
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

 

 

의학박사 학위논문 

 

Alterations of Renal Sodium 

Transporters in the Erythropoietin-

treated Chronic Renal Failure Rat 

 

신부전 백서 모델에서 erythropoietin 

투여에 따른 소디움 운반체 변화  

 

2013 년 2 월 

 

 

 

서울대학교 대학원 

임상의학과  

이  정  환 

 

A thesis of the Degree of Doctor of Philosophy 

  



 

 

 

 

 

Alterations of Renal Sodium 

Transporters in the Erythropoietin-

treated Chronic Renal Failure Rat 

 

신부전 백서 모델에서 erythropoietin 

투여에 따른 소디움 운반체 변화  

 

February 2013 

 

 

 

 

 

The Department of Clinical Medical Sciences,  

Seoul National University 

College of Medicine 

Jeonghwan Lee 

  



 

 

 

Alterations of Renal Sodium 

Transporters in the Erythropoietin-

treated Chronic Renal Failure Rat 

 
 

by  
Jeonghwan Lee 

 

 

A thesis submitted to the Department of Clinical Medical 

Sciences in partial fulfillment of the requirements for the 

Degree of Doctor of Philosophy in Clinical Medical Sciences at 

Seoul National University College of Medicine 

 

December 2012 

 

 

Approved by Thesis Committee: 

 
Professor                    Chairman 

Professor                    Vice chairman 

Professor                     

Professor                     

Professor                      



i 

 

ABSTRACT 
 

Introduction: Erythropoietin (EPO) administration in uremic rats 

leads to an increase in blood pressure. However, the adaptive 

mechanism of kidney and renal sodium transporters to EPO is 

not well explored. The present study was designed to 

investigate the change of sodium balance and alteration of major 

renal sodium transporters in erythropoietin (EPO)-treated 

chronic renal failure rat. 

Methods: Renal failure was induced by a two-stage 5/6 

nephrectomy in 30 Sprague-Dawley rats. Three weeks after 

the operation, uremic rats were divided into two groups and 

received vehicle and EPO (150 U/kg, intraperitoneal injection, 

two times per week) for 4 weeks. Half of the rats were 

sacrificed after 1 week of EPO administration, and the rest after 

4 weeks. 

Results: Serum creatinine and sodium level, hematocrit, body 

weight, and systolic blood pressure were similar in both groups 

before treatment. After 1 week of treatment, hematocrit 

increased in the EPO group (48.9 ± 0.8 vs. 38.4 ± 1.0%, P = 

0.001). Systolic blood pressure (SBP) was 153.5 ± 6.8 mmHg 
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in the EPO group and 147.3 ± 4.7 mmHg in control group (P = 

0.793) after 1 week. After 4 weeks’ treatment, SBP increased 

significantly (159.5 ± 3.3 vs. 146.4 ± 2.3 mmHg, P = 0.007). 

Urinary sodium excretion and daily sodium balance did not 

show significant difference between groups throughout the 

experiment period. Expression of ENaC α decreased 

significantly (58.6 ± 5.1% of the control, P < 0.001) after 1 

week of EPO treatment on immunoblot analysis. After 4 weeks 

of treatment, the renal abundances of ENaC α, γ, and NHE3 

significantly decreased (56.1 ± 6.1%, 49.4 ± 9.7%, and 38.6 ± 

9.4% of the control, P = 0.011, 0.026, and 0.007, respectively) 

in the EPO group. Renal medullary endothelin levels of EPO-

treated group increased significantly (10.2 ± 2.9 pg/mg vs. 5.2 

± 0.8 pg/mg, P = 0.028, at the 1st week; 3.6 ± 0.8 pg/mg vs. 

1.5 ± 0.4 pg/mg, P = 0.035, at the 4th week) than that of 

control group. Plasma renin and serum aldosterone levels were 

not different between groups. 

Conclusions: EPO increases renal medullary endothelin-1, and 

inhibits renal ENaC and NHE3 expression. Increased production 

of renal medullary endothelin-1 and decreased expression of 

renal sodium transporters might work as compensatory 
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mechanisms in EPO-treated hypertensive chronic renal failure 

model. 

------------------------------------- 

Keywords: erythropoietin, endothelin-1, epithelial sodium 

channels, sodium-hydrogen exchanger 3 

Student number: 2011-30643 

  



iv 

 

CONTENTS 

Abstract .......................................................................................i 

Contents ..................................................................................... iv 

List of tables and figures ............................................................ v 

Abberviations ............................................................................. vi 

 

Introduction  .............................................................................. 1 

 

Materials and Methods  ............................................................ ４ 

Animal experiments ............................................................ ４ 

BP and biochemical parameters .......................................... ６ 

Measurement of ET-1 ....................................................... ７ 

Semiquantitative immunoblotting ........................................ ７ 

Statistical analyses ............................................................ 10 

 

Results  ................................................................................... 11 

Physiologic and laboratory changes .................................. 11 

Renin aldosterone, and endothelin-1 levels ...................... 12 

Changes of renal sodium transporters ............................... 13 

 

Discussion  .............................................................................. 14 

Conclusions  ............................................................................ 19 

References ............................................................................... 26 

Abstract in Korean .................................................................. 32 



v 

 

LIST OF TABLES AND FIGURES 
 

Table 1. Physiologic and laboratory data in EPO-treated 

and control rats for each period ............................................ 20 

Table 2. Concentration of plasma renin and aldosterone ...... 22 

Table 3. Concentration of renal endothelin-1 ....................... 23 

 

Figure 1. Immunoblots and densitometric analysis of major 

renal sodium transporters from EPO-treated and control 

rats ......................................................................................... 24 

  



vi 

 

LIST OF ABBREVIATIONS 

BCA bicinchoninic acid 

BP blood pressure 

BUN blood urea nitrogen 

CKD chronic kidney disease 

ELISA enzyme-linked immunosorbent assay 

ENaC epithelial sodium channel 

EPO erythropoietin 

ET-1 endothelin-1 

FENa fractional excretion of sodium 

N/A not available 

NCC sodium chloride cotransporter 

NHE sodium hydrogen exchanger 

NKCC sodium potassium chloride cotransporter 

NO nitric oxide 

PMSF phenylmethylsulfonyl fluoride 

SBP systolic blood pressure 

SEM standard error of the means 

Wk week 

 

 



1 

 

INTRODUCTION 
 

 Advanced chronic kidney disease (CKD) is invariably 

associated with anemia which is primarily caused by decreased 

production of erythropoietin (EPO) due to poor renal function 

(1). The recombinant human EPO (rhEPO) can correct anemia 

associated with uremia, and is widely used in clinical practice. 

