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Nebivolol is a new selective beta 1l-adrenoceptor antagonist with nitric
oxide (NO)-releasing properties. In the present study we have analyzed
whether nebivolol affects the development of the arterial hypertension
that follows the chronic inhibition of nitric oxide synthesis. Nebivolol (1
mg/kg/day, 14 days) was given concurrently with the NO synthesis
inhibitor N"-nitro-L-arginine methyl ester (L-NAME, 0.1, 1, and 10
mg/kg/day, 14 days) to several groups of rats. Blood pressure, renal
function, plasma renin activity (PRA), and NO activity and metabolites
were measured at the end of the treatment period. L-NAME treatment
alone increased mean arterial pressure dose dependently (103.5 = 2.4,
110.9 + 2.0, and 125.8 + 2.2 mmHg, respectively). Nebivolol completely
prevented the development of arterial hypertension in the groups treated
with L-NAME at the doses of 0.1 and 1 mg/kg/day and reduced the
increase achieved with the L-NAME dose of 10 mg/kg/day (110.3 + 2.7).
There were no differences in glomerular filtration rate or natriuresis
between nebivolol-treated and -untreated rats. Plasma nitrates+nitrites
and calcium-dependent NO synthase activity in the kidney also decreased
dose dependently with L-NAME treatment and nebivolol did not
significantly modify it. However, PRA was lower in all groups treated with
nebivolol and L-NAME as compared to the rats receiving only L-NAME.
These data indicate that nebivolol prevents the development of the arterial
hypertension associated with chronic NO deficit and this effect seems to be
dependent on the inhibition of renin-angiotensin system.
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INTRODUCTION

It is now wdl known that chronic inhibition of NO production produces arterid
hypertenson[1,2,3,4,5]. The mechaniams underlying this effect are not completely
edablished but there is evidence suggedting tha the renin-angiotenan sysem is in big
pat responsble for the rend and sysemic dteraions induced by the chronicdly
reduced NO availability. Thus, chronic angiotensn Il blockade or converting enzyme
inhibition prevents the devdopment of N“-nitro-L-arginine methyl eser (L-NAME)—
overcome the effect of L-NAME and therefore stimulate the reduced synthess of
NO[12,13], which suggests that these trestments cannot completely revert the dtered
physologicd daus of the L-NAME-rested aterid hypertenson modd, that is to
normalize NO synthess.

Among severd new drugs dready avalable that can fulfill the requirement of incressng
NO synthess, a new dass is especidly interesting. Beta 1-adrenoceptor antagonists
with NO-relessing properties, such as nebivolol[14,15], could be important tools to
improve the arterid hypertenson and associated abnormdities secondary to the chronic
deficiency of NO, because of two man effects. One is the above-mentioned increase in
NO production; the other is the plasma renin activity (PRA)—suppressng effect.
Therefore, in the present sudy we have evaduaed the effect of nebivolol in a modd of
chronic deficiency of NO and arterid hypertension.

METHODS

Mde Sprague-Dawley rats (Harlan, Barcdona, Spain) were used for the study. The
animals were maintained on standard rat chow and tap water throughout the study. All
experiments were performed according to the guiddines for the ethicd trestment of the
animals of the European Union.

Experimental Groups

The animas (around 250 g) were randomly assigned to one of eight groups (n = 8 each,
except where noted). The first three groups received L-NAME (Fluka, Madrid, Spain) at
the doses of 0.1, 1, and 10 mg/kg/day, respectively. Three more groups received these
same doses and aso concurrently nebivolol (1 mg/kg/day). Another group (n = 6)
received only nebivolol a the same dose. Findly, a control untrested group was
prepared. All the trestments were given in the drinking water for 15 days. The optimum
dosage of the drugs was adjusted daily according to the water intake and body weight of
the animds. L-NAME was dissolved in water and nebivolol in 5% glucose.

