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1 Chronic administration of erythropoietin (EPO) is often associated with hypertension in animals
and humans. The aim of this study was to estimate whether 1-week treatment with EPO can a�ect
the vascular endothelial function.

2 Rabbits were given with EPO (400 iu kg71 s.c.) or saline each other day for 1 week. Hypotensive
responses to intravenously given acetylcholine (ACh), endothelium-independent nitric oxide donors
(NOC7, nitroprusside and nitroglycerin) and prostaglandin I2 were tested before and after
administration of NG-nitro-L-arginine methyl ester (L-NAME), a speci®c nitric oxide synthase
inhibitor, under pentobarbitone anaesthesia.

3 Blood haemoglobin concentration in EPO group was signi®cantly higher than that in control
group, whereas baseline values of aortic pressure, heart rate and femoral vascular resistance were
similar. The dose of ACh (172 ng kg71) requiring for a 15 mmHg hypotension from the baseline in
EPO group was apparently higher than that (55 ng kg71) in control group. On the contrary,
hypotensive responses to NOC7, nitroprusside, nitroglycerin and prostaglandin I2 were comparable
between two groups. The extent of ACh-induced hypotension did not correlate with haemoglobin
concentration.

4 L-NAME signi®cantly inhibited the ACh-induced vasodilating response in control group but did
not in EPO group.

5 In another set of rabbits, the same treatment with EPO also decreased vasodilating responses to
carbachol, bradykinin and substance P besides ACh as compared with control group.

6 These results indicate that 1-week treatment with EPO selectively attenuates depressor responses
to endothelium-dependent vasodilators in anaesthetized rabbits, most likely due to inhibition of
endothelial nitric oxide synthase.
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Introduction

Erythropoietin (EPO), which is a glycoprotein hormone
secreted primarily from the kidney in response to lowered

blood O2 availability due to hypoxia, haemorrhage and
anaemia, acts on erythroid progenitor cells in the bone
marrow, and then increases peripheral O2 supply by

promoting their proliferation and di�erentiation (Jelkmann,
1992). Medication of EPO has gained wide acceptance for
treatment of the anaemia with chronic renal failure.

Development or worsening of hypertension is generally
considered as the most serious adverse e�ect of the treatment
of the anaemia with EPO (Raine, 1988). Hypertension usually
occurs within several weeks to months after the onset of EPO

treatment and is accompanied by the increased haematocrit

(Buckner et al., 1990). The EPO-induced hypertension is
associated with, and primarily due to, an increase in

peripheral vascular resistance, which has been explained by
the increase in blood viscosity (Raine, 1988; Schaefer et al.,
1988), and the loss of hypoxia-induced vasodilation (Ne� et

al., 1971). In addition, the increased haemoglobin (Hb)
concentration in circulation may theoretically augment
vascular resistance by trapping nitric oxide (NO), an

endogenous vasodilator substance (Martin & Moncada,
1988). However, these proposed explanations for the
mechanism of EPO-induced hypertension remain as yet
controversial.

Recently, it has been shown that EPO receptors are found
not only on erythroid cells but also on the vascular
endothelium (Anagnostou et al., 1994; Yamaji et al., 1996),

and EPO reportedly causes acceleration of endothelial
migration and proliferation (Anagnostou et al., 1990) and
angiogenesis (Carlini et al., 1995b), and endothelin-1 release
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in vitro (Carlini et al., 1993; Bode Boger et al., 1996). The
endothelium is known to play an essential role in regulating
vascular tone through generation of several potent vasoactive

substances such as NO and/or prostaglandin I2. Indeed,
impaired endothelium-dependent vasodilation has been
suggested as a causative role of hypertension in experimen-
tally hypertensive rats (Hayakawa et al., 1993) and

normotensive subjects with a familial history of essential
hypertension (Taddei et al., 1992). Therefore, it seems
important to examine the e�ect of EPO on release of or

responsiveness to endothelium-derived NO. Thus, this study
was conducted to estimate whether 1-week repeated admin-
istration of EPO can cause endothelial vasodilator dysfunc-

tion. The endothelial function in vivo was assessed by
comparing the responsiveness to the endothelium-dependent
vasodilators acetylcholine, carbachol, bradykinin and sub-

stance P, and the endothelium-independent NO donors
3-(2-hydroxy-1-methylethyl-2-nitrosohydrazino)-N-methyl-1-
propanamine (NOC7), sodium nitroprusside and nitroglycer-
in in addition to prostaglandin I2 in anaesthetized rabbits

received EPO and its vehicle.

