhibitor, and then stimu-
lated with or without EPO. Indoxyl sulfate suppressed EPO-induced survival/proliferation, anti-apoptosis function, 
phosphorylation of endothelial nitric oxide synthase, and the expression of thrombospondin-1, an erythroid-stimulat-
ing factor, in HUVECs. Although EPO induced phosphorylation of both Akt and extracellular signal-regulated ki-
nases (ERK) in HUVECs, indoxyl sulfate suppressed phosphorylation of Akt but not ERK. An Akt kinase inhibitor or 
Akt small interfering RNA suppressed all the EPO-induced cellular effects in HUVECs. As a site of action of indoxyl 
sulfate on EPO signaling, indoxyl sulfate attenuated EPO-induced tyrosine phosphorylation of EPO receptor (EPOR) 
in HUVECs.

Conclusions: Indoxyl sulfate negatively regulates the EPOR-Akt pathway in endothelial cells, and might contribute 
to EPO resistance and endothelial dysfunction in patients with CKD.  (Circ J 2013; 77: 1326 – 1336)
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in EGM-2 medium containing 5% fetal bovine serum (FBS) 
under standard cell culture conditions (humidified atmosphere, 
5% CO2, 37°C). The response of HUVECs to indoxyl sulfate 
(250 μmol/L) and EPO (10U/ml) was analyzed between pas-
sages 4 and 6 after a 24-h incubation in EGM-2 medium con-
taining 0.5% FBS.

Measurement of Cell Survival/Proliferation
The survival/proliferation of HUVECs was measured using a 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) reduction 
assay kit (CellTiter 96® Aqueous One Solution Cell Proliferation 
Assay, Promega). Serum-starved HUVECs (2.5×103 cells/well) 
in a 96-well plate were incubated with or without indoxyl 
sulfate (250 μmol/L) for 24 h before EPO (10 U/ml) stimula-
tion for 48 h. In another experiment, serum-starved HUVECs 
(2.5×103 cells/well) in a 96-well plate were incubated with or 
without an Akt kinase inhibitor (1 μmol/L) for 30 min before 
EPO (10 U/ml) stimulation for 48 h. For gene knockdown ex-
periments, HUVECs in a 96-well plate were transfected with 
small interfering RNA (siRNA) for 24 h before EPO (10 U/ml) 
stimulation for 48 h. Thereafter, cells were subjected to the 
MTS assay according to the manufacturer’s instruction.

Apo-ONE Homogenous Caspase-3/7 Assay
The apoptosis was detected by evaluation of caspase 3/7 ac-
tivity. Serum-starved HUVECs (5×103 cells/well) in a 96-
well plate were incubated with or without indoxyl sulfate 
(250 μmol/L) for 24 h before EPO (10 U/ml) stimulation for 
48 h. In another experiment, serum-starved HUVECs (5×103 
cells/well) in a 96-well plate were incubated with or without 
an Akt kinase inhibitor (1 μmol/L) for 30 min before EPO 
(10 U/ml) stimulation for 48 h. Thereafter, cells were subjected 
to this assay according to the manufacturer’s instruction.

TUNEL Assay
Serum-starved HUVECs were incubated with or without in-
doxyl sulfate (250 μmol/L) for 24 h before EPO (10 U/ml) treat-
ment for 48 h in 3.5-cm dishes. Cellular apoptosis was de-
tected by TUNEL assay, using an apoptosis detection TUNEL 
kit according to the manufacturer’s protocol. TUNEL-positive 
cells were counted in 6 randomly representative fields under 
light microscopy. Representative pictures were captured under 
microscopy (×100).

Transfection of siRNA
A small interfering RNA specific to Akt (Akt siRNA) was 
purchased from Nippon Gene Material (Tokyo, Japan); siRNA 
specific to EPOR (EPOR siRNA) was purchased from Qiagen 
(Tokyo, Japan). Lipofectamine was used to transfect the 
siRNA into the HUVECs according to the manufacturer’s 
protocol. HUVECs were treated with or without Akt siRNA 
(10 nmol/L) or EPOR siRNA (10 nmol/L) for 24 h. Protein 
expression of Akt and EPOR was determined by immunob-
lotting.