Experimental Protocol

Blood pressure was determined by the tall cuff method (Cibertec, Madrid, Spain) by
usng MacLab software (AD Ingtruments, U.K.) in a Macintosh LCIlI computer. This
aoproach dlowed the estimation of svstolic and diastolic blood pressures, and then of



mean aterid pressure, following the andyss of pulse dgnd, which also permitted the
cdculation of heart rate. In previous experiments, we observed that the precison of this
procedure was more than 95% as compared to the direct intra-arterid recording[4]. The
measurements were made the day before starting the treatments, and 7 and 14 days later.
After this last blood pressure measurement, the animals were housed in metabolic cages
for 24 h to obtan urine, during which time they drank their usua drug combination.
Then, a the end of this period, the animas were anesthetized with Inactin (100 mg/kg,
I.p., Research Biomedicd Internationd, Natick, MA) and blood was obtained from
cadiac puncture and uncoagulated with 6% EDTA. After killing the animds with
anesthetic overdose, both kidneys were taken out and immediatdy frozen a —80°C to
measure NO synthase activity. After centrifugation a 4°C a 25009, plasma was
separated and frozen at —20°C to measure PRA, plasma nitritestnitrates, crestinine, and
sodium. Urine samples were measured by gravimetry, centrifuged at the same speed,
and frozen aso to measure creatinine and sodium.

Analytical Techniques

Glomerular filtration rate (GFR) was estimated as the clearance of credtinine (urine to
plasma concentration ratio times diuress), and was normalized per 100 g of body
weight. Plasma and urine credtinine were measured by the Jaffe reaction usng a
commercidly avalable kit (Boehringer Manhem, Bacdona Span). Sodium
concentration was measured by flame photometry (Corning 435, lzasa, Barceona,
Spain). PRA was measured by a commercidly avalable kit (DiaSorin, Sduggia, Itay).
Cdcium-dependent NO synthase activity was measured by the converson of [3H]-
aginine to [3H]-citrulline in kidney homogenates as previoudy described[16]. Plasma
nitratestnitrites were measured by capillary dectrophoress following a method
previoudy described[17].

Statistical Methods

Data are presented as means + SEM. A repeated measures analysis of variance was
used to obtan the daidica dgnificance between and within groups. If the globd
andyss was dgnificant, a post hoc Duncan’'s test was caried out. Differences were
conddered Setidicdly sgnificant at ap level lower than 0.05.

RESULTS

The dose of nebivolol used in the present experiments was selected according to the
literaturef14,15] and based on prdiminary experiments which showed that 1 mg/kg/day
of nebivolol for 14 days reduced basd heart rate in a group of norma anesthetized rats
(control: 4380 + 26 beasmin; nebivolol-treated: 3433 = 69, n = 4 each).

Treatment with L-NAME induced a progressve and dose-dependent eevetion in mean
arterid pressure (MAP), as shown in Fig. 1(left pand). Thus, MAP increased 7.6 + 2.8
mmHg with the dose of 0.1 mg/kg/day, 12.6 + 3.9 with the dose of 1 mg/kg/day and
235 £+ 3.3 with the dose of 10 mg/kg/day. Nebivolol (Fig. 1, right pand) completey
prevented the eevation of MAP in the groups treated with 0.1 and 1 mgko/day of L-



NAME (a change of =25 + 1.8 and -3.2 + 1.7 mmHg, respectively) and sgnificantly
reduced the find MAP leves in the animas treated with 10 mg/kg/day of LNAME (an
increese of 11.2 + 24 mmHg). In the control group, MAP was wdl maintained
throughout the study period and averaged 104.3 +1.5 at the end of the study. The MAP
of the animas chronicaly treated with nebivolol only was 97.5 + 2.6.
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FIGURE 1. Time-dependent changes in mean arterial pressure (MAP) in the
experimental groups. *, p < 0.05 vs. day O.

Heat rae did not change dgnificantly with L-NAME trestment, but in the groups
trested aso with nebivolol it was lower at the end of the treetment (Fig. 2).
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FIGURE 2. Heart rate in the experimental groups after 2 weeks of treatment. +, p
< 0.05 vs. L-NAME—treated group.