Methods

The animals used in this study were handled in accordance

with the Guidelines for Animal Experimentation of the
University of the Ryukyus, and the experimental protocol
was approved by the Animal Care and Committee of this

institution.

Experimental preparation

Male Japanese white rabbits weighing 2.8 ± 4.1 kg were used
in this study. After measurement of Hb concentration and
haematocrit (Hct) levels, 34 rabbits were divided into two

groups. EPO (400 iu kg71) or normal saline solution
(0.2 ml kg71) was given subcutaneously on four occasions
every other day for 1 week. On the day of the experiment,

the rabbits were anaesthetized with an initial dose of
intravenous pentobarbital sodium (30 mg kg71). A constant
level of anaesthesia was maintained with continuous
infusion of pentobarbitone sodium (5 mg kg71 h71, i.v.)

throughout the experimental period via an ear vein.
Tracheotomy was performed to make spontaneous ventila-
tion easier.

A catheter was inserted into the aorta via the right carotid
artery or the left femoral artery to measure aortic pressure
(AoP). The left or the right internal jugular vein and the left

carotid artery were cannulated for intravenous and intra-
arterial administration of drugs, respectively. Arterial blood
samples were collected from a catheter inserted into the left

carotid artery or the left femoral artery for measurement of
blood cell count and Hb concentration. AoP was measured
by a pressure transducer (TP-200T, Nihon Kohden, Tokyo,
Japan), and heart rate (HR) was counted by a cardiotach-

ometer (AT-600G, Nihon Kohden) triggered by R wave of
electrocardiogram. The right femoral artery was exposed, and
a transonic ¯ow probe was placed around it and connected to

a transonic ¯owmeter (T106, Transonic System Inc., Ithaca,
New York, U.S.A.) for continuous femoral arterial blood
¯ow (FABF) monitoring. Femoral vascular resistance (FVR)

was calculated as follows: mean AoP/FABF. These cardio-
vascular parameters were recorded on an eight-channel pen
recorder (8K 23, NEC San-ei Instrument Ltd, Tokyo, Japan).

Red blood cell (RBC) count, white blood cell (WBC) count,
platelet (PLT) count, Hb concentration and Hct level in the
blood sample were measured by an automatic blood cell
counter (MEK-6158, Nihon Kohden).

Experimental protocol

The rabbits were allowed to stabilize for at least 30 min after
completion of the operation. Before drug injection, baseline
values of cardiovascular parameters were measured.

Experiment 1 Depressor responses, estimated by the peak
reduction in diastolic AoP (dAoP), to intravenous (i.v.) bolus

injections of acetylcholine (ACh; 0.05, 0.1, 0.2 and
0.5 mg kg71), NOC7 (2, 5 and 10 mg kg71), prostaglandin I2
(PGI2; 0.05, 0.1, 0.2 and 0.5 mg kg71), sodium nitroprusside
(SNP; 5, 10 and 20 mg kg71) and nitroglycerin (NTG; 2, 5, 10

and 20 mg kg71) were tested, and the results were compared
between the rabbits which received EPO (EPO group, n=10)
and normal saline solution (saline group, n=10). Addition-

ally, pressor responses to norepinephrine (NE; 1.0 mg kg71)
were tested in both groups.

To evaluate the e�ect of pretreatment with NG-nitro-L-

arginine methyl ester (L-NAME), a selective inhibitor of NO
synthase (NOS), depressor responses to the above vasodila-
tors were tested again at least 10 min after L-NAME

(20 mg kg71, i.v.). All drugs were injected intravenously in
a bolus.

Experiment 2 To further examine the e�ect of endothelium-

dependent vasodilator agents, haemodynamic responses to
arterial injections of ACh (10, 20, 50 and 100 ng kg71),
bradykinin (BK; 5, 10, 20 and 50 ng kg71), carbachol (CCh;

20, 50, 100 and 200 ng kg71) and substance P (Sub P; 0.1,
0.2, 0.5 and 1.0 ng kg71) in addition to endothelium-
independent vasodilators such as PGI2 (20, 50, 100 and

200 ng kg71) and NTG (500, 1000, 2000 and 5000 ng kg71)
were tested in separate rabbits which received EPO (n=7) or
saline (n=7) at the same dosage as mentioned above. All
drugs were injected into the descending aorta through a

catheter inserted from the left carotid artery, since BK is
almost inactivated in pulmonary vascular beds when injected
intravenously.