Immunoblotting
After starvation, HUVECs were incubated with or without 
indoxyl sulfate (250 μmol/L) before EPO (10 U/ml) stimula-
tion. In another experiment, HUVECs were incubated with 
or without an Akt kinase inhibitor (1 μmol/L) before EPO 
(10 U/ml) stimulation. For gene knockdown experiments, 
HUVECs were transfected with siRNA for 24 h before EPO 
(10 U/ml) stimulation. Cells were lysed in lysis buffer (1% 
NP-40, 150 mmol/L NaCl, 50 mmol/L Tris-HCl, complete in-

ance of indoxyl sulfate during CKD leads to elevated serum 
levels.14–17 In addition, indoxyl sulfate cannot be efficiently 
removed by hemodialysis due to its high binding ratio with 
albumin, because the indoxyl sulfate-albumin complex is larg-
er than the pores in the dialysis membrane. Overload of in-
doxyl sulfate taken up by proximal tubular cells through or-
ganic anion transporters 1 and 3 generates reactive oxygen 
species (ROS), and consequently causes activation of nuclear 
factor-κB (NF-κB).18–20 Activation of NF-κB by indoxyl sul-
fate induces cellular senescence and expression of transform-
ing growth factor-β1 (TGF-β1), α-smooth muscle actin (α-
SMA), and monocyte chemotactic protein-1 (MCP-1).20–22 
Indoxyl sulfate leads to epithelial-mesenchymal transition.23 
These changes facilitate interstitial fibrosis and glomerular scle-
rosis, accelerating the progression of CKD.14–17,23,24 Besides its 
renal impact, serum indoxyl sulfate level is associated with 
CVD.24–26 In endothelial cells, indoxyl sulfate suppresses the 
nitric oxide level and cell proliferation.27 In addition, indoxyl 
sulfate induces the expression of MCP-1 and intercellular ad-
hesion molecule-1 (ICAM-1) through ROS-induced activation 
of NF-κB,28 and also leads to cellular senescence through up-
regulation of p53 expression.29 Indoxyl sulfate inhibits the 
viability of endothelial progenitor cells.30

In the present study, we focused on the cross-talk between 
indoxyl sulfate and EPO signaling in endothelial cells, be-
cause hemodialysis patients with increased serum indoxyl 
sulfate level required a higher dosage of EPO.31 Therefore, the 
aim of this study was to determine whether indoxyl sulfate 
affects EPO-induced extra-hematopoietic effects such as sur-
vival/proliferation, anti-apoptosis function, eNOS activation, 
and TSP-1 expression in endothelial cells; and how indoxyl 
sulfate affects the pathway of EPO signaling.

Methods
Reagents
Antibodies and the other reagents were obtained from the fol-
lowing suppliers: anti-α-tubulin, from Calbiochem (La Jolla, 
CA, USA); anti-phospho-Akt (Ser473), anti-Akt, anti-phos-
pho-extracellular signal-regulated kinases 1/2 (anti-phospho-
ERK1/2), anti-ERK1/2, anti-phospho-eNOS (Ser1177) as well 
as anti-rabbit IgG horseradish peroxidase (HRP)-linked anti-
body and anti-mouse IgG, HRP-linked antibodies, from Cell 
Signaling Technology (Beverly, MA, USA); anti-eNOS, from 
BD Biosciences (Mississauga, ON, Canada); anti-phospho-
tyrosine (4G10), from Upstate Biotechnology (Lake Placid, NY, 
USA); anti-TSP-1, from Thermo Scientific (Waltham, MA, 
USA); anti-phospho-EPOR (Tyr456), anti-EPOR, from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA); indoxyl sulfate, 
from Sigma Chemical (St. Louis, MO, USA); EGM-2-MV 
BulletKit, from Lonza (Walkersville, MD, USA); trypsin-
EDTA, from Gibco (Invitrogen, Grand Island, NY, USA); pen-
icillin and streptomycin, from Nacalai Tesque (Kyoto, Japan); 
human EPO, from Cell Signaling Technology (Beverly, MA, 
USA); CellTiter 96® Aqueous One Solution Cell Proliferation 
Assay and Apo-ONE Homogenous Caspase-3/7 Assay, from 
Promega (Madison, WI, USA); Akt kinase inhibitor, from 
WAKO (Osaka, Japan); terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) kit, from Takara 
(Tokyo, Japan); and Lipofectamine RNAiMAX Reagent, from 
Invitrogen (Tokyo, Japan).