There were no important changes in rend function (Fig. 3). GFR in the control group
was 15 £ 0.1 ml/min/g and L-NAME trestment dightly decreased these vaues, but
without differences between them. Nebivolol treatment had a tendency to improve GFR,
but only the nebivolol-trested group recelving 10 mg/kg/day reached higher vaues than
its control (Fig. 3, left pand). The excretion of sodium was smilar between nebivolol-
treated and -untreated groups (Fig. 3, right pand).
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FIGURE 3. Glomerular filtration rate (left) and sodium excretion (right) after 2
weeks of treatment. +, p < 0.05 vs. L-NAME—treated group.

PRA was 35 £ 04 ng/ml/h in the control group. L-NAME treatment increased PRA in
dl three L-NAME-reated groups but was higher in the group recaiving the lower L-
NAME dose (Fig. 4). Nebivolol ggnificantly decreased PRA in dl three groups and
these values were not sgnificantly different to the control group.
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FIGURE 4. Plasma renin activity (PRA) in the experimental groups after 2 weeks of
treatment. +, p < 0.05 vs. L-NAME—treated group.



Cdcium-dependent NO synthase activity measured in kidney homogenates was lower
in the L-NAME-reated groups than in the control (30.2 + 4.6 pg/min/g). L-NAME
treetment aso reduced NO synthase activity dose dependently. Nebivolol did not
increase dgnificantly NO synthase activity in any L-NAME—reated group (Fig. 5, left
pand).
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FIGURE 5. Renal calcium-dependent nitric oxide synthase (NOS) activity (left) and
plasma nitrates+nitrites (right) in the experimental groups after 2 weeks of
treatment.

Also, plasma nitratestnitrites was ggnificantly lower in the L-NAME-reated groups
than in the control (25.5 £ 0.5 uM) and nebivolol trestment did not changes these lower

vaues (Fig. 5, right pand).

DISCUSSION

In the present study we have analyzed the effects of a new sdective beta 1-adrenoceptor
antagonis, nebivolol, to improve the arterid hypertenson associated with the chronic
deficiency of nitric oxide (NO). The results indicate that nebivolol is an effective
treatment for the arterid hypertenson that follows the chronic inhibition of NO.

Previous sudies have shown that chronic L-NAME administration produced a dose-
dependent form of arterid hypertenson[3,4] and the present results agree with these
data, snce adminigration of three doses of the NO synthesis inhibitor increased MAP in
a dose-dependent form. Mogt invedtigators agree in that this elevation of blood pressure

Thus, NO is a potent inhibitor of renin rdlease and its inhibition should devate renin
production. In fact, previous dudies utilizing high doses of NO synthess inhibitors
were unable to document clearly eevated renin levelg3,11,19]. This fact was difficult
to reconcile with other gsudies showing that converting enzyme inhibition or angiotenan
receptor antagonism prevented the development of this tvpe of arterid hvpertenson.



However, it seems that low doses of the NO inhibitors in fact do eevate renin levels,
whereas high doses tend to suppress it probably because of the elevated blood pressure
levels and dso as a consequence of corticd rend ischemig20]. The present results
completely agree with this view and show that the lower doses of L-NAME produce
greater PRA levels and they decrease as the L-NAME doses incresse. Thus, it is
interesting to see that the MAP levels are higher in the group with lower PRA vaues
and thisis probably due aso to the lower production of NO.

