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Abstract

This study analyzed the role of nitric oxide (NO) and endothelium-derived hyperpolarizing factor (EDHF) in gender differences in the

renal vascular reactivity of rats. Renal responses to vasoconstrictors and vasodilators were studied in isolated kidneys from male and female

rats under basal conditions, after NO and EDHF blockade or after endothelium removal. Female rat kidneys had reduced responsiveness to

vasoconstrictors. The blockade of NO or of EDHF did not completely abolish the differences, but the simultaneous blockade of both factors

or endothelium removal abolished gender differences. Male and female kidneys showed a similar responsiveness to endothelium-dependent

and -independent vasodilators under basal conditions and after NO or EDHF blockade. In conclusion: (a) the attenuated response to

vasoconstrictors in female kidneys is related to an increased production of NO and EDHF; and (b), the contributions of NO and EDHF to

endothelium-dependent vasodilation are similar in the male and female renal vasculature.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Gender has been associated with differences in blood

pressure (Chen, 1996; Reckelhoff, 2001), vascular reactivity

(Altura, 1972; Huang et al., 1997; Kauser and Rubanyi,

1994; Li and Duckles, 1994; McCulloch and Randall, 1998;

Sanchez et al., 1996), and renal hemodynamics (Munger

and Baylis, 1988) in rats.

Endothelial cells play a fundamental role in regulating

vascular resistance through their ability to produce endo-

thelium-derived vasodilators (Furchgott and Vanhoutte,

1989). Nitric oxide (NO) and endothelium-derived hyper-

polarizing factor (EDHF) are the main mediators of endo-

thelium-dependent vasodilatation in the whole renal

vasculature contributing to a similar extent (Vargas et al.,

1994). EDHF is known to hyperpolarize and relax vascular

smooth muscle via an opening of K+ channels (Brayden et
0014-2999/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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al., 1991; Vanhoutte, 1993). Although its identity remains

elusive, this factor has recently attracted considerable atten-

tion (Campbell and Gauthier, 2002; Garland et al., 1995;

Hecker, 2000). NO synthesis is inhibited by NN-nitro-L-

arginine methyl ester (L-NAME) (Ishii et al., 1990) and

tetraethylammonium (TEA), and high potassium concentra-

tions have been used to inhibit EDHF activity (Adeagbo and

Triggle, 1993; Campbell and Gauthier, 2002; Ercan et al.,

1990; Rubanyi et al., 1990; Vargas et al., 1994). Endothe-

lium-derived relaxing factors also play an important role in

modulating the responsiveness to vasoconstrictors (Rubanyi

et al., 1990). In this respect, endothelial denudation aug-

mented the responsiveness to vasoconstrictors in isolated

kidney (Ercan et al., 1990; Vargas and Osuna, 1996), and

increased responsiveness was also produced by the inhibi-

tion of NO and EDHF (Moreno et al., 2003; Vargas and

Osuna, 1996).

Estrogen increases the endothelial production of NO

(Hayashi et al., 1995; Weiner et al., 1994) and it also

modulates EDHF (Campbell and Gauthier, 2002; McCul-

loch and Randall, 1998), suggesting that estrogens have a
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provasodilator effect. On the other hand, testosterone

increased vascular reactivity to noradrenaline (Bhargava

et al., 1967). However, reports on responsiveness to

vasoconstrictors (Altura, 1972; Collis and Vanhoutte,

1977; Li and Duckles, 1994; Sanchez et al., 1996;

Stallone et al., 1991) and endothelium-dependent vaso-

dilators (Li and Duckles, 1994; McCulloch and Randall,

1998; Sanchez et al., 1996; White et al., 2000) in male

and female rats are contradictory. Studies on the contri-

bution of NO and EDHF to endothelium-dependent va-

sodilation in male and female rat preparations also

showed disparate results (Golding and Kepler, 2001; Liu

et al., 2001; McCulloch and Randall, 1998; Sanchez et

al., 1996; White et al., 2000). These conflicting findings

raise doubts about the participation of endothelial medi-

ators in sexually dimorphic responsiveness to vasoactive

agents.