The correction of anemia by rhEPO has been expected to result 

in generalized improvement in patients’ clinical conditions and 

outcomes. Actually, there are clinical evidences that correction 

of anemia is associated with increase in physical performance 

(2), with reduced risk for hospitalization, and with lower 

relative risk for mortality (3-5). Furthermore, it has been 

shown that anemia correction is effective in reducing the left 

ventricular hypertrophy of anemic patients with CKD (6, 7).  

 However, correction of anemia with rhEPO unexpectedly 

resulted in increased cardiovascular events and mortality in 

some patients with CKD (8, 9). Although the responsible 

causes for these adverse outcomes are not fully elucidated, 

EPO-induced hypertension is a leading candidate (10). EPO 

administration causes hypertension in CKD patients and 

experimental animals (11, 12). The main mechanism of 
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hypertension induced by EPO is arterial vasoconstriction from 

increased cytosolic calcium ion concentrations in vascular 

smooth muscles cells (13), increased plasma and vascular 

endothelin-1 (ET-1) levels (14), increased vasoconstrictive 

prostaglandins such as PGF2 and thromboxane (15), and 

decreased vasodilatory nitric oxide (NO) response (16-18). 

Activation of neurohormonal factors, including sympathetic 

signaling (19, 20) and renin angiotensin system (21, 22) also 

contribute EPO-induced hypertension. 

 Normal kidney increases the sodium excretion when blood 

pressure is increased to restore blood pressure to normal level, 

and this mechanism is called as pressure-natriuresis (23). 

However, there are only a few reports about the altered sodium 

balance in EPO-induced hypertension model, and the results 

are still inconsistent. Brier and colleague reported that EPO 

increased renal sodium reabsorption, which was mediated by 

angiotensin II, in isolated kidney perfusion animal model (24). 

Bunke and others showed that EPO decreased renal sodium 

excretion in healthy volunteers (25). On the contrary, there 

were reports that EPO treatment did not influence on the renal 

sodium handing (26, 27). The exact mechanism and effect of 
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EPO on renal sodium transporters and sodium balance have not 

been fully elucidated. The present study was designed to 

investigate the changes of sodium balance and the expression 

of renal sodium transporters in EPO-treated chronic renal 

failure rat model. 
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MATERIALS AND METHODS 

 

Animal experiments 

 The research protocol and experimental manipulations were 

conducted in accordance with the guidelines of the Institutional 

Animal Care and Use Committee, and were approved by the 

Biomedical Research Institute of Seoul National University 

Hospital. Thirty Sprague-dawley rats (9 weeks of age, 270-

290 g) were obtained (Orient Bio, Seongnam, Korea) and 

placed in room with temperature and humidity control and 

12/12 hour dark/light cycle. The animals were allowed free 

access to AIN-76A purified rodent diet (Harlan laboratories, 

Madison, WI) and deionized water throughout the experiment. 

Chronic renal failure was introduced by a two-stage 5/6 

nephrectomy procedure. Briefly, the rats were anesthetized 

with isoflurane (Isoflu; Abbott Laboratories, Chicago, IL). 

Through a flank incision, approximately two-third of the left 

kidney was removed by excision of the upper and lower poles. 

Five days later, the right kidney was removed through a right 

lateral flank incision. Renal function was then allowed to 
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stabilize over the next 3 weeks to attain a state of chronic renal 

impairment.  

 The uremic animals were randomly divided into two groups, 

and received either vehicle or rhEPO (Epoetin alpha; CJ 

cheiljedang, Korea). The vehicle (0.9% saline) and rhEPO (150 

U/kg) were administered via intraperitoneal route two times per 

week. Half of the rats (n = 16) were scheduled to treat for the 

first 7 days, and the rests (n = 14) were scheduled to treat 28 

days. Before treatment, blood samples (about 1.5 ml) were 

collected from rat tail venous punctures for measurement of 

serum creatinine, blood urea nitrogen, electrolytes and 

hematocrit. Hematocrit was measured every week, and other 

blood samples for chemistry analysis were obtained every two 

weeks. Systolic BP was measured by tail-cuff method prior to 

treatment and every week till the end of the study. Twenty-

four hour urine samples were collected in metabolic cages 

every week throughout the treatment to evaluate urine volume, 

electrolytes, creatinine, and ET-1 excretion. The animals were 

then anesthetized with isoflurane and exsanguinated by an 

abdominal aortic puncture. The remnant kidney was removed 

and cleaned of fibrous capsule. The removed kidney was cut 
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longitudinally. Half was cut into pieces and then frozen and 

stored at -80℃ for measurement of ET-1 concentrations. 

Other half was divided horizontally. Upper quadrant was 

chopped into pieces and homogenized for western blot. Lower 

quadrant was fixed with formalin and embedded in paraffin for 

histologic analysis.  

 

BP and biochemical parameters  

 Systolic BP was measured by the tail-cuff plethysmography 

method (Harvard apparatus, Holliston, MA) after warming and 

slight restriction using rodent holder. BP was recorded using a 

manual acquisition method and the average of three readings 

was used for analysis. Daily sodium excretions were calculated 

from the urine volume and the urinary sodium concentration. 

Creatinine clearances were calculated using the standard 

formula. Whole blood was centrifuged at 3,000 rpm (Sorvall RT 

6000 D; Sorvall, Newtown, CT) at 4°C for 10 min to separate 

plasma. The renin and aldosterone level were measured by 

radioimmunoassay (TFB Co., Tokyo, Japan).  
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Measurement of ET-1 

 Renal tissue endothelin concentrations were measured using 

Quantiglo ET-1 ELISA (R&D systems). Renal tissue was snap 

frozen in liquid nitrogen and stored at -80°C. Frozen samples 

were pulverized in liquid nitrogen and homogenized for 60 s in 

10 volumes of 1 M acetic acid containing 10 μg/ml of pepstatin. 