Nebivolol trestment concurrently with L-NAME was dealy beneficid for these
animds, dnce the aterid hypertenson dicited by the lower two doses of the inhibitor
was completely prevented and reduced 50% in the case of the group receaving the
higher L-NAME dose. Also, heart rate was lower in the animds trested with nebivolal,
suggedtive of a cardiac effect of nebivolol. Among the possble mechaniams by which
nebivolol can exeat this antihypetensve effect, we have andyzed two. Fird,
functioning as a beta-adrenergic blocker, PRA should be inhibited and in fact it was. All
the three groups of animas treated with nebivolol showed lower PRA vaues than their
respective hypertensive groups. Second, nebivolol has been shown to be able to release
NO[14,15,18]. Thus, as an index of NO production, we measured NOS activity in the
kidney, an organ tha is thought to be very sendtive to the effect of NO inhibition[21].
However, cadcium-dependent NOS activity in kidney homogenates, which was dose
dependently reduced by L-NAME treatment, was not dgnificantly modified in the
groups that received nebivolol. However, a possible devation of NO production in
peripherd vascular beds other than the kidney, locadly rdevant and contributing to the
observed MAP vdue reduction, but not sufficient to sengbly modify circulaing nitrites-
nitrates levels, can not be ruled out. Smilaly, the lower plasma nitratestnitrites levels
of the L-NAME-reated rats were not changed by nebivolol. Thus these results
therefore suggests that the hypertensive effect brought about by L-NAME treatment is
abrogated or reduced by the inhibition of renin production and not by an enhanced
production of NO.

Previous studies have shown that nebivolol produces rdaxation of vascular bedg14,15]
and releases NO from the kidney[18], effects that are subsequently blocked by NO
gynthesis inhibitors. In the present sudy, the group of animas treated chronicaly with
nebivolol showed a lower blood pressure than those smultaneoudy trested with
nebivolol and L-NAME, which suggests that this difference in blood pressure may be
due to the NO releasng properties of nebivolol. However, the present results aso
suggest that nebivolol is not able to overcome a sSmultaneous competitive NOS
inhibition, such as that produced by L-NAME. Therefore, it is possble tha the
mechanism by which nebivolol releases NO is not based on an activation of the NOS
enzyme. However, other possbilities cannot be ruled out, such as a centrd nervous
sysem effect or a presyngptic inhibition that would decrease norepinephrine release
from sympathetic nerve endings. It is important, however, to keep in mind that we have
used a very low dose of nebivolol, and it is possble that a higher dose might be needed
in order to fully counteract the NOS inhibition. Then, the ducidaion of the exact
mechanism by which nebivolol increases NO production will require further sudies.

Regarding the rend function data, the present results agree with previous data from this
and other laboratorieq 3,5,22,23] showing a decrease in the GFR and a maintenance of
the sodium excretion levels. Since blood pressure was eevated, the resulting pressure-
natriuresis relationshio is reduced. as we have previoudv demondratedl5.231. Nebivolol



did not importantly dter these vaues, except in the group recelving the highest L-
NAME dose, dthough clearly the pressure natriuress curves were normdized in the
groups receiving the lowest two doses of L-NAME and improved in the group receiving
the highest L-NAME dose.

In summary, nebivolol prevents the development of the arterid hypertenson induced by
chronic inhibition of NO synthess. This effect seems to be mediated by a PRA-
suppressing effect and not by an enhancement of NO production. Overdl, these data
indicate that nebivolol is a beneficid drug in dStuations of chronicdly reduced NO
avalability. Therefore, this sudy suggests that, besdes converting enzyme inhibitors
and angiotensin receptor antagonists, nebivolal, a least in pat through its beta-blocking
activity, is a new thergpeutic option to trest conditions originated by chronicaly
reduced NO availability.

ACKNOWLEDGMENTS

This study has been supported by a research grant from Laboratorios Menarini
(Barcdona, Spain). They dso provided us with nebivolol hydrochloride ((+)-
[(SRRR)+(RSSS)]-a ,a ¢ [iminobis(methylene)]big 6-fluoro-3,4-dihydro-2H- 1-
benzopyran-2-methanol] hydrochloride). The authors thank to Dr. Maria Dolores
Alcazar and Magddena, of the Seavicio de Ingrumentacion Cientifica of the
Universdad de Murcia, for her expet work on the measurements of plasma
nitrates+nitrites.