The aims of this study were: (a) to analyze the differ-

ences in renal vascular reactivity to vasoconstrictors and to

endothelium-dependent and -independent vasodilators in

isolated kidneys from male and female rats; (b) to determine

whether the contribution of the endothelium-derived relax-

ing factors, NO and of EDHF, to the responsiveness to the

vasoactive agents differs between the kidneys from male

and female rats.
Fig. 1. Dose– response curves to phenylephrine and angiotensin II in isolated kidn

and after the administration of L-NAME (10� 4 M) or TEA (3� 10� 3 M). Data

+P < 0.01 compared with the female-treated group. For clarity, the significance of c

has been omitted.
2. Material and methods

2.1. Animals

Seventy male and female age-matched Wistar rats (18–

20 weeks old) born and raised in the experimental animal

service of the University of Granada were used in the

present study. The rats were randomly assigned to the

different experimental groups (n = 7 in each group). The

experiments were performed according to the European

Union guidelines for the ethical care and use of laboratory

animals.

2.2. Experimental protocols

The animals were anesthetized with pentobarbital sodium

(40 mg/kg, i.p.). The kidney was removed from the animal

and perfused at a constant flow rate (5 ml/g of kidney

weight/min) with Tyrode solution at 37 jC as previously

reported (Vargas et al., 1994, 1996). The kidney was placed

in a chamber, maintained at 37 jC, containing the perfusate

lost from the renal vein that was not recirculated. Immedi-

ately after the kidney removal, the rats were killed with an

overdose of pentobarbital sodium. Renal responses were

recorded as changes in renal perfusion pressure in a pressure
eys from male and female rats (n= 7 each group) under normal conditions

are meansF S.E.M. *P< 0.01 compared with the untreated male group;

omparisons between treated and untreated preparations from the same group



Table 1

ED50 and maximal response in endothelium intact preparations

Groups ED50 (� log g) Maximal response

(mm Hg)

Phenylephrine

Male 6.10F 0.04 215.0F 8.1

Male +NAME 6.43F 0.02* 211.1F 6.3

Male + TEA 6.53F 0.05* 227.5F 10.7

Male +NAME+TEA 6.65F 0.03* 210.2F 10

Female 6.01F 0.05 131.4F 12.9+

Female +NAME 6.20F 0.01* + 179.3F 3.5* +

Female +TEA 6.05F 0.04 + 222.0F 6.4*

Female +NAME+TEA 6.63F 0.05* 195.1F 7.4*

Angiotensin II

Male 7.66F 0.03 110.0F 6.1

Male +NAME 8.60F 0.15* 148.9F 6.3*

Male + TEA 8.03F 0.06* 138.8F 12.6*

Male +NAME+TEA 8.65F 0.04 142.1F 5.5*

Female 8.09F 0.08 + 70.1F 5.2 +

Female +NAME 8.63F 0.13* 137.7F 4.4*

Female +TEA 8.17F 0.15 110.8F 10.3* +

Female +NAME+TEA 8.80F 0.12* 135.0F 6.0*

KCl (mM)

Male 35.1F 2.0 233F 5.8

Female 35.3F 1.5 171F 9.1 +

Concentration of phenylephrine, angiotensin II and KCl causing ED50 of

maximal response and maximal response in isolated perfused kidneys from

male and female rats. Data (� log g) are expressed as meansF S.E.M.
+ P < 0.05 compared with the male group.

*P< 0.05 compared with its respective control group.
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transducer connected to the perfusion circuit downstream of

the perfusion pump.

2.2.1. Experiment 1

This experiment was designed to explore the effects of

NO or EDHF blockade, by the administration of L-NAME

or TEA, respectively, on the renal response to vasoconstric-

tors in kidneys from male and female rats. Dose–response

curves were made to phenylephrine and angiotensin II, in

that order. These dose–response curves were performed

under basal conditions or after the infusion of L-NAME

(10� 4 M), TEA (3� 10� 3 M) or L-NAME+TEA in sep-

arate preparations. The endothelial blockers were infused

during the 30 min of stabilization and during the perfor-

mance of dose–response curves.