Cell Culture
Human umbilical vein endothelial cells (HUVECs) purchased 
from Cascade Biologics (Portland, OR, USA) were maintained 
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detected using specific antibodies and normalized to ERK1/2, 
Akt, eNOS, α-tubulin, and EPOR, respectively. The protein 
bands were visualized using the enhanced Chemi-Lumi One 
system (Nacalai Tesque, Kyoto, Japan).

hibitor, 10% glycerol, phosphatase inhibitor) and clarified by 
centrifugation, and the supernatant was collected. After cell 
lysates were fractionated by SDS-PAGE on polyacrylamide 
gels, proteins were transferred to PVDF membranes (Immob-
ilon-P, Millipore, Bedford, MA, USA). Phospho-ERK1/2, phos-
pho-Akt, and phospho-eNOS, TSP-1, and phospho-EPOR were 

Figure 1.  Indoxyl sulfate (IS) inhibits erythropoietin (EPO)-induced cell survival/proliferation and anti-apoptosis function in human 
umbilical vein endothelial cells (HUVECs). (A) Serum-starved HUVECs were incubated with or without IS (250 μmol/L) for 24 h, and 
then stimulated with or without EPO (10 U/ml) for 48 h. Thereafter, survival/proliferation of HUVECs was measured by MTS cell 
proliferation assay. (B) Serum-starved HUVECs were incubated with or without IS (250 μmol/L) for 24 h, and then stimulated with 
or without EPO (10 U/ml) for 0, 24, 48, 72 h. Apoptosis was measured by Apo-ONE Homogenous Caspase-3/7 Assay. (C) Experi-
mental conditions as described in (A) except measurement of caspase 3/7 activity. (D,E) Experimental conditions as described 
in (A) except for detection of apoptosis by TUNEL assay. TUNEL-positive cells were counted in 6 randomly selected fields under 
light microscopy (×100). Data given as mean ± SE from (A,C) 4 independent experiments or (B,E) 3 independent experiments. 
*P<0.05 vs. untreated cells; #P<0.05 vs. EPO-treated cells.
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which is comparable to the mean serum concentration in he-
modialysis patients.16,32 Because EPO induces survival/prolif-
eration of HUVECs,10 we first determined the effect of indoxyl 
sulfate on EPO-induced cell survival/proliferation. HUVECs 
were incubated with or without indoxyl sulfate for 24 h, and 
then the cells were stimulated with or without EPO for 48 h. 
Survival of HUVECs was significantly suppressed in indoxyl 
sulfate-treated cells even in the presence of EPO (Figure 1A). 
Further, cell survival in indoxyl sulfate + EPO was not signifi-
cantly different from that in indoxyl sulfate alone. Thus, prior 
incubation with indoxyl sulfate significantly inhibited EPO-
induced cell proliferation. Based on these results, we hypoth-
esized that indoxyl sulfate induces endothelial cell death by 

Statistical Analysis
Results are expressed as mean ± SE. Data between groups were 
compared using analysis of variance and Fisher’s protected 
least significance difference test. Results were considered sta-
tistically significant at P<0.05.

Results
Indoxyl Sulfate Inhibits EPO-Induced Survival/Proliferation 
and Anti-Apoptosis Function in HUVECs
The serum concentration of indoxyl sulfate in uremic patients 
is 50–90-fold higher than in healthy subjects.16,32 The present 
study used indoxyl sulfate at a concentration of 250 μmol/L, 

Figure 2.  Indoxyl sulfate (IS) suppresses erythropoietin (EPO)-induced phosphorylation of Akt but not extracellular signal-regu-
lated kinases (ERK) in human umbilical vein endothelial cells (HUVECs). (A) Serum-starved HUVECs were treated with EPO 
(10 U/ml) for 0, 3, 5, 10, 20, 30, 45, and 60 min. Cell lysates were immunoblotted using anti-phospho-ERK1/2, anti-ERK1/2, anti-
phospho-Akt, and anti-Akt antibodies. (B) Serum-starved HUVECs were incubated with IS (250 μmol/L) for 24 h, and then stimu-
lated with or without EPO (10 U/ml) for 10 min. Cell lysates were immunoblotted using anti-phospho-ERK1/2 and anti-ERK1/2 anti-
bodies. (C) Cell lysates were immunoblotted using anti-phospho-Akt and anti-Akt antibodies. (A–C) Intensity of the phospho-ERK 
bands and phospho-Akt bands was quantified, and results normalized to amount of ERK and Akt, respectively, are expressed as 
ratios (fold increase) of the control value. Data given as mean ± SE of (A) 3 independent experiments, and (B,C) 4 independent 
experiments. *P<0.05 vs. 0 min (A), and untreated cells (B,C); #P<0.05 vs. EPO-treated cells (B,C).
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To determine the role of Akt activation in EPO-induced cell 
survival/proliferation and anti-apoptosis function, HUVECs 
were incubated with or without an Akt kinase inhibitor for 
30 min, and then the cells were stimulated with or without 
EPO for 48 h. Survival of HUVECs was significantly sup-
pressed in the Akt kinase inhibitor-treated cells even in the 
presence of EPO (Figure 3A). Thus, prior incubation with an 
Akt kinase inhibitor significantly suppressed EPO-induced cell 
proliferation. Furthermore, activity of caspase 3/7 was signifi-
cantly increased in the Akt kinase inhibitor-treated cells even 
in the presence of EPO (Figure 3B). In addition, activity of 
caspase 3/7 in Akt kinase inhibitor + EPO was not significantly 
different from that in the Akt kinase inhibitor alone, although 
EPO suppressed its activity (Figure 3B). Taken together, in-
doxyl sulfate inhibits EPO-induced cell survival/proliferation 
and anti-apoptosis function in HUVECs through suppression 
of Akt phosphorylation.