In vitro experiments Responses of isolated arterial prepara-
tions to several vasodilator agents were examined in both

groups in vitro by using the Magnus method. After
completion of in vivo experiments, rabbits were killed by
bleeding after overdosage of pentobarbitone sodium, then the

right carotid artery was isolated and placed rapidly in cold
Krebs-Henseleit solution (KHS) to remove fat and connective
tissues from the artery. The composition of KHS was (mM):
NaCl 120, KCl 4.8, CaCl2 1.25, MgSO4 1.2, KH2PO4 1.2,

NaHCO3 25.0 and glucose 11.0. The carotid artery was cut
into ring segments of 2 ± 3 mm in width. One end of the
artery ring was ®xed at the base of an organ bath, which was

®lled with KHS maintained at 378C and aerated with 95% O2

and 5% CO2. The other end was connected by a silk thread
to an isometric force-displacement transducer (TB-611T,
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Nihon Kohden) which was connected to a polygraph system
(RMP-6004, Nihon Kohden). The KHS in the organ bath
was exchanged at a 15-min interval during the equilibration

of the arterial preparations. After 90 min of stabilization
under a resting tension of 1 g (an optimal tension) the ring
segments were contracted with KCl (30 mM) in order to test
the viability, and thereafter rinsed three times with KHS. For

studying relaxing responses of the segments precontracted
with KCl (30 mM) to ACh, BK, NTG and SNP in both
groups, these vasodilators over a concentration range of

1078 ± 1074 M were cumulatively added to the bath. Precon-
traction tensions by KCl were not signi®cantly di�erent
between groups. At the end of the experiments, each segment

was maximally relaxed by 1074 M papaverine hydrochloride
in order to con®rm the su�cient relaxant ability of the
preparation. Cumulative relaxation data were expressed as a

percentage of the precontraction. In additional four rabbits in
each group, relaxing responses to the above vasodilators were
tested in phenylephrine (1076 M)-precontracted femoral artery
rings.

Drugs

EPO (recombinant human erythropoietin, Epogin) was kindly
supplied from Chugai Pharmaceutical (Tokyo, Japan). And
the following drugs were used: L-NAME (Sigma Chemical,

St. Louis, MO, U.S.A.), ACh (Ovisot, Dai-ichi Pharmaceu-
tical, Tokyo, Japan), NOC7 (Dojindo Laboratories, Kuma-
moto, Japan), PGI2 sodium salt (Cayman Chemical, Ann

Arbor, MI, U.S.A.), SNP (Wako, Osaka, Japan), NTG
(Millisrol, Nippon Kayaku, Tokyo, Japan), BK (Peptide
Institute Inc., Osaka, Japan), CCh (Wako, Osaka, Japan),
Sub P (Peptide Institute Inc., Osaka, Japan), Papaverine

hydrochloride (Takeda, Osaka, Japan), phenylephrine hydro-
chloride (Kowa, Nagoya, Japan) and NE (Sankyo, Tokyo,
Japan). NOC7 was dissolved in 0.1 N NaOH. PGI2 sodium

salt was dissolved in ethanol. These stock solutions of NOC7
and PGI2 were diluted with 50 mM glycine bu�er at pH 10.4
just before use. The other drugs were dissolved in and diluted

with saline.
An intravenous or intra-arterial injection (0.1 ml kg71) of

normal saline solution or vehicle of NOC7 and PGI2 in a
bolus caused virtually no change in all measured cardiovas-

cular parameters.

Data analysis

Comparisons of dose-response curves were performed by use
of two-way analysis of variance. Paired and unpaired data

were analysed by paired and unpaired t-test, respectively. All
values are presented as means+s.e.mean. Statistical signi®-
cance was de®ned as a P value less than 0.05.

Results

On the day of experiments, RBC count, Hb and Hct in EPO
group were signi®cantly higher than those in saline group,
whereas WBC and PLT counts were similar in both groups

(Table 1). Baseline values of cardiovascular parameters such
as sAoP, dAoP, HR and FVR except FABF were
comparable between two groups (Table 1).