2.2.2. Experiment 2

This experiment was designed to determine the influence

of endothelium on gender-related differences in renal re-

sponsiveness to vasoconstrictors. Dose–response curves to

phenylephrine and angiotensin II were studied in prepara-

tions with the endothelium removed. The endothelium was

removed by passing air through the isolated kidney for 4.5

min. Endothelium removal was assessed by measuring the

vasodilator response to a bolus dose of 10� 6 g/g kidney

acetylcholine in the vascular bed pre-constricted with phen-

ylephrine (10� 6 M). Preparations with a vasodilator re-

sponse to acetylcholine greater than 10% were rejected.

2.2.3. Experiment 3

In this experiment, we tested whether the alterations in

vascular reactivity are restricted to receptor-mediated spe-

cific agonists or they involve the nonspecific smooth muscle

stimulants. To do it, we analyzed the pressor responsiveness

to increasing concentrations of KCl (10–80 mM). Moreover,

we also studied the effects of endothelium removal to the

concentration–response curve of KCl in separate prepara-

tions. To obtain solutions containing 10, 25, 40 and 80 mM

KCl, equimolar concentrations of NaCl were replaced by

KCl in the Tyrode solution, to avoid increases in osmolality.

The endothelium was removed as in experiment 2.

2.2.4. Experiment 4

This experiment was designed to assess the responsive-

ness to the endothelium-dependent vasodilator, acetylcho-

line, and to assess renal sensitivity to NO in the vascular bed

from male and female rats. Dose–response curves were

performed to the endothelium-independent vasodilator (NO

donor) (Ignarro et al., 1981), nitroprusside, and to the

endothelium- and NO-independent vasodilator, papaverine.

Effects of NO and EDHF blockade on the response to

vasodilators were also analyzed in male and female kidneys.

In phenylephrine-preconstricted kidneys, acetylcholine-in-

duced renal vasodilation is produced by NO and EDHF,

whereas in 80 mM K+-preconstricted kidneys, EDHF is

blocked and acetylcholine-induced renal vasodilation is
solely mediated by NO (Vargas et al., 1994). In this

experiment, NO and EDHF were blocked by the adminis-

tration of L-NAME (10� 4 M) and of an increased extracel-

lular K+ (80 mM), respectively. The dose–response curves

to the vasodilators were performed in perfused kidneys

preconstricted with phenylephrine (10� 6 M), phenylephrine

plus L-NAME (10� 4 M), or KCl (80 mM). To obtain the

solution containing 80 mM of potassium, equimolar con-

centrations of NaCl were replaced by KCl in the Tyrode

solution. Because the preparations from female rats showed

a reduced responsiveness to phenylephrine, it was necessary

to adjust the concentration of the vasoconstrictor to achieve

a similar level of preconstriction in male and female

preparations (112F 2 mm Hg). As the dose of phenyleph-

rine was adjusted in each female preparation, the approxi-

mate dose given in the group was 5� 10� 6 M. The changes

in renal perfusion pressure in response to vasodilators were

expressed as percentages of the vasoconstriction obtained

with phenylephrine or KCl.

2.3. Drugs

The following drugs were used: pentobarbital sodium

(Nembutal) purchased from Serva (Heidelberg, Germany),

sodium nitroprusside from Merck (Darmstadt, Germany),

and acetylcholine chloride, phenylephrine hydrochloride,



Table 2

ED50 and maximal response in endothelium removed preparations

Groups ED50 (� log g) Maximal response

(mm Hg)

Phenylephrine

Male 6.43F 0.02 211.1F 6.3

Female 6.35F 0.01 199.3F 5.5

Angiotensin II

Male 7.40F 0.00 127.5F 6.4

Female 7.48F 0.05 125.0F 6.8

KCl (mM)
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papaverine, angiotensin II, Nù-nitro-L-arginine methyl ester,

and tetraethylammonium chloride from Sigma.