Indoxyl Sulfate Inhibits EPO-Induced eNOS Activation 
Through Suppression of Akt Phosphorylation
Activated Akt phosphorylates (activates) eNOS in response to 
various stimuli.37–40 EPO induced eNOS phosphorylation on 
Ser1177, which increased at 10 min and was sustained there-
after (Figure 4A). We then examined the effect of indoxyl 
sulfate on EPO-induced eNOS phosphorylation. HUVECs were 
incubated with or without indoxyl sulfate for 24 h, and then the 
cells were stimulated with or without EPO for 10 min. Pre-
incubation with indoxyl sulfate for 24 h inhibited EPO-in-
duced eNOS phosphorylation (Figure 4B). In addition, either 
pretreatment with an Akt kinase inhibitor or transfection with 
Akt siRNA inhibited EPO-induced eNOS phosphorylation 
(Figures 4C,D). Thus, indoxyl sulfate inhibits EPO-induced 
eNOS activation in HUVECs through suppression of Akt phos-
phorylation.

Indoxyl Sulfate Inhibits EPO-Induced TSP-1 Expression 
Through Suppression of Akt Phosphorylation
TSP-1 expression is decreased in endothelial cells of Akt1-

stimulating apoptosis. Apoptosis was evaluated by measure-
ment of caspase 3/7 activity. HUVECs were incubated with or 
without indoxyl sulfate for 24 h, and then stimulated with or 
without EPO for 0, 24, 48 and 72 h. The most prominent dif-
ference in caspase 3/7 activity among groups was observed at 
48 h after EPO stimulation (Figure 1B). At 48 h after EPO 
stimulation the activity of caspase 3/7 was significantly in-
creased in indoxyl sulfate-treated cells even in the presence of 
EPO (Figure 1C). Furthermore, activity of caspase 3/7 in in-
doxyl sulfate + EPO was not significantly different from that 
in indoxyl sulfate alone, although EPO suppressed its activity. 
These findings were confirmed by TUNEL staining. Indoxyl 
sulfate significantly increased the number of TUNEL-positive 
cells in HUVECs. EPO significantly suppressed the number of 
TUNEL-positive cells, while indoxyl sulfate + EPO increased 
it (Figures 1D,E). Thus, indoxyl sulfate inhibits survival/pro-
liferation of HUVECs through induction of apoptosis even 
when HUVECs are stimulated by EPO.

Indoxyl Sulfate Inhibits EPO-Induced Cell Survival/ 
Proliferation and Anti-Apoptosis Function Through  
Suppression of Akt Phosphorylation
EPO-induced survival/proliferation is caused by activation of 
ERK1/2 and Akt.10,33–35 Therefore, we examined the effect of 
indoxyl sulfate on phosphorylation of ERK and Akt. Before 
analysis of these effects, we confirmed that EPO induced phos-
phorylation of ERK and Akt with a peak at 10 min (Figure 2A). 
Based on these results, HUVECs were incubated with or with-
out indoxyl sulfate for 24 h, and then the cells were stimulated 
with or without EPO for 10 min. We first focused on whether 
indoxyl sulfate suppresses EPO-induced ERK phosphoryla-
tion, because it suppressed vascular endothelial growth factor-
induced ERK phosphorylation.36 Indoxyl sulfate did not affect 
EPO-induced ERK1/2 phosphorylation (Figure 2B). Indoxyl 
sulfate, however, suppressed EPO-induced Akt phosphoryla-
tion (Figure 2C). These results suggest that inhibitory effects 
of indoxyl sulfate on EPO-induced survival/proliferation of 
HUVECs may be due to suppression of Akt phosphorylation.