Responses of blood pressure and vascular resistance to
endothelium-dependent and -independent vasodilators

Challenge with each vasodilator used in this study produced
dose-dependent hypotension of dAoP in all rabbits irrespec-
tive of the route of administration. Nevertheless, depressor
responses of dAoP to intravenously given ACh were

signi®cantly attenuated in EPO group in comparison with
those in saline group (P50.01) (Figure 1a), while the
endothelium-independent and NO-mediated vasodilators

NOC7, SNP and NTG, and the NO-unrelated vasodilator
PGI2 caused equivalent depressor responses between two
groups (Figure 1b,c,d,e). The i.v. doses of ACh required for a

15 mmHg reduction of dAoP from baseline (ED15 mmHg) in
saline and EPO groups were 55 ng kg71 (95% con®dence
limit of 50 ± 60 ng kg71) and 172 ng kg71 (136 ± 217 ng kg71),

respectively, indicating that the responsiveness to ACh in
EPO-treated rabbits were 3.1-times less potent than that in
control rabbits. Immediately after i.v. injection of ACh as
well as other vasodilators, a transient increase in FABF was

observed despite hypotension, so FVR decreased dose-
dependently. The i.v. ACh-induced decreases in FVR in
EPO group were signi®cantly less potent than those in saline

group (P50.01), while decreases in FVR by NOC7, PGI2 or
SNP except NTG were not signi®cantly di�erent between
both groups (Figure 2). When compared at the dose of

ED15 mmHg, increases in heart rate (DHR at ED15 mmHg)
induced by i.v. ACh were comparable in both saline (5.4+1.3
beats min71) and EPO (7.5+1.7 beats min71) groups,

indicating that the cardiac response would not contribute to
the di�erence in the depressor response. Likewise, there was
no signi®cant di�erence in DHR at ED15 mmHg of intra-
arterial injection of ACh between both groups. Additionally,

in separate experiments, decreased responses of dAoP and
FVR to intra-arterial injections of endothelium-dependent
vasodilators including CCh, BK, Sub P in addition to ACh

were observed in EPO-treated rabbits, whereas those to PGI2
were almost equipotent in both groups as in the case of i.v.
injection (Figures 3 and 4). The magnitude of depressor

Table 1 Baseline values of haematological and haemo-
dynamic variables in saline and EPO groups

Saline group EPO group
(n=17) (n=17)

Haematological data
WBC count (6102 ml71) 60.4+7.1 72.4+8.7
RBC count (6104 ml71) 664.8+13.2 765.9+15.4**
Hb concentration (g dl71) 13.1+0.3 15.3+0.2**
Haematocrit (%) 40.4+0.8 46.7+0.8**
PLT count (6104 ml71) 33.5+2.7 35.3+2.8

Cardiovascular parameters
Systolic AoP (mmHg) 126.8+3.4 122.5+3.2
Diastolic AoP (mmHg) 87.6+2.8 87.5+2.8
Heart rate (beats min71) 319.6+7.8 326.8+5.4
FABF (ml min71) 22.0+2.0 15.2+2.1*
FVR (mmHg×min ml71) 5.2+0.5 9.7+2.2

WBC=white blood cell, RBC=red blood cell,
Hb=haemoglobin, PLT=platelet, AoP=aortic pressure,
FABF=femoral arterial blood ¯ow, FVR=femoral vascu-
lar resistance, EPO=erythropoietin. Each value represents
mean+s.e.mean. *P50.05, **P50.01 between saline and
EPO groups.
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Figure 1 Depressor responses to i.v. injections of (a) ACh, (b) NOC7, (c) nitroprusside (SNP), (d) nitroglycerin (NTG) and (e)
PGI2 in saline (n=10) and EPO (n=10) groups. Each value represents mean+s.e.mean. **P50.01 between saline and EPO groups.

Figure 2 Responses of femoral vascular resistance (FVR) to i.v. injections of (a) ACh, (b) NOC7, (c) nitroprusside (SNP), (d)
nitroglycerin (NTG) and (e) PGI2 in saline (n=10) and EPO (n=10) groups. Each value represents mean+s.e.mean. *P50.05;
**P50.01 between saline and EPO groups.
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response to ACh (0.1 mg kg71) did not signi®cantly correlate
with baseline value of Hb concentration (EPO group:
r=0.40, n=17; saline group: r=0.19, n=17), and depressor

responses to the other doses of ACh and the other agents
also did not signi®cantly correlate with Hb concentration in
each group. Pressor responses to NE (1 mg kg71, i.v.) were
also not signi®cantly di�erent in saline (n=17) and EPO

(n=17) groups (16.4+1.3 and 18.8+1.7 mmHg, respec-
tively).
In two separate rabbits, acute haemodynamic e�ect of EPO

was examined. I.v. infusion of EPO (1.0, 10 and 100 iu kg71

min71 for about 15 min each) did not cause any detectable
changes in AoP, HR and FABF, and did not a�ect ACh-

induced depressor responses.