Samples were heated for 10 min at 100°C, placed on ice, and 

centrifuged at 3500 rpm for 45 min at 4°C. Supernatant was 

stored at -80°C and was used for ET-1 quantification. 

Samples were standardized to total protein using BCA protein 

kit (Pierce Biotechnology).  

 

Semiquantitative immunoblotting 

 The half of remnant kidneys were dissected into small pieces 

and placed in chilled isolation buffer containing 250 mM sucrose, 

10 mM triethanolamine (Sigma, Saint Louis, MO), 1 μg/ml 

leupeptin (Sigma), and 0.1 mg/ml PMSF (Sigma) titrated to pH 

7.6. The pieces were then homogenized at 33000 rpm with 

three strokes for 5 s with a tissue homogenizer (PowerGun 125; 

Fisher Scientific, Pittsburgh, PA). After homogenization 

homogenization, the total protein concentration of the 
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homogenate was measured by the bicinchoninic acid protein 

assay method (BCA Reagent Kit; Sigma) and diluted to 2.0 g/l 

using the isolation buffer solution. The samples were then 

stabilized by heating to 70°C for 10 min after adding 1 volume 

5X Laemmli sample buffer per 4 volume sample. 

 Initially, loading gels were performed on each sample set to 

allow the fine adjustment of the loading amount to guarantee 

equal loading on subsequent immunoblots. Five micrograms of 

protein from each sample was loaded into each individual lane 

and electrophoresed on 12% polyacrylamide-SDS minigels 

using a Mini-PROTEAN electrophoresis apparatus (Bio-Rad, 

Hercules, CA) and then stained with Coomassie blue dye (a 

0.025% solution made in 4.5% methanol and 1% acetic acid, G-

25; Bio-Rad). Images of selected bands from these gels were 

taken by Bio-Capt image system (Vilber Lourmat, France) to 

semiquantitatively determine the density (ImageJ 1.45s, USA), 

and relative amounts of protein were loaded in each lane. 

Finally, protein concentrations were corrected to reflect these 

measurements by repeating the above process. 

 For immunoblotting, the proteins electrophoresed on gels were 

transferred from unstained gels to nitrocellulose membranes 



9 

 

(Bio-Rad) by the electroelution method. After being blocked 

with 5% skim milk in TBS-T [TBS buffer (TBS, 20X ready 

pack, Amresco) and Tween-20] for 1 hour at room 

temperature, the membranes were probed overnight at 4°C with 

the respective primary antibodies. For the probing blots, all 

primary antibodies were diluted using antibody diluent solution 

(Zytomed, Berlin, Germany). Immunoblotting was performed 

using anti-rat Na+/H+ exchanger type 3 (NHE3; 1:200), anti-

rat Na+-K+-2Cl- cotransporter (NKCC2; 1:2,000), anti-rat 

NCC (1:1,000), and anti-rat α (1:1,000)-, β (1:200)-, and γ 
(1:500)-epithelial Na channel (ENaC). The membranes were 

washed and incubated with secondary antibodies for 1 hour at 

room temperature. The secondary antibody was horseradish 

peroxidase-conjugated donkey anti-rabbit IgG (7074; Cell 

Signaling) diluted to 1:3,000. The sites of antibodyantigen 

reaction were visualized using an enhanced chemiluminescence 

system (ECL RPN 2106; Amersham Pharmacia Biotech, 

Buckinghamshire, UK) before exposure to X-ray film 

(Hyperfilm; Amersham Pharmacia Biotech). Band images were 

captured by Bio-Capt instrument (Vilber Lourmat, France). 

Band density were measured with ImageJ software program 
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and calculated as a value relative to the average value of the 

control group.  

 For semiquantitative immunoblotting, we used previously 

characterized polyclonal antibodies. Affinity-purified polyclonal 

antibodies against NHE3 (28), NKCC2 (29), NCC (30), and 

ENaC α and γ (31) were used. Affinity-purified polyclonal 

antibodies against ENaC β (sc-21013; Santa Cruz 

Biotechnology, Santa Cruz, CA), and anti-β-actin (Sigma) 

were commercially obtained. 

 

Statistical analyses  

 Physiologic and laboratory results are expressed as means ± 

SEM (standard error of the means) unless specified otherwise. 

Statistical comparisons were analyzed by Mann-Whitney U test 

using IBM SPSS 19.0. Band density values were standardized 

by dividing them by the average value of the control group. The 

mean for the control group was defined as 100%. Statistical 

significance was accepted at two tailed P-value below 0.05. 
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RESULTS 

 

Physiologic and laboratory changes  

 Table 1 shows the physiologic and laboratory data in EPO-

treated and control rats for each period. Before the start of 

treatment, uremic rats (n = 30) were hypertensive and systolic 

BP was similar in EPO-treated (n = 15) and control (n = 15) 

rats (139.7 ± 2.9 and 141.3 ± 1.1 mmHg, respectively, P = 

0.798). Through the 4 weeks’ treatment period, systolic BP did 

not increase in control rats (P = 0.427). After EPO treatment, 

systolic blood pressure seemed to increase at the 1st week in 

the EPO group than the control (153.5 ± 6.8 vs. 147.3 ± 4.7 

mmHg, P = 0.793), but was not statistically significant. After 4 

weeks, blood pressure increased significantly (159.5 ± 3.3 vs. 

146.4 ± 2.3 mmHg, P = 0.007). Body weights, amount of food 

and water intake in both groups were not different before and 

throughout the treatment.  

 During 3 weeks’ stabilization period after 5/6 nephrectomy, 

hemoglobin (13.2 ± 0.1 mg/dl, P < 0.001) and hematocrit levels 

(42.5 ± 0.5%, P < 0.001) of all uremic rats decreased 

significantly from basal levels (15.0 ± 0.1 mg/dl and 46.1 ± 
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0.4%, respectively). Hematocrit levels increased significantly 

after the treatment in animals receiving EPO.  