REFERENCES

1 Arna, JF., Warin, L., and Michel, J.B. (1992) Determinants of aortic cyclic guanosine monophosphate in
hypertension induced by chronic inhibition of nitric oxide synthase. J. Clin. Invest. 90, 647—
652. [check sciBASE

2. Ribeiro, M.O., Antunes, E., de Nucci, G., Lovisolo, SM., and Zatz, R. (1992) Chronic inhibition of nitric
oxide synthesis, anew model of arterial hypertension. Hypertension 20, 298-303. [check sciBA SE]

3. Navarro, J., Sanchez, A., Séiz, J., Ruilope, L.M., Garcia-Estaf, J., Romero, J.C., Moncada, S., and Lahera,
V. (1994) Hormonal, renal and metabolic alterations during the hypertension induced by chronic inhibition
of nitric oxide in rats. Am. J. Physiol. 267, R1516-R1521. [check sciBASE

4., Ferndndez-Rivas, A., GarciaEstafi, J., and Vargas, F. (1995) Effects of chronic increased sat intake on
nitric oxide synthesis inhibition-induced hypertension. J. Hypertens. 13, 123-128. [check sciBASE]

5. Garcia-Estafi, J., Navarro, J., Atucha, N.M., Quesada, T., Romero, J.C., Cachofeiro, V., and Lahera, V.
(1996) Chronic effect of nitric oxide and prostaglandin inhibition on pressure diuresis and natriuresis in
rats. Kidney Int. 49, S141-S143. [check sciBASE]

6. Pollock, D.M., Polakowski, J.S., Divish, B.J., and Opgenorth, T.J. (1993) Angiotensin blockade reverses
hypertension during longterm nitric oxide synthase inhibition. Hypertenson 21, 660-
666. [check sciBASE

7. Morton, J.J., Beattie, E.C., Speirs, A., and Gulliver, F. (1993) Persistent hypertension following inhibition
of nitric oxide formation in the young Wistar rat: role of renin and vascular hypertrophy. J. Hypertens. 11,
1083-1088. [check sciBASE]

8. Qiu, C., Engels, K., and Baylis, C. (1994) Angiotensin |l and &l-adrenergic tone in chronic nitric oxide
blockade-induced hypertension. Am. J. Physiol. 266, R1470-R1476. [check sciBASE

9. Bank, N., Aynedjian, H.S., and Khan, G.A. (1994) Mechanism of vasoconstriction induced by chronic
inhibition of nitric oxidein rats. Hypertension 24, 322—328. [check sciBASE

10. Zanchi, A., Schaad, N.C., Osterheld, M -C., Grouzmann, E., Nussberger, J., Brunner, H.R., and Waeber, B.
(1995) Effects of chronic NO synthase inhibition in rats on renin-angiotensin system and sympathetic
nervous system. Am. J. Physiol. 268, H2267-H2273. [check sciBASE

11. Ortiz, M.C., Fortepiani, L.A., Ruiz-Marcos, F.M., Atucha, N.M., and Garcia-Estafi, J. (1998) Role of AT,
receptors in the renal papillary effects of acute and chronic nitric oxide inhibition. Am. J. Physiol. 274,

R760-R766. [check sCiBASE
12. Takase, H., Moreau, P., Kung, C.F., Nava, E., and Luscher, T.F. (1996) Antihypertensive therapy prevents



endothelial dysfunction in chronic nitric oxide deficiency. Effect of verapamil and trandolapril.
Hypertension 27, 25-31. [check sciBASE

13. Tojo, A., Kobayashi, N., Kimura, K., Hirata, Y., Matsuoka, H., Yagi, S., and Omata, M. Effects of
antihypertensive drugs on nitric oxide synthase activity in rat kidney. Kidney Int. 55, S138-S140.