Figure 3.  Akt kinase inhibitor suppresses erythropoietin (EPO)-induced survival/proliferation and anti-apoptosis function in human 
umbilical vein endothelial cells (HUVECs). (A) Serum-starved HUVECs were treated with an Akt kinase inhibitor (1 μmol/L) for 30 min 
before incubation with or without EPO (10 U/ml) for 48 h. Thereafter, survival/proliferation of HUVECs was measured by MTS assay. 
(B) Experimental conditions as described in (A) except for measurement of caspase 3/7 activity. Data given as mean ± SE of 4 
independent experiments. *P<0.05 vs. untreated cells; #P<0.05 vs. EPO-treated cells.
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phosphorylation.

Indoxyl Sulfate Inhibits EPO-Induced Phosphorylation of 
EPOR
To determine the effects of indoxyl sulfate on EPO signaling, 
we analyzed the phospho-tyrosine state of proteins in cell ly-
sates, because activated EPOR induces tyrosine phosphoryla-
tion of EPOR itself and of downstream molecules. HUVECs 
were incubated with or without indoxyl sulfate for 24 h, and 
then the cells were stimulated with or without EPO for 10 min. 
Thereafter, cell lysates were immunoblotted with an anti-

knockout mice.40 We confirmed that EPO increased the ex-
pression of TSP-1 in a time- and dose-dependent manner 
(Figures 5A,B). To determine the effects of indoxyl sulfate on 
EPO-induced expression of TSP-1, HUVECs were incubated 
with or without indoxyl sulfate for 24 h, and then the cells 
were stimulated with or without EPO for 24 h. Indoxyl sul-
fate significantly inhibited EPO-induced expression of TSP-1 
(Figure 5C) Further, either treatment with an Akt kinase in-
hibitor or transfection with Akt siRNA decreased the expres-
sion of TSP-1 (Figures 5D,E). Thus, indoxyl sulfate inhibits 
EPO-induced expression of TSP-1 through suppression of Akt 

Figure 4.  Indoxyl sulfate (IS) inhibits endothelial nitric oxide synthase (eNOS) phosphorylation through suppression of Akt phos-
phorylation in human umbilical vein endothelial cells (HUVECs). (A) Experimental conditions as described in Figure 2A. (B) Ex-
perimental conditions as described in Figure 2B. (C) Experimental as described in Figure 3A except for treatment with or without 
EPO for 10 min. (D) HUVECs were treated with or without Akt small interfering RNA (siRNA; 10 nmol/L), and then stimulated with 
or without EPO (10 U/ml) for 10 min. Cell lysates from EPO-untreated cells were immunoblotted using anti-Akt and anti-α-tubulin 
antibodies. (A–D) Cell lysates were immunoblotted using anti-phospho-eNOS and anti-eNOS antibodies. Intensity of phospho-
eNOS bands was quantified, and results normalized to amount of eNOS are expressed as ratios (fold increase) of the control value. 
Data given as mean ± SE of (A,D) 3 independent experiments; and (B,C) 4 independent experiments. *P<0.05 vs. 0 min (A) or 
untreated cells (B–D); #P<0.05 vs. EPO-treated cells (B–D).
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Figure 5.  Indoxyl sulfate (IS) inhibits erythropoietin (EPO)-induced thrombospondin-1 (TSP-1) expression in human umbilical vein 
endothelial cells (HUVECs). (A) Serum-starved HUVECs were incubated with EPO (10 U/ml) for 0, 6, 12, and 24 h. (B) Serum-
starved HUVECs were incubated with EPO at 0, 5, 10 and 20 U/ml for 24 h. (C) Experimental conditions as described in Figure 2B 
except for treatment with or without EPO for 24 h. (D) Experimental conditions as described in Figure 3A except treatment with or 
without EPO for 24 h. (E) Experimental conditions as described in Figure 4D except treatment with or without EPO for 24 h. (A–E) 
Cell lysates were immunoblotted using anti-TSP-1 and anti-α-tubulin antibodies. Intensity of TSP-1 bands was quantified, and re-
sults normalized to amount of α-tubulin are expressed as ratios (fold increase) of the control value. Data given as mean ± SE of 
(A–D) 4 independent experiments or (E) 3 independent experiments. *P<0.05 vs. 0 h (A,B) or untreated cells (C–E); #P<0.05 vs. 
EPO-treated cells (C–E).
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We also determined the role of EPOR in EPO-induced 
beneficial effects by using specific EPOR siRNA (Figure 7A). 
Knockdown of EPOR abolished EPO-induced cell prolifera-
tion (Figure 7B), anti-apoptosis (Figure 7C), Akt phosphory-
lation (Figure 7D), eNOS phosphorylation (Figure 7E), and 
TSP-1 expression (Figure 7F). Taken together, indoxyl sul-
fate counteracts endothelial effects of EPO through suppres-
sion of EPOR phosphorylation.