 Before the treatment, serum creatinine levels (0.89 ± 0.02 

mg/dl) had nearly doubled compared to basal values (0.45 ± 

0.01 mg/dl), and were similar in both groups of uremic rats. 

Throughout the experiment period, blood urea nitrogen, serum 

creatinine, and serum sodium levels were not different between 

the two groups.  

 Daily sodium intake, excretion, and balance were almost same 

between the groups Fractional excretion of sodium (FENa) of 

each group was not significantly different.  

 

Renin, aldosterone, and endothelin-1 (ET-1) levels  

 The levels of plasma renin and aldosterone in EPO-treated 

and control rats showed no differences at 1st week and 4th 

week after treatment (Table 2). Whole kidney and renal cortical 

ET-1 levels were comparable between the two groups (Table 

3). However, renal medullary endothelin concentration of EPO-

treated group increased significantly (10.2 ± 2.9 pg/mg vs. 5.2 

± 0.8 pg/mg, P = 0.028, at the 1st week; 3.6 ± 0.8 pg/mg vs. 

1.5 ± 0.4 pg/mg, at the 4th week) than that of control group. 
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Changes of renal sodium transporters  

 Figure 1 shows the results of immunoblots for renal sodium 

transporters from EPO-treated and control rats. In the EPO-

treated group, the expression of NKCC2, NCC, and ENaC β did 

not change significantly. However, the renal abundances of 

ENaC α decreased (58.6 ± 5.1 vs. 100.0 ± 6.2%, P <0.001) at 

1st week, and ENaC α, γ, and NHE3 decreased significantly at 

4th week (NHE3 38.6 ± 9.4 vs. 100.0 ± 15.7%, P = 0.007; 

ENaC α 56.1 ± 6.1 vs. 100.0 ± 13.0%, P = 0.011; ENaC γ 49.4 

± 9.7 vs. 100.0 ± 15.5%, P = 0.026) in the EPO group. Other 

apical sodium transporters did not change in abundance. 
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DISCUSSION 

 

 This study is about the renal adaptive responses to EPO 

treatment in remnant kidney uremic rat model. The change of 

renal sodium balance with sodium transporters and the 

regulatory role of ET-1 were explored. Renal failure was 

induced by 5/6 partial nephrectomy and hypertension developed 

successfully in EPO-treated group after 4 weeks’ treatment. 

Renal medullary ET-1 levels increased significantly with the 

decreased expression of ENaC α after 1 week treatment. 

Plasma renin and aldosterone levels were not changed 

throughout the experiment. Increased levels of renal medullary 

ET-1 and decreased expression of ENaC α maintained till 4th 

week. However, daily sodium intake, excretion, and balance 

were almost same between the groups throughout the 

experiment.  

 EPO increases blood pressure independently of its 

erythropoietic effect and increased viscosity (12, 32, 33). 

Various mechanisms of EPO-induced hypertension, including 

increase of cytosolic calcium in vascular smooth muscle cells, 

vascular ET-1, vasoconstrictive prostaglandins such as PGF2 
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and thromboxane, and decrease of vasodilatory NO response, 

have been suggested (34). These evidences support that EPO 

induces hypertension by arterial vasoconstriction. However, 

there are only some controversial evidences that EPO can 

change sodium excretion and influence on the status of 

hypertension by regulation of sodium balance (24-26). In this 

study, urinary sodium excretion did not decrease in EPO-

treated group and daily sodium balance was almost same 

between the groups. However, daily sodium balance after 1 

week’s treatment decreased significantly. Therefore, the result 

may suggest that sodium retention is not induced by EPO 

treatment and does not contribute to the development or 

aggravation of EPO-induced hypertension. Interestingly, ENaC 

α decreased after 1 week, and ENaC α, γ, and NHE3 decreased 

significantly after 4 weeks of EPO treatment. To our knowledge, 

this is the first study which investigated the change of renal 

sodium transporters in EPO-treated hypertensive remnant 

uremic rat models. Decreased expression of sodium 

transporters might be related to the increased urinary sodium 

excretion or negative sodium balance. Although, in this study, 

the amount of urinary sodium excretion and daily sodium 
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balance could not show the significant differences between the 

two groups, decreased renal sodium transporters could be the 

evidences of renal adaptive response to EPO treatment. 

Recently, it is reported that EPO reduces the reabsorption of 

sodium in the proximal renal tubules and decreases the plasma 

volume (35, 36). Decreased expression of renal sodium 

transporters, including NHE3, ENaC α, and γ, can be the cause 

of decreased tubular sodium reabsorption and plasma volume.  

 EPO induces ET-1 release in vascular endothelial cells and 

acts as an important vasoconstrictor modulating vosodilating 

and vasoconstricting progstaglandins (14, 15, 37). However, in 

vivo study, plasma levels of ET-1 in 5/6 nephrectomized 

uremic rats did not rise after EPO administration (38). To date, 

there have been few studies about the effect of EPO on renal 

tissue ET-1 production and renal sodium transporters. We 

revealed in this study that EPO treatment increased the renal 

medullary ET-1 levels. It is known that ET-1 can influence on 

renal sodium transporters’ activity and sodium balance. ET-1 

causes phosphorylation and trafficking of NHE3 to the apical 

membrane, resulting in an increase in NHE3 activity (39-41). 

However, in this study, the expression of NHE3 was not 
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changed at the 1st week and even decreased at the 4th week. 

The cause of decreased NHE3 expression can be pressor effect 

of EPO treatment. Acute increase in blood pressure provokes a 

rapid decrease in proximal tubular salt and water reabsorption 

by decreased NHE3 expression and internalization which 

contribute to pressure natriuresis (42, 43). EPO increased 

blood pressure after 4 weeks’ treatment. Therefore, EPO 

decreased the expression of NHE3 despite the increase of 

medullary ET-1. Contrary to NHE3, ET-1 decreases ENaC 

activity (44, 45). Collecting duct-derived ET-1 acting via 

endothelin B (ETB) receptors is known to promote renal 

sodium excretion (46). In collecting duct-specific endothelin B 

receptor knockout model, sodium retention and subsequent 

hypertension were induced (47). Collecting duct endothelin B 

receptor mediates the antihypertensive and natriuretic effect of 

ET-1, and associated with ENaC activities (48). Therefore, 

increased renal medullary ET-1 might work as a compensatory 

mechanism in the development of hypertension. In DOCA- and 

salt-treated rat models, production of renal medullary ET-1 

increased and showed natriuretic effects (49). On the contrary, 

decreased medullary ET-1 levels are associated with the 
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development of hypertension. ET-1 synthesis is markedly 

lower in the kidneys of spontaneously hypertensive rats (50). 