Effect of L-NAME on depressor and vasodilating
responses to vasodilators

Administration of L-NAME elicited signi®cant increases in
AoP, FVR, and decreases in FABF and HR in saline and

EPO groups, and the per cent changes in these parameters
were similar in both groups (Table 2). As shown in Figure 5,
treatment with L-NAME signi®cantly suppressed the ACh-

induced vasodilating response in saline group but did not in
EPO group, although L-NAME signi®cantly inhibited the
depressor responses in both groups. In contrast to the case of

ACh, depressor responses to endothelium-independent and
NO-mediated vasodilators such as NTG, NOC7 and SNP in
addition to pressor response to NE in each group were

apparently enhanced by treatment with L-NAME (Figure 6),
while these responses were not signi®cantly di�erent between
two groups both in the presence and the absence of L-NAME

(Figure 6b ± d,f). L-NAME treatment did not in¯uence the
depressor response to PGI2 in both groups (Figure 6e).

In vitro experiments

As shown in Figure 7, results with isolated carotid arterial
segments were obviously di�erent from those with the in vivo

experiments described above. Vasorelaxations produced by
ACh and BK in KCl-precontracted arterial segments
obtained from saline- and EPO-treated rabbits were not

signi®cantly di�erent between two groups (Figure 7a,b). On
the other hand, relaxing responses to NTG and SNP were
signi®cantly enhanced in EPO groups as compared with those

in saline group (Figure 7c,d). In phenylephrine-precontracted
arterial preparations of the two groups (n=4 each), there
were no signi®cant di�erences in vasorelaxations by ACh and
BK between groups.

Discussion

One-week administration of EPO did not develop hyperten-
sion despite that signi®cant increases in Hb and Hct

occurred. Since it is well known that free Hb can eliminate
the biological actions of NO in vitro (Moncada et al.,
1991a), increased Hb concentration in blood was expected to

Figure 3 Depressor responses to intra-arterial injections of (a) ACh, (b) bradykinin (BK), (c) carbachol (CCh), (d) substance P
(Sub P), (e) nitroglycerin (NTG) and (f) PGI2 in saline (n=7) and EPO (n=7) groups. Each value represents mean+s.e.mean.
*P50.05; **P50.01 between saline and EPO groups. Agents were given into the descending aorta in a bolus.
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cause vasoconstriction by trapping NO as suggested by
Martin & Moncada (1988). In the present study, however,
rabbits treated with saline and EPO showed no signi®cant
di�erences in baseline blood pressure and peripheral vascular

resistance, and exhibited similar depressor responses to
NOC7 that releases NO spontaneously in neutral solutions
(Zhang et al., 1996), and to SNP, a NO donor that does not

need cofactors to generate NO unlike NTG, and the
magnitudes of hypotension induced by these NO-releasing
vasodilators did not correlate with the level of Hb. These

results suggest that a prolonged increase in blood Hb
concentration appears primarily not to a�ect NO availability
to the vascular smooth muscle in vivo. Previous ®ndings
concerning the hypothesis that the increment of Hb in intact

erythrocytes is capable of trapping NO in circulation and
therefore of increasing vascular tone are contradictory
(Vaziri et al., 1995; Casadevall et al., 1996). The varied

results may be due to the di�erences in the extent of the
increase in Hb, preexisting NO levels or the employed
experimental model.