2.4. Statistical analysis

Nested-design analysis of groups and doses was used to

compare dose–response curves; the design had two fixed

effect factors (group and dose) and one random effect factor

(the kidney), with this factor nested in the group. When tests

for group–dose interaction were significant, groups at

different doses were compared. ED50 values were compared

using the Wilcoxon test.
 Male 30F 1.0 235F 13.8

Female 31F1.5 214F 8.4

Concentration of phenylephrine, angiotensin II and KCl causing ED50 of

maximal response and maximal response in isolated perfused kidneys from

male and female rats. Data (� log g) are expressed as meansF S.E.M.
3. Results

3.1. Response to vasoconstrictors

Renal vasculature from female rats showed markedly

reduced responsiveness to phenylephrine (Fig. 1, left-hand

graphs, Table 1). The dose–response curve was character-

ized by a shift towards the right, with decreased responses to

middle doses and a lower maximal response. Renal vascu-

lature from female rats also showed an attenuated dose–

response curve to angiotensin II at the highest doses.

L-NAME administration produced an increased sensitiv-

ity to phenylephrine in the preparations from both male and
Fig. 2. Dose– response curves to phenylephrine and angiotensin II in isolated kid

administration of L-NAME (10� 4 M) +TEA (3� 10� 3 M) (top panels) or a

meansF S.E.M.
female rats (Fig. 1, top left graph, Table 1). In the males,

dose–response curves were characterized by a greater

responsiveness to threshold and middle doses, with a similar

maximal response to untreated preparations; consequently,

the curves were shifted to the left in a nonparallel manner. In

the females, L-NAME produced a marked increase in the

maximal response, but the differences between male and

female kidneys were maintained. The effect of TEA admin-

istration on the dose–response curve to phenylephrine
neys from male and female rats (n= 7 each group), after the simultaneous

fter removal of endothelium (�Endothelium, lower panels). Data are



Fig. 3. Concentration–response curve to KCl in isolated kidneys from male and female rats (n= 7 each group), under normal conditions (left panel) or after

removal of endothelium (�Endothelium, right panel). Data are meansF S.E.M. *P < 0.05 compared with the male group.
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produced an increased sensitivity in male and female pre-

parations, similar to that produced by L-NAME, and in

female kidneys the maximal response was markedly in-

creased, reaching similar values to male rat preparations

(Fig. 1, bottom left graph, Table 1). Thus, greater differ-

ences between male and female preparations were observed

after TEA administration than under basal conditions at the

low and intermediate doses of phenylephrine, whereas no

differences were observed at highest doses.

L-NAME produced a parallel shift to the left in the dose–

response curve to angiotensin II in male and female prep-
Fig. 4. Dose– response curves to increasing bolus doses of acetylcholine, sodium

female rats preconstricted with phenylephrine at 10� 6 M in males and around 5�
males, with phenylephrine plus L-NAME (10� 4 M), or with KCl (80 mM) (n= 7

curve compared with the untreated group. *P < 0.05 compared with the untreated
arations, with significant reductions in ED50 and marked

increases in the maximal response. Statistical differences at

two points of the dose–response curve in L-NAME treated

preparations were observed, where the response was re-

duced in females (Fig. 1, top right graph, Table 1). TEA

administration also shifted the dose–response curve to

angiotensin II to the left in males and females, but this

was significantly attenuated in females (Fig. 1, bottom

right graph, Table 1). The simultaneous administration of

L-NAME+TEA augmented the sensitivity to vasoconstric-

tors in both groups, without significant differences between
nitroprusside, or papaverine in isolated perfused kidneys from male and

10� 6 M in females, dose required to achieve a similar vascular tone that in

each group). Data are meansF S.E.M. *P< 0.01 along the dose– response

group.
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their dose–response curves to either vasoconstrictor (Fig.

2, Table 2).

Removal of endothelium produced an increased sensitiv-

ity to vasoconstrictors in both groups, with no differences

between their dose–response curves to either vasoconstric-

tor (Fig. 2, Table 2).