Decrease in medullary production of ET-1 in the Dahl salt-

sensitive rat plays an important role in the development of 

hypertension (51). In this study, EPO administration increased 

significantly renal medullary ET-1 levels, and decreased the 

expression of renal sodium transporters, including ENaC α, γ, 
and NHE3.  

 In this study, the renal medullary ET-1 levels at 4 weeks 

decreased more than the levels at 1 week. This finding may be 

related to the progression of chronic renal disease and 

hypertension. It was reported that renal production of ET-1 

declines with the progression of the chronic kidney disease, and 

the decreased ET-1 production is closely associated with the 

renal disease associated hypertension (52). The findings that 

EPO treatment increased the renal medullary ET-1 levels with 

decreased renal sodium transporter expression could the 

preventive mechanism of CKD progression and the development 

of hypertension. 
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CONCLUSIONS 

 

 In summary, EPO treatment increases renal medullary ET-1 

levels and decreased the expression of sodium transporters 

such as ENaC α, γ, and NHE3 in remnant kidney uremic rat 

model. The change of renal medullary ET-1 and renal sodium 

transporters were not directly associated with sodium balance. 

Hypertension developed after 4 weeks’ EPO treatment 

independently of plasma renin or serum aldosterone levels. 

Increased renal medullary ET-1 and decreased renal sodium 

transporters are adaptive response to EPO treatment, and might 

work as a compensatory mechanism in EPO-treated 

hypertensive uremic rat models.  
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Table 1. Physiologic and laboratory data in EPO-treated 

and control rats for each period 

 Group Wk 0 (n=15, each group) Wk 1 (n=8, each group) 
  Data P value Data P value 

SBP (mmHg) 
Control 141.3 ± 1.1  147.3 ± 4.7  

EPO 139.7 ± 2.9 0.798 153.5 ± 6.8 0.793 

Body weight (g) 
Control 355.2 ± 4.7  361.5 ± 5.3  

EPO 359.4 ± 3.6 0.565 362.3 ± 4.1 0.482 

Food intake 
(g/d) 

Control 23.2 ± 1.1  25.5 ± 0.9  

EPO 22.2 ± 0.4 0.848 25.6 ± 1.3 0.834 

Water intake 
(ml/d) 

Control 37.6 ± 1.5  46.9 ± 1.3  

EPO 32.1 ± 1.7 0.040* 47.4 ± 2.2 0.529 

Urine (ml/d) 
Control 15.7 ± 1.6  29.1 ± 1.7  

EPO 14.8 ± 1.4 0.898 28.3 ± 1.3 0.400 

Sodium intake 
(mmol/d/100g) 

Control 0.384 ± 0.011  0.388 ± 0.012  

EPO 0.380 ± 0.012 0.983 0.383 ± 0.014 0.916 

Sodium excretion 
(mmol/d/100g) 

Control 0.347 ± 0.028  0.271 ± 0.024  

EPO 0.355 ± 0.032 0.694 0.279 ± 0.015 0.674 

Sodium balance 
(mmol/d/100g) 

Control 0.038 ± 0.021  0.117 ± 0.022  

EPO 0.025 ± 0.022 0.520 0.104 ± 0.011 0.834 

Hemoglobin 
(mg/dl) 

Control 13.2 ± 0.3  12.9 ± 0.4  

EPO 13.2 ± 0.1 0.701 16.1 ± 0.3 0.001** 

Hematocrit (%) 
Control 42.4 ± 0.8  38.4 ± 1.0  

EPO 42.8 ± 0.5 0.337 48.9 ± 0.8 0.001** 

BUN (mg/dl) 
Control 51.6 ± 2.9  N/A  

EPO 45.0 ± 2.7 0.179 N/A N/A 

Serum creatinine 
(mg/dl) 

Control 0.87 ± 0.03  N/A  

EPO 0.91 ± 0.02 0.123 N/A N/A 

Serum sodium 
(mmol/L) 

Control 145.6 ± 0.8  142.9 ± 0.7  

EPO 146.3 ± 1.0 0.694 142.0 ± 0.7 0.329 

FENa (%) 
Control 0.56 ± 0.02  N/A  

EPO 0.58 ± 0.06 0.565 N/A N/A 

Ｃｏｎｔｉｎｕｅｄ 
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 Group Wk 2 (n=7, each group) Wk 4 (n=7, each group) 
  Data P value Data P value 

SBP (mmHg) 
Control 141.0 ± 4.4  146.4 ± 2.3  

EPO 149.6 ± 3.2 0.064 159.5 ± 3.3 0.007** 

Body weight (g) 
Control 373.9 ± 5.1  397.4 ± 6.5  

EPO 375.6 ± 4.3 0.848 401.6 ± 5.0 0.949 

Food intake 
(g/d) 

Control 21.8 ± 1.0  17.4 ± 1.7  

EPO 19.4 ± 0.5 0.110 18.5 ± 1.1 0.949 

Water intake 
(ml/d) 

Control 38.8 ± 3.5  33.9 ± 1.7  

EPO 35.8 ± 0.6 0.400 32.1 ± 1.6 0.564 

Urine (ml/d) 
Control 21.1 ± 3.6  21.2 ± 2.0  

EPO 15.8 ± 0.9 0.180 17.1 ± 1.6 0.141 

Sodium intake 
(mmol/d/100g) 

Control 0.258 ± 0.013  0.194 ± 0.019  

EPO 0.229 ± 0.007 0.142 0.203 ± 0.012 0.848 

Sodium excretion 
(mmol/d/100g) 

Control 0.268 ± 0.033  0.199 ± 0.008  

EPO 0.206 ± 0.014 0.225 0.173 ± 0.010 0.085 

Sodium balance 
(mmol/d/100g) 