Table 2 E�ect of L-NAME on haemodynamic parameters in saline and EPO groups

Saline group (n=10) EPO group (n=10)
Before After Before After

sAoP (mmHg) 131.4+3.2 136.9+3.1** 126.2+3.9 133.7+4.4*
%D 4.3+1.0 6.0+2.0

dAoP (mmHg) 100.3+2.8 111.0+2.5** 96.2+3.8 110.5+3.7**
%D 11.0+1.9 15.3+2.4

FABF (ml min71) 20.1+2.6 13.6+1.8** 16.3+1.8 9.7+1.5**
%D 732.6+3.3 741.9+5.1

HR (beats min71) 282.6+7.5 228.6+7.7** 283.2+9.0 227.3+8.7**
%D 719.2+1.4 719.8+1.5

FVR (mmHg×min ml71) 6.47+0.93 10.70+1.67** 7.23+0.79 15.44+2.60**
%D 64.4+8.8 105.7+17.9

Values are before and 10 min after L-NAME (20 mg kg71 i.v.), sAoP=systolic aortic pressure, dAoP=diastolic aortic pressure,
FABF=femoral blood ¯ow, FVR=femoral vascular resistance. %D means per cent change from the value before L-NAME treatment.
Each value represents mean+s.e.mean. *P50.05, **P50.01 vs before L-NAME treatment (paired t-test). Note that the corresponding
values and per cent changes in any parameters are not signi®cantly di�erent between groups.

Figure 4 Responses of femoral vascular resistance (FVR) to intra-arterial injections of (a) ACh, (b) bradykinin (BK), (c) carbachol
(CCh), (d) substance P (Sub P), (e) nitroglycerin (NTG) and (f) PGI2 in saline (n=7) and EPO (n=7) groups. Each value represents
mean+s.e.mean. *P50.05; **P50.01 between saline and EPO groups. Agents were given into the descending aorta in a bolus.
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Responses of blood pressure and vascular resistance to
endothelium-dependent vasodilators including ACh, CCh,
BK and Sub P were signi®cantly lessened by EPO treatment,

whereas those to PGI2 and the endothelium-independent NO
donors NOC7 and SNP were not a�ected. Furthermore,
signi®cant inhibitory action of L-NAME, a speci®c NOS

inhibitor, on responses of vascular resistance to ACh was not
observed in EPO received rabbits, while the inhibitor-induced
rises in basal blood pressure and vascular resistance were

comparable in EPO- and saline-treated animals. The latter
data apparently implicate that the tonic release of NO might
be preserved, although agonist-stimulated release of NO was
impaired by treatment with EPO. The di�erence in the

inhibitory e�ect of L-NAME may suggest a di�erent degree
of activity of the arginine/NO pathway between groups. In
addition, no direct vascular e�ect nor inhibition of ACh-

induced hypotension was found when i.v. EPO was acutely
given, as demonstrated consistently by most previous
investigators (Hon et al., 1995; Vaziri et al., 1995; Casadevall

et al., 1996). These observations thus indicate that adminis-
tration of EPO for 1 week may attenuate agonist-stimulated
endothelium-derived NO activity probably through suppres-
sion of endothelial NOS activity rather than facilitation of

scavenging ability or moderation of the soluble guanylate
cyclase cyclic-GMP system of the vascular smooth muscle. In
contrast, Wilcox et al. (1993) and del Castillo et al. (1995)

have reported that increased NO production was associated

with EPO-induced hypertension and erythrocytosis in normal
rats. On the other hand, Ni et al. (1998) have shown that
administration of EPO changed neither total body NO

production nor renal or vascular tissue NOS expression in
rats with chronic renal failure. In these previous investiga-
tions, however, marked rises in blood pressure and Hct

occurred with administration of EPO, which should obscure
the direct e�ect of EPO on NO production and NOS activity
in vivo, because increases in blood viscosity and shear stress

due to the hyperdynamic circulation are known to stimulate
endothelial NOS expression and NO production (Awolesi et
al., 1995; Noris et al., 1995). In this study, fortunately, the
e�ect of EPO on the endothelial function in vivo was

estimated under a condition that was associated with
unchanged blood pressure. Thus the secondary in¯uence of
EPO administration on NO release resulting, at least, from

hypertension can be excluded from the present ®ndings. In
harmony with our results, Wang & Vaziri (1999) have
recently demonstrated that incubation of EPO for 24 h

downregulates basal and ACh-stimulated NO production,
and depresses NOS expression in isolated human endothelial
cells, implying that EPO may possess a direct inhibitory
action on the endothelial NO production.