Renal vasculature from female rats showed markedly

reduced responsiveness to KCl (Fig. 3, left-hand graph,

Table 1). The concentration–response curve was character-

ized by a shift towards the right, with decreased responses to

middle concentrations and a lower maximal response. Re-

moval of endothelium produced an increased sensitivity to

KCl in both groups, with no differences between their

concentration–response curve (Fig. 3, Table 2).

3.2. Response to vasodilators

In isolated perfused kidneys from male and female rats

preconstricted with phenylephrine, the bolus administration

of acetylcholine, nitroprusside and papaverine produced a

dose-related decrease in RPP (Fig. 4, top graphs). Kidneys

from male and female rats showed a similar responsiveness

to the three vasodilators with no significant gender differ-

ences along the dose–response curves or in the maximal

vasodilatation reached.

L-NAME administration attenuated the dose–response

curve to acetylcholine and increased the responsiveness to

nitroprusside in both groups (Fig. 4, top graphs). After

L-NAME administration, no significant differences be-

tween male and female preparations were observed in

the dose–response curves to acetylcholine or nitroprusside.

L-NAME did not affect the dose–response curve to pa-

paverine in male or female kidneys.

When the preparations were perfused with the high

potassium concentration (80 mM), the dose–response

curve to acetylcholine was attenuated in both groups,

with no differences between them (Fig. 4, bottom graphs).

The dose–response curves to nitroprusside or papaverine

were not significantly modified by the increased K+

concentration in male and female kidneys (Fig. 4, bottom

graphs).
4. Discussion

The present study demonstrates that renal vascular

responses to agonists receptor mediated vasoconstrictors,

phenylephrine and angiotensin II, and to nonspecific stimu-

lants depolarizing solutions of KCl are lower in female

versus male rats. Various mechanisms can be proposed to

account for this difference. Thus, it has been shown that

alfa1-adrenergic receptor expression is decreased in mesen-

teric arteries of estradiol replaced rats compared with

ovariectomized animals (Zhang and Davidge, 1999), which

might participate in the attenuated responsiveness to phen-

ylephrine in female kidneys. However, a decreased sensi-
tivity to specific receptor-mediated agonists in female

preparations should be discarded because it also happened

in response to the nonspecific stimulant KCl, in consonance

with the observations of Sanchez et al. (1996) in isolated

aortic rings of female rabbits. A decreased reactivity of the

vascular smooth muscle to vasoconstrictors in the renal

tissue of female rats cannot explain this difference, because

the contractile response of deendothelialized kidneys to

vasoconstrictors was similar between male and female rats,

therefore, indicating that the endothelium is the responsible

for these differences.

Endothelial denudation and the blockade of NO and

EDHF by the administration of L-NAME, TEA or L-

NAME+TEA augmented the responsiveness to vasocon-

strictors in the isolated kidneys from male and female rats in

the present study, as previously reported in male prepara-

tions (Ercan et al., 1990; Vargas and Osuna, 1996). After

NO blockade, the pressor responsiveness to phenylephrine

was increased in male and female kidneys, but the differ-

ences between the groups were maintained. Therefore, these

results suggest that the hyporesponsiveness to phenyleph-

rine observed in female kidneys is not entirely due to

enhanced NO production by the endothelium. This obser-

vation is consistent with the sexually dimorphic develop-

ment of NO inhibition-induced hypertension in the rat

(Sainz et al., 2000), in which an increased pressor respon-

siveness to vasoconstrictors plays an important role (Vargas

et al., 1996), and suggested that a NO-independent pathway

contributes to the attenuated pressor responsiveness to vaso-

constrictors in female rats. However, our data contrast with

a report by Sanchez et al. (1996) that the incubation of aortic

rings with L-NAME abolished the phenylephrine-induced

contraction differences between rings from male and female

rabbits, indicating that the vascular reactivity differences

were associated with a higher release of NO. These discrep-

ancies may be due to the preparations used, because NO has

been reported to play a major role in conducting arteries,

and EDHF appears to be of great importance in resistance

vessels (Garland et al., 1995).