Control -0.010 ± 0.039 -0.005 ± 0.018 

EPO 0.025 ± 0.014 0.749 0.030 ± 0.016 0.085 

Hemoglobin 
(mg/dl) 

Control 15.4 ± 0.2  13.4 ± 0.2  

EPO 17.9 ±0.2 0.002** 16.0 ± 0.6 0.025* 

Hematocrit (%) 
Control 45.9 ± 0.6  40.3 ± 0.8  

EPO 54.2 ± 0.9 0.002** 46.7 ± 1.9 0.025* 

BUN (mg/dl) 
Control 55.6 ± 6.2  58.9 ± 11.0  

EPO 45.0 ± 2.1 0.085 50.0 ± 3.6 0.848 

Serum creatinine 
(mg/dl) 

Control 0.88 ± 0.09  0.85 ± 0.11  

EPO 0.80 ± 0.03 0.607 0.77 ± 0.04 0.848 

Serum sodium 
(mmol/L) 

Control 147.9 ± 0.6  142.3 ± 0.7  

EPO 146.9 ± 0.7 0.316 141.6 ± 0.4 0.240 

FENa (%) 
Control 0.57 ± 0.13  0.43 ± 0.06   

EPO 0.38 ± 0.02 0.180 0.36 ± 0.03 0.482 

Values are expressed as means ± SEM. 
BUN, blood urea nitrogen; EPO, erythropoietin-treated 
group; N/A, not available; SBP, systolic blood pressure; 
Wk, week of treatment 
* P < 0.05, ** P < 0.01 vs. control 
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Table 2. Concentration of plasma renin and aldosterone 

 
Group 

Plasma renin 
(ng/ml/h) 

Serum aldosterone 
(ng/dl) 

  Data P value Data P value 

1st 
week 

Control 4.3 ± 1.0  29.4 ± 4.5  

EPO 3.1 ± 0.4 0.494 28.5 ± 4.1 0.916 

4th 
week 

Control 4.4 ± 1.1  12.8 ± 0.6  

EPO 4.9 ± 1.4 0.848 15.3 ± 1.8 0.620 

Values are expressed as means ± SEM.  
ET-1, endothelin-1; EPO, erythropoietin-treated group  
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Table 3. Concentration of renal endothelin-1 

 

 ET-1 Control EPO P value 

Total 
(pg/mg) 

1st week N/A N/A N/A 

4th week 1.0 ± 0.2 1.1 ± 0.2 0.749 

Cortex 
(pg/mg) 

1st week 3.1 ± 1.2 2.5 ± 0.3 0.462 

4th week 1.4 ± 0.3 1.6 ± 0.5 1.000 

Medulla 
(pg/mg) 

1st week 5.2 ± 0.8 10.2 ± 2.9 0.028* 

4th week 1.5 ± 0.4 3.6 ± 0.8 0.035* 

Values are expressed as means ± SEM. 
N/A, data are not available.  
* P < 0.05 vs. control 
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Figure 1. Immunoblots (A, B) and densitometric analysis (C, D) 

of major renal sodium transporters from EPO-treated and 

control rats are represented. Each sodium transporters show 

protein expression at 1st week (A, C) and 4th week (B, D) 

after treatment, respectively. Data are mean ± SEM. * P < 0.05 

and ** P < 0.01 for EPO-treated rats compared with controls.  

 

 



25 

 

 

 
  



26 

 

REFERENCES 

 

1. Eschbach JW, Abdulhadi MH, Browne JK, et al. Recombinant 

human erythropoietin in anemic patients with end-stage renal 

disease. Results of a phase III multicenter clinical trial. Ann Intern 

Med 1989;111:992-1000. 

2. McMahon LP, Johns JA, McKenzie A, et al. Haemodynamic 

changes and physical performance at comparative levels of 

haemoglobin after long-term treatment with recombinant 

erythropoietin. Nephrol Dial Transplant 1992;7:1199-1206. 

3. Xia H, Ebben J, Ma JZ, et al. Hematocrit levels and hospitalization 

risks in hemodialysis patients. J Am Soc Nephrol 1999;10:1309-

1316. 

4. Ma JZ, Ebben J, Xia H, et al. Hematocrit level and associated 

mortality in hemodialysis patients. J Am Soc Nephrol 

1999;10:610-619. 

5. Collins AJ, Li S, St Peter W, et al. Death, hospitalization, and 

economic associations among incident hemodialysis patients with 

hematocrit values of 36 to 39%. J Am Soc Nephrol 

2001;12:2465-2473. 

6. Macdougall IC, Lewis NP, Saunders MJ, et al. Long-term 

cardiorespiratory effects of amelioration of renal anaemia by 

erythropoietin. Lancet 1990;335:489-493. 

7. Cannella G, La Canna G, Sandrini M, et al. Reversal of left 

ventricular hypertrophy following recombinant human 

erythropoietin treatment of anaemic dialysed uraemic patients. 

Nephrol Dial Transplant 1991;6:31-37. 



27 

 

8. Besarab A, Bolton WK, Browne JK, et al. The effects of normal as 

compared with low hematocrit values in patients with cardiac 

disease who are receiving hemodialysis and epoetin. N Engl J 

Med 1998;339:584-590. 

9. Singh AK, Szczech L, Tang KL, et al. Correction of anemia with 

epoetin alfa in chronic kidney disease. N Engl J Med 

2006;355:2085-2098. 

10. Fishbane S, Besarab A. Mechanism of increased mortality risk 

with erythropoietin treatment to higher hemoglobin targets. Clin J 

Am Soc Nephrol 2007;2:1274-1282. 

11. Strippoli GF, Craig JC, Manno C, et al. Hemoglobin targets for the 

anemia of chronic kidney disease: A meta-analysis of randomized, 

controlled trials. J Am Soc Nephrol 2004;15:3154-3165. 

12. Vaziri ND, Zhou XJ, Smith J, et al. In vivo and in vitro pressor 

effects of erythropoietin in rats. Am J Physiol 1995;269:F838-

845. 

13. Heidenreich S, Rahn KH, Zidek W. Direct vasopressor effect of 

recombinant human erythropoietin on renal resistance vessels. 