Discussion
The novel findings of the present study are: (1) indoxyl sulfate 
inhibits EPO-induced cell survival/proliferation, anti-apopto-
sis function, eNOS phosphorylation, and TSP-1 expression 

phospho-tyrosine antibody. EPO increased the phosphoryla-
tion level of a protein between 61 kDa and 89 kDa (Figure 6A). 
This level was reduced by indoxyl sulfate stimulation regard-
less of the presence or absence of EPO (Figure 6A). Based on 
the molecular weight (64–78 kDa), we hypothesized that this 
protein is EPOR. Phosphorylated EPOR protein is observed 
even in the absence of EPO, and this might be due to the effect 
of basal medium (0.5% FBS).42 We confirmed that phosphory-
lation of EPOR by EPO increased from 5 min and reached a 
peak at 10 min (Figure 6B). Pretreatment with indoxyl sulfate 
prevented EPO-induced phosphorylation of EPOR (Figure 6C). 
These findings suggest that indoxyl sulfate inhibits EPO-in-
duced tyrosine phosphorylation of EPOR with subsequent 
suppression of Akt phosphorylation.

Figure 6.  Indoxyl sulfate (IS) inhibits erythropoietin (EPO)-induced phosphorylation of EPO receptor (EPOR) in human umbilical 
vein endothelial cells (HUVECs). (A) Experimental conditions as described in Figure 2B. Cell lysates were immunoblotted using 
anti-phospho-tyrosine (4G10) and anti-α-tubulin antibodies. (B) Experimental conditions as described in Figure 2A. (C) Experi-
mental conditions as described in Figure 2B. (B,C) Cell lysates were immunoblotted using anti-phospho-EPOR and anti-EPOR 
antibodies. Intensity of phospho-EPOR bands was quantified, and results normalized to amount of EPOR are expressed as ratios 
(fold increase) of the control value. Data given as mean ± SE of (A,C) 4 independent experiments or (B) 3 independent experiments. 
*P<0.05 vs. untreated cells (A,C) or 0 min (B); #P<0.05 vs. EPO-treated cells (C).



Circulation Journal Vol.77, May 2013

1334 ADELIBIEKE Y et al.

Figure 7.  (A) Human umbilical vein endothelial cells (HUVECs) were treated with or without erythropoietin receptor (EPOR) small 
interfering RNA (siRNA; 10 nmol/L) for 24 h. Cell lysates were immunoblotted using anti-EPOR and anti-α-tubulin antibodies. (B) 
HUVECs were treated with or without EPOR siRNA (10 nmol/L) for 24 h, and then stimulated with or without erythropoietin (EPO; 
10 U/ml) for 48 h. Thereafter, survival/proliferation of HUVECs was measured by MTS cell proliferation assay. (C) Experimental 
conditions as described in (B) except for measurement of caspase 3/7 activity. (D–E) Experimental conditions as described in (B) 
except for treatment with or without EPO (10 U/ml) for 10 min. (F) Experimental conditions as described in (B) except for treatment 
with or without EPO (10 U/ml) for 24 h. (D–F) Cell lysates were immunoblotted using anti-phospho-Akt, anti-Akt, anti-phospho-eNOS, 
anti-eNOS, anti-TSP-1 and anti-α-tubulin antibodies. Intensity of phospho-Akt bands, phospho-eNOS bands and TSP-1 bands 
were quantified, and results normalized to the amounts of Akt, eNOS and α-tubulin, respectively, are expressed as ratios (fold 
increase) of control value. Data given as mean ± SE from 3 independent experiments. *P<0.05 vs. untreated cells; #P<0.05 vs. 
EPO-treated cells. eNOS, endothelial nitric oxide synthase; TSP-1, thrombospondin-1.
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kind of receptor-type tyrosine kinase, as well as EPOR, by 
PTPs has been investigated in detail.49–52 Further study is re-
quired to clarify what kind of PTP activity or expression is 
upregulated by indoxyl sulfate, and site-selectively dephos-
phorylates the phosphorylated EPOR in HUVECs.
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