14. Bowman, A.J., Chen, C.P.L.-H., and Ford, G.A. (1994) Nitric oxide mediated venodilator effects of
nebivolol. Br. J. Clin. Pharmacol. 38, 199-204. [check sciBASE

15. Cockcroft, JR., Chowienczyk, P.J., Brett, S.E., Chen, C.P.L.-H., Dupont, A.G., Van Nueten, L., Wooding,
SJ, and Ritter, JM. (1995) Nebivolol vasodilates human forearm vasculature: evidence for an L-
arginine/NO-dependent mechanism. J. Pharmacol. Exp. Ther. 274, 1067-1071. [check sciBASE]

16. Criado, M., Flores, O., Ortiz, M.C., Hidalgo, F., Rodriguez-L6épez, A.M., Eleno, N., Atucha, N.M.,
Sénchez-Rodriguez, A., Arévalo, M., Garcia-Estafi, J., and Lépez-Novoa, M. (1997) Elevated glomerular
and blood mononuclear lymphocyte nitric oxide production in rats with chronic bile duct ligation: role of
inducible nitric oxide synthase activation. Hepatology 26, 268-276. [check sciBASE]

17. Bories, P.N., Scherman, E., and Dziedzic, L. (1999) Analysis of nitrite and nitrate in biological fluids by
capillary electrophoresis. Clin. Biochem. 32, 9-14. [check sciBASE]

18. Kakoki, M., Hirata, Y., Hayakawa, H., Nishimatsu, H., Suzuki, Y., Nagata, D., Suzuki, E., Kikuchi, K.,
Nagano, T., and Omata, M. (1999) Effects of vasodilatory beta-adrenoceptor antagonists on endothelium-
derived nitric oxide releasein rat kidney. Hypertension 33, 467—471. [check sciBASE

19. Jover, B., Herizi, A., Ventre, F., Dupont, M., and Mimran, A. (1993) Sodium and angiotensin in
hypertension induced by long-term nitric oxide blockade. Hypertension 21, 944-948. [check sciBASE

20. Yamada, S.S., Sassaki, A.L., Fujihara, CK., Malheiros, D.M., De Nucci, G., and Zatz, R. (1996) Effect of
sdt intake and inhibitor dose on arteria hypertension and renal injury induced by chronic nitric oxide
blockade. Hypertension 27, 1165-1172. [check sciBASE

21. Romero, J.C., Lahera, V., Sdom, M.G., and Biondi, M.L. (1992) Role of endothelium-dependent relaxing
factor nitric oxide on rena function. J. Am. Soc. Nephrol. 2, 1371-1387. [check sciBASE]

22. Granger, J., Novak, J., Schnackenberg, C., Williams, S., and Reinhart, G. (1996) Role of renal nervesin
mediating the hypertensive effects of nitric oxide synthesis inhibition. Hypertension 27, 613—
618. [check sciBASE

23. Fortepiani, L.A., Rodrigo, E., Ortiz, M.C., Cachofeiro, V., Atucha, N.M., Ruilope, L.M., Lahera, V., and
GarciaEstafi, J. (1999) Pressure natriuresis in nitric oxide-deficient hypertensive rats: effect of
antyhypertensive treatments. J. Am. Soc. Nephrol. 10, 21-27. [check sciBASE]

This article should be referenced as follows:

Fortepiani, L.A., Ortiz, M.C., Atucha, N.M., and Garcia-Estafn, J. (2002) Nebivolol
ameliorates nitric oxide—deficient hypertension. TheScientificWorldJOURNAL 2,
1676-1684.

Handling Editor:Jaime Herrera-Acosta, Associate Editor for Nephrology — a domain of
TheScientificWorldJOURNAL .

BIOSKETCHES

Joaquin GarciaEstan, M.D., Ph.D., is Professor of Physiology, University of Murcia (Spain). Hisresearch interests
include analysis of mechanisms of diseases such as arteria hypertension and liver cirrhosis from the rena and
vascular points of view.

Lourdes A. Fortepiani, M.D., Ph.D., is postdoctoral fellow, University of Murcia (Spain). Her research interests
include analysis of mechanisms of disease in arteria hypertension from the renal and vascular points of view.

M. Clara Ortiz, M.D., Ph.D., is aresearch scientist, University of Murcia (Spain). Her research interests include
analysis of mechanisms of disease in liver cirrhosis from the rena and vascular points of view.

Noemi M. Atucha, M.D., Ph.D., is Professor of Physiology, University of Murcia (Spain). Her research interests
include analysis of mechanisms of diseasein arterial hypertension from the renal and vascular points of view.