Vascular reactivity to vasoconstrictors is modulated by

K+ channels. Thus, TEA, a nonspecific blocker of K+

channels, induces a dose-dependent increase in the vascu-

lar sensitivity to noradrenaline and angiotensin II (Savi-

neau and Marthan, 1993). However, we recently reported

that the administration of TEA was unable to modify the

reactivity to vasoconstrictors in endothelium-removed

preparations (Moreno et al., 2003), indicating that EDHF

present in the vasculature modulates the renal response to

vasoconstrictors in the isolated perfused rat kidney and

may, therefore, participate in the attenuated responsiveness

to vasoconstrictors shown by the females in the present

study.

This study clearly shows that the counterregulatory

inhibitory effect of the endothelium on the responsiveness

to vasoconstrictors is greater in the isolated kidneys from

female respect to male rats. This gender difference in
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endothelial inhibition of the contraction may be due to an

augmented production/release of endothelium-derived relax-

ing factors in the female kidney in response to VC. In this

sense, the fact that the simultaneous blockade of both

factors, NO and EDHF, abolished the differences between

male and female preparations, as happened after endotheli-

um removal, indicate that NO and EDHF, and no other

factors, are the responsible for the differences in the renal

responsiveness to vasoconstrictors between males and

females.

The present paper shows that NO and EDHF are stim-

ulated by receptor mediated agonists and by nonspecific

stimulant of vascular smooth muscle in consonance with our

previous report (Vargas and Osuna, 1996). Therefore, all

these data indicate that the mechanism by which vaso-

constrictors induced the production of endothelium-derived

relaxing factors should be the change of pressure in the

vascular wall rather than endothelial membrane receptor

stimulation, despite it is well known that angiotensin II

induced NO production in endothelial cells via AT1 recep-

tors (Millatt et al., 1999).

There was no difference in the vasodilator response to

acetylcholine, nitroprusside or papaverine between the male

and female kidneys. Moreover, the blockade of NO or

EDHF, by the administration of L-NAME or of increased

extracellular potassium, respectively, produced a similar

inhibition of acetylcholine-induced endothelium-dependent

vasodilatation. All the above results indicate that the two

endothelial components of acetylcholine-induced vasodila-

tation, NO and EDHF, are present in the renal vascular bed

of both male and female preparations, and that the produc-

tion of, or reactivity to, these factors in response to vaso-

dilators is similar. The similarity of the vasodilator response

to acetylcholine between male and female rats suggests that

gender difference does not influence endothelial responsive-

ness to vasodilators in the resistance arteries of the rat

kidney.

The present results clearly indicate that there are no

differences between male and female kidneys in the

relative contributions of agonist-stimulated NO and EDHF

to endothelium-dependent vasodilation. These results con-

trast with findings that the contributions of NO and EDHF

to endothelium-dependent relaxation differ between males

and females. Thus, Hayashi et al. (1995) and Sanchez et al.

(1996) both described a predominant role for NO in

acetylcholine-induced relaxation in the aorta of female

rabbits and rats compared with male controls, whereas

others reported a dominant role for EDHF in acetylcholine-

induced endothelium-dependent vasorelaxation in female

animals (McCulloch and Randall, 1998; White et al.,

2000). At first sight, these data may appear to conflict

with the present results. However, numerous studies have

demonstrated the tissue- and species-variability of endo-

thelium-derived relaxing factors (Campbell and Gauthier,

2002; Furchgott and Vanhoutte, 1989; Garland et al., 1995;

Hecker, 2000; Vanhoutte, 1993).
In conclusion, the present results indicate that the atten-

uated renal pressor responsiveness to vasoconstrictors in

female preparations is related to an increased activity of

endothelium-derived relaxing factors, NO and EDHF. No

differences were found in the responsiveness to endotheli-

um-dependent or -independent vasodilators between male

and female rat kidneys. Finally, the relative contribution of

NO and EDHF to acetylcholine-induced endothelium-de-

pendent vasodilation in the renal vascular bed was similar

between male and female rats.
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