Kidney Int 1991;39:259-265. 

14. Carlini RG, Dusso AS, Obialo CI, et al. Recombinant human 

erythropoietin (rhuepo) increases endothelin-1 release by 

endothelial cells. Kidney Int 1993;43:1010-1014. 

15. Bode-Boger SM, Boger RH, Kuhn M, et al. Recombinant human 

erythropoietin enhances vasoconstrictor tone via endothelin-1 

and constrictor prostanoids. Kidney Int 1996;50:1255-1261. 

16. Vaziri ND, Zhou XJ, Naqvi F, et al. Role of nitric oxide resistance 

in erythropoietin-induced hypertension in rats with chronic renal 

failure. Am J Physiol 1996;271:E113-122. 



28 

 

17. Wang XQ, Vaziri ND. Erythropoietin depresses nitric oxide 

synthase expression by human endothelial cells. Hypertension 

1999;33:894-899. 

18. Scalera F, Kielstein JT, Martens-Lobenhoffer J, et al. 

Erythropoietin increases asymmetric dimethylarginine in 

endothelial cells: Role of dimethylarginine 

dimethylaminohydrolase. J Am Soc Nephrol 2005;16:892-898. 

19. Yamakado M, Umezu M, Nagano M, et al. Mechanisms of 

hypertension induced by erythropoietin in patients on 

hemodialysis. Clin Invest Ｍed 1991;14:623-629. 

20. Hand MF, Haynes WG, Johnstone HA, et al. Erythropoietin 

enhances vascular responsiveness to norepinephrine in renal 

failure. Kidney Int 1995;48:806-813. 

21. Eggena P, Willsey P, Jamgotchian N, et al. Influence of 

recombinant human erythropoietin on blood pressure and tissue 

renin-angiotensin systems. Am J Physiol 1991;261:E642-646. 

22. Barrett JD, Zhang Z, Zhu JH, et al. Erythropoietin upregulates 

angiotensin receptors in cultured rat vascular smooth muscle cells. 

J Hypertens 1998;16:1749-1757. 

23. Ritz E, Fliser D. Hypertension and the kidney--an overview. Am 

J Kidney Dis 1993;21:3-9. 

24. Brier ME, Bunke CM, Lathon PV, et al. Erythropoietin-induced 

antinatriuresis mediated by angiotensin II in perfused kidneys. J 

Am Soc Nephrol 1993;3:1583-1590. 

25. Bunke M, Gleason JR, Jr., Brier M, et al. Effect of erythropoietin 

on renal excretion of a sodium load. Clin Pharmacol Ther 

1994;55:563-568. 

26. Lebel M, Rodrigue ME, Agharazii M, et al. Antihypertensive and 

renal protective effects of renin-angiotensin system blockade in 



29 

 

uremic rats treated with erythropoietin. Am J Hypertens 

2006;19:1286-1292. 

27. Rodrigue ME, Brochu I, P Do-J, et al. Effect of erythropoietin on 

blood pressure and on the vascular endothelial ET-1/ETB 

receptor system. Am J Hypertens 2008;21:639-643. 

28. Kim GH, Ecelbarger C, Knepper MA, et al. Regulation of thick 

ascending limb ion transporter abundance in response to altered 

acid/base intake. J Am Soc Nephrol 1999;10:935-942. 

29. Kim GH, Ecelbarger CA, Mitchell C, et al. Vasopressin increases 

Na-K-2Cl cotransporter expression in thick ascending limb of 

Henle's loop. Am J Physiol 1999;276:F96-F103. 

30. Kim GH, Masilamani S, Turner R, et al. The thiazide-sensitive 

Na-Cl cotransporter is an aldosterone-induced protein. Proc Natl 

Acad Sci U S A 1998;95:14552-14557. 

31. Masilamani S, Kim GH, Mitchell C, et al. Aldosterone-mediated 

regulation of enac alpha, beta, and gamma subunit proteins in rat 

kidney. J Clin Invest 1999;104:R19-23. 

32. Ifudu O, Dawood M, Homel P. Erythropoietin-induced elevation in 

blood pressure is immediate and dose dependent. Nephron 

1998;79:486-487. 

33. Tsukahara H, Hori C, Tsuchida S, et al. Role of endothelin in 

erythropoietin-induced hypertension in rats. Nephron 

1998;79:499-500. 

34. Krapf R, Hulter HN. Arterial hypertension induced by 

erythropoietin and erythropoiesis-stimulating agents (ESA). Clin 

J Am Soc Nephrol 2009;4:470-480. 

35. Lundby C, Thomsen JJ, Boushel R, et al. Erythropoietin treatment 

elevates haemoglobin concentration by increasing red cell volume 

and depressing plasma volume. J Physiol 2007;578:309-314. 



30 

 

36. Olsen NV, Aachmann-Andersen NJ, Oturai P, et al. 

Erythropoietin down-regulates proximal renal tubular 

reabsorption and causes a fall in glomerular filtration rate in 

humans. J Physiol 2011;589:1273-1281. 

37. Bode-Boger SM, Boger RH, Kuhn M, et al. Endothelin release and 

shift in prostaglandin balance are involved in the modulation of 

vascular tone by recombinant erythropoietin. J Cardiovasc 

Pharmacol 1992;20 Suppl 12:S25-28. 

38. Zhou XJ, Pandian D, Wang XQ, et al. Erythropoietin-induced 

hypertension in rat is not mediated by alterations of plasma 

endothelin, vasopressin, or atrial natriuretic peptide levels. J Am 

Soc Nephrol 1997;8:901-905. 

39. Licht C, Laghmani K, Yanagisawa M, et al. An autocrine role for 

endothelin-1 in the regulation of proximal tubule NHE3. Kidney 

Int 2004;65:1320-1326. 

40. Peng Y, Moe OW, Chu T, et al. Etb receptor activation leads to 

activation and phosphorylation of NHE3. Am J Physiol 

1999;276:C938-945. 

41. Eiam-Ong S, Hilden SA, King AJ, et al. Endothelin-1 stimulates 

the Na+/H+ and Na+/HCO3- transporters in rabbit renal cortex. 

Kidney Int 1992;42:18-24. 