The mechanism underlying the unexpected results that the
vascular resistance response to NTG was blunted by EPO-
treatment is unknown at present, although there is a clinical

investigation reporting that the vasodilating response to NTG

Figure 5 Responses of diastolic aortic pressure (dAoP) and femoral vascular resistance (FVR) to i.v. injections of ACh in saline
((a) and (c), n=10) and EPO ((b) and (d), n=10) groups in the absence and presence of NG-nitro-L-arginine methyl ester (L-
NAME). Each value represents mean+s.e.mean. *P50.05; **P50.01 between saline and EPO groups.
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in addition to the ¯ow-dependent vasodilation was signi®-

cantly decreased in normotensive haemodialyzed patients
treated with EPO as compared to those in healthy controls
(Joannides et al., 1997). NTG, di�erently from NOC7 or

SNP, is thought to require bioconversion to NO for
vasodilating activity (Ahlner et al., 1991). Considering the
present results with the in vitro experiments that vasorelaxa-
tions of isolated arteries of EPO-treated rabbits to NTG as

well as SNP were even enhanced, a blood-derived factor(s)
such as Hb is most likely involved in the blunted in vivo
responses to NTG in EPO group, probably through the

mechanism relating to the bioconversion. Interestingly, it has
previously been shown that the biotransformation of NTG
occurs not only in the vascular tissues but also in the red

blood cell by haemoglobin-mediated enzymatic processes
(Bennett et al., 1984). Recently, NO itself has been
demonstrated to have an inhibitory action on the vascular

bioactivation of NTG (Kojda et al., 1998). Theses ®ndings
suggest that an increase in blood Hb results in a certain
increase in Hb-mediated NTG metabolism in blood, but the
resultant increase in NO in plasma inhibits the vascular

conversion of NTG to NO, which may lead to the attenuated
vasodilation to NTG.
It is now generally believed that endothelium-dependent

vasodilation induced by ACh and other autacoids such as BK
and Sub P is mediated by NO, PGI2 and an as yet
unidenti®ed hyperpolarizing factor (EDHF), although the

relative proportions and signi®cance of each factor appear

rather variable depending on the amount of stretch, on the
artery and on the species of animal (Nagao & Vanhoutte,
1993; Parkington et al., 1993). Taking into account the

previous ®ndings that the contribution of EDHF to
endothelium-dependent vasodilation may be major in
resistance arteries (Nagao et al., 1992; Shimokawa et al.,
1996; Bolz et al., 1999), and EDHF may act as a back-up

mechanism when the endothelial production of NO is
impaired (Kilpatrick & Cocks, 1994), it will be necessary to
consider the possibility that EDHF might play a part in the

suppressive e�ect of EPO on depressor responses to
endothelium-dependent vasodilators observed in this study.
However, it seems less likely that treatment with EPO

primarily modi®ed ACh-induced endothelial production of
EDHF or PGI2 instead of NO. The rationale for this is based
on the following data: ®rstly, ACh-induced vasorelaxation

has been shown to be unaltered by indomethacin in isolated
rabbit (Dong et al., 1997) and rat (Shimokawa et al., 1996)
arteries, indicating that a role of PGI2 is probably minimal;
secondly, reduced inhibitory e�ect of L-NAME on ACh-

induced vasodilating action was observed in the EPO group
as compared to the control group, indicating that NOS
activity had already been inhibited or a sensitivity of NOS to

L-NAME was decreased in EPO treated rabbits; thirdly,
relatively prominent attenuation of depressor responses to
ACh or CCh by EPO treatment was seen in comparison with

Figure 6 Depressor responses to i.v. (a) ACh (0.1 mg kg71), (b) NOC7 (5 mg kg71), (c) nitroprusside (SNP, 10 mg kg71), (d)
nitroglycerin (NTG, 10 mg kg71) and (e) PGI2 (0.2 mg kg71), and pressor response to i.v. (f) norepinephrine (NE, 1.0 mg kg71) in
the absence and presence of NG-nitro-L-arginine methyl ester (L-NAME) in saline (n=10) and EPO (n=10) groups. Each value
represents mean+s.e.mean. **P50.01 between saline and EPO groups. aP50.05; bP50.01 vs before L-NAME.
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those to BK or Sub P, suggesting the possibility that the

di�erence in the endothelium-dependent vasodilator e�ect of
these agents between the two groups may re¯ect the
di�erence in the extent of endothelial NO release, since

vasorelaxation of microvessels by both BK and Sub P,
di�erently from ACh, has been shown to be mediated
predominantly by EDHF (Hozumi et al., 1997; Miura et
al., 1999). Finally, the in vitro studies showing that

vasorelaxations by ACh of isolated arteries precontracted
with irrespective of whether potassium or phenylephrine were
quite similar in saline and EPO groups, suggest that the

ability of EDHF generation would be indistinguishable
between the two groups. Therefore, it is most likely that
the impaired vasodilator responses to endothelium-derived

NO releasing agents by EPO administration seen in our study
is attributable mainly to suppression of endothelial NOS
activity.