42. McDonough AA, Leong PK, Yang LE. Mechanisms of pressure 

natriuresis: How blood pressure regulates renal sodium transport. 

Ann N Y Acad Sci 2003;986:669-677. 

43. McDonough AA. Mechanisms of proximal tubule sodium transport 

regulation that link extracellular fluid volume and blood pressure. 

Am J Physiol Regul Integr Comp Physiol 2010;298:R851-861. 



31 

 

44. Pavlov TS, Chahdi A, Ilatovskaya DV, et al. Endothelin-1 inhibits 

the epithelial Na+ channel through betaPix/14-3-3/Nedd4-2. J 

Am Soc Nephrol 2010;21:833-843. 

45. Bugaj V, Pochynyuk O, Mironova E, et al. Regulation of the 

epithelial Na+ channel by endothelin-1 in rat collecting duct. Am 

J Physiol Renal Physiol 2008;295:F1063-1070. 

46. Ahn D, Ge Y, Stricklett PK, et al. Collecting duct-specific 

knockout of endothelin-1 causes hypertension and sodium 

retention. J Clin Invest 2004;114:504-511. 

47. Ge Y, Bagnall A, Stricklett PK, et al. Collecting duct-specific 

knockout of the endothelin B receptor causes hypertension and 

sodium retention. Am J Physiol Renal Physiol 2006;291:F1274-

1280. 

48. Bugaj V, Mironova E, Kohan DE, et al. Collecting duct-specific 

endothelin B receptor knockout increases ENaC activity. Am J 

Physiol Cell Physiol 2012;302:C188-194. 

49. Hsieh TJ, Lin SR, Lee YJ, et al. Increased renal medullary 

endothelin-1 synthesis in prehypertensive DOCA- and salt-

treated rats. Am J Physiol Renal Physiol 2000;279:F112-121. 

50. Hughes AK, Cline RC, Kohan DE. Alterations in renal endothelin-

1 production in the spontaneously hypertensive rat. Hypertension 

1992;20:666-673. 

51. Speed JS, LaMarca B, Berry H, et al. Renal medullary endothelin-

1 is decreased in Dahl salt-sensitive rats. Am J Physiol Regul 

Integr Comp Physiol 2011;301:R519-523. 

52. Torralbo A, Trobo JI, Borque M, et al. Alterations in renal 

endothelin production in rats with reduced renal mass. Am J 

Kidney Dis 1995;25:918-923. 

 



32 

 

국문 초록 

 
서론: 신부전 랫드에 적혈구생성인자 (erythropoietin, EPO)을 투

여하면 혈압이 상승한다. 하지만 EPO 투여에 따른 신장 적응기전과 

이에 따른 신장의 소디움 운반체의 변화에 대하여는 연구된 바가 

적다. 본 연구에서는 EPO 를 투여한 신부전 랫드에서 소디움 균형

과 신장의 주요한 소디움 운반체의 변화를 살펴보고자 하였다. 

방법: 30 마리의 랫드 (Sprague-Dawley 종)를 도입하여 5/6 신절

제를 시행하여 신부전을 유도하였다. 3 주간의 안정기간이 지난 후 

랫드를 양 군으로 나누어 대조군에는 위약을, 실험군에는 EPO 

(150 U/kg, 주 2 회, 복막강내 투여)를 총 4 주간 투여하였다. 1 주

의 약물 투여가 끝난 후 절반의 랫드를 희생시켜 결과를 확인하였

고 나머지 절반은 4 주간의 약물 투여가 모두 끝난 후 결과를 확인

하였다. 

결과: 혈청 크레아티닌, 소디움 농도, 헤마토크릿, 체중, 수축기 혈압

은 EPO 투여 전 양군에서 차이가 없었다. 1 주간의 EPO 투여가 끝

난 후 EPO 투여군에서 헤마토크릿은 유의하게 증가하였다 (48.9 

± 0.8 vs. 38.4 ± 1.0%, P = 0.001). 1 주 째 수축기 혈압은 실험

군에서 153.5 ± 6.8 mmHg 이었고, 대조군에서 147.3 ± 4.7 

mmHg (P = 0.793) 이었다. 4 주 째 수축기 혈압은 실험군에서 유

의하게 증가하였다 (실험군 159.5 ± 3.3, 대조군 146.4 ± 2.3 
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mmHg, P = 0.007). 실험기간 동안 뇨중 소디움의 배설량 및 소디

움 균형은 유의한 차이를 보이지 못하였다. 1 주 째 시행한 면역블

롯검사에서 ENaC α 의 발현이 감소하였다 (대조군 대비 58.6 ± 

5.1%, P < 0.001). 4 주간의 약물 투여가 지난 후 시행한 면역블롯

검사에서는 ENaC α, γ, 그리고 NHE3 의 발현이 모두 감소하였

다 (대조군 대비 56.1 ± 6.1%, 49.4 ± 9.7%, 38.6 ± 9.4%; P 

= 0.011, 0.026, 0.007). 신장의 수질 조직에서 측정한 엔토텔린-

1 (endothelin-1, ET-1) 의 농도는 1 주 째 (실험군 10.2 ± 2.9 

pg/mg, 대조군 5.2 ± 0.8 pg/mg, P = 0.028) 및 4 주 째 (3.6 ± 

0.8 pg/mg vs. 1.5 ± 0.4 pg/mg, P = 0.035) 모두 증가하였다. 혈

장 레닌 농도와 혈청 알도스테론 농도는 양군에서 차이가 없었다. 

결론: EPO 투여는 신장의 수질 내 ET-1 의 농도를 증가시키고 신

장의 소디움 운반체 중 ENaC 과 NHE3 의 발현을 감소시킨다. 신

장의 수실 내 ET-1 의 생성 증가와 신장 소디움 운반체 발현 감소

는 EPO 를 투여한 고혈압 신부전 랫드 모델에서 고혈압 발생에 대

한 보상적인 기전으로 작용할 수 있다. 

 

------------------------------------- 

주요어 : 적혈구생성인자 (erythropoietin), 엔토텔린-1 

(endothelin-1), epithelial sodium channels, sodium-hydrogen 

exchanger 3 
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