The mechanism underlying the decreased endothelium-
dependent vasodilator function by 1-week administration of
EPO is not de®ned in the present study. EPO has been shown
to raise cytosolic calcium concentration in vascular smooth

muscle and endothelial cells (Neusser et al., 1993; Carlini et
al., 1995a) besides erythroid precursors (Miller et al., 1988),

and thereby possibly increases endothelin-1 synthesis (Vogel
et al., 1997). It is conceivable that endothelin-1 might involve
in the vascular e�ect of EPO observed in this study, as

recently proposed by Mombouli & Vanhoutte (1999) that
increased generation of endothelin-1 as well as several other
causes is implicated in endothelial dysfunction. Also,
decreased basal femoral blood ¯ow observed in EPO group

may relate to the altered endothelial function, since a
prolonged reduction in peripheral blood ¯ow must lessen
shear stress and may lead to a decrease in endothelial NO

production and NOS expression in view of previous
observations (Miller et al., 1986; Wang et al., 1993; Sessa et
al., 1994).

In contrast to results with the in vivo experiments,
vasorelaxations by ACh and BK were comparable in arterial
segments isolated from rabbits of control and EPO groups.

Moreover, relaxing responses to NTG and SNP were
signi®cantly greater in EPO group as compared with those
in saline group, indicating that the sensitivity of the artery
from EPO-treated rabbits to NO may be enhanced. These

data seem to correspond with the results of the in vivo study
that hypotensive e�ects of endothelium-independent NO-
donors but not PGI2 were all potentiated after L-NAME

administration, as previously described (Moncada et al.,
1991b). Recently, the supersensitivity to NO after NOS
inhibition has been suggested to attribute to upregulation of

soluble guanylate cyclase (Hussain et al., 1999). Furthermore,
it is possible that, in the whole body, increased Hb
concentration in circulation of EPO-treated rabbits might

conceal the enhanced NO-sensitivity of blood vessels by
scavenging both endothelium- and agents-derived NO. This
may also explain the seemingly puzzled result that the pressor
action of L-NAME was similar in both groups. Otherwise,

suppression of agonist-stimulated endothelial NO release in
EPO treated animals may arise from alterations in certain
factor(s) other than vascular smooth muscle or the

endothelium itself. Possible factors may include an increase
in circulating endogenous NOS inhibitors such as NG-
monomethyl-L-arginine and NG, NG-dimethyl-L-arginine

(Vallance et al., 1992). In addition, the discrepancy between
the in vivo and in vitro data may be explainable by the fact
that these data were based on entirely di�erent vessels in size.
Finally, it should be noted that biochemical studies such as

assessment of vascular cyclic-GMP levels, plasma nitrite/
nitrate levels or endothelial NOS activity would aid a further
understanding of mechanisms underlying the e�ects of EPO.

In conclusion, the present results indicate that administra-
tion of EPO for 1 week selectively inhibits in vivo
endothelium-dependent vasodilation, especially by ACh,

without changing the responses to endothelium-independent
vasodilators such as spontaneous NO releasing agents and
PGI2 in anaesthetized rabbits, probably through inhibition of

endothelial NOS. Moreover, these ®ndings suggest that in
chronic EPO therapy a decrease in endothelial vasodilator
function might occur even before development of hyperten-
sion, and might contribute, at least in part, to the future

increase in vascular resistance.

Figure 7 Vasorelaxation to (a) ACh, (b) bradykinin (BK), (c)
nitroprusside (SNP) and (d) nitroglycerin (NTG) in KCl-precon-
tracted carotid arterial segments isolated from saline (n=8)- and
EPO (n=8)-treated rabbits. Relaxation exhibits per cent relaxation
from KCl (30 mM)-induced contraction. Pap=relaxation by papa-
verine hydrochloride at 1074

M. Each value represents mean+
s.e.mean. *P50.05; **P50.01 between saline and EPO groups.
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