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=ABSTRACT=

The present study was undertaken to investigate the role of endogenous nitric oxide in renin
release under different physiological conditions. In the first series of experiments, renin release was
either inhibited by acute volume-expansion (VE) or stimulated by clipping one renal artery in the rat.
VE was induced by intravenous infusion of saline (0.9% NaCl) up to 5% of the body weight over 45
min under thiopental (50 mg/kg, IP) anesthesia. VE caused a decrease of plasma renin concentration
(PRC). With N°-nitro-L-arginine methyl ester (L-NAME, 5 yg/kg per min) superadded to VE, PRC
decreased further. The magnitude of increase in plasma atrial natriuretic peptide levels following
VE was not affected by the L-NAME. In two-kidney, L-NAME- supplementation
resulted in a decrease, and L-arginine-supplementation an increase of PRC. Plasma atrial

one clip rats,

natriuretic peptide levels were significantly lower in the L-arginine group than in the control. Blood
pressure did not differ among the L-NAME, L-arginine, and control groups. In another series of
experiments, the renin response to a blockade of NO synthesis was examined using in vitro prepa-
rations from isolated renal cortex. L-NAME significantly increased basal renin release, although
it was without effect on the isoproterenol-stimulated release. These findings suggest that endogenous
nitric oxide significantly contributes to the renin release. Since many factors may affect the renin
release in vivo, an interaction hetween NO and renin under various pathophysiological states is to be
further defined.

Key Words: Nitric oxide, renin, N C-nitro-L-arginine methyl ester, volume-expansion, Atrial
natriuretic peptide, Two-kidney, One clip hypertension, In vitro preparations

in the vascular regulatory mechanisms, in-
teractions between the endothelial mediators
and other hormonal systems have been subjects
of much interest. Endothelium-derived relaxing
factor, among others, has been characterized
mainly as nitric oxide (NO) derived from the

INTRODUCTION

Over the last decade, the vascular endo-
thelium has been found to produce factors

which may modulate vascular tone. With in-
creasing number of endothelial factors involved
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guanidino nitrogen of L-arginine.

NO is now known to be also involved in the
regulation of endocrine secretion. For instance,
the secretion of insulin (Corbett et al, 1993) and
growth hormone (Kato, 1992) is altered by
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stimulants or inhibitors of NO synthesis. Recent
evidence, mostly done in vitro, suggests that NO
also plays a role in the control of renin

secretion. It has not been established, however,

how and to what extent NO regulates the renin
release under various pathophysiological states.

Vidal et al (1988) have shown that super-
fusates of aortic preparations treated with
acetylcholine inhibited renin release in a kidney
slice and concluded that NO is inhibitory.
Henrich et al (1988) further provided evidence
indicating that the inhibitory effect of NO is
mediated by the formation of c¢cGMP in
juxtaglomerular cells. Others, however, failed to
observe an NO-induced inhibition of renin
release but found a stimulation (Munter &
Hackenthal, 1991; Persson et al, 1993). Johnson
and Freeman (1992a) also observed a decrease
in renin release following the inhibition of NO
synthesis, even when the renal perfusion pres-
sure was maintained constant.

The present study was aimed to further inves-
tigate the role of endogenous NO in the control
of renin release. In the first series of experiments,
effects of blockade of NO synthesis with N¢-
nitro-L-arginine methyl ester (L-NAME) on
plasma renin concentration (PRC) were exam-
ined under two different conditions. The rat was
acutely volume-expanded to inhibit the release
of renin, or was made two-kidney, one clip
(ZK1C) hypertensive to stimulate the release. In
another series of experiments, the renin response
to a blockade of NO synthesis was examined
using in vitro preparations from the isolated
renal cortex.

METHODS

Acute volume expansion

Male Sprague-Dawley rats (220-260 g) were
anesthetized with thiopental (50 mg/kg, TP).
The right femoral artery was cannulated to
measure arterial blood pressure and the vein to

serve as an infusion route. A 30 to 60-min
equilibration period was allowed to elapse until
volume-expansion (VE) started. L-NAME was
used to inhibit the endogenous NO system. Fol-
lowing different groups were provided.

1. The {Control] group was without VE.

2. The [VE] group received intravenous
infusion of saline (0.9% NaCl) over 45 min.
The total volume infused was 5% of the body
weight.

3. The [VE+NAME] group was volume
expanded as in the [VE] group on the ongoing
infusion of L-NAME (5 pg/kg per min) which
was started 90 min before initiating VE.

4. The [NAME] group received L-NAME (5
pg/kg per min) for 135min. To minimize a
volume effect, the total volume of infusion
amounted up to 137 xL/h in each rat.

A blood sample was taken from the femoral
artery at the end of the experiment. PRC was
determined by radioimmunoassay as described
previously (Cho et al, 1987). Concentrations of
atrial natriuretic peptide (ANP) were deter-
mined in the C18 sep-pak extracted plasma
using a radioimmunoassay kit purchased from
Research & Diagnostic Antibodies (Berkeley,
CA). The determined values were corrected
with the extraction ratio (68.5+2.4%).

Two-kidney, one clip hypertension

In male Sprague-Dawley rats (150-200 g), the
left renal artery was constricted with a silver
clip having an internal gap of 0.2 mm under
ketamine anesthesia. The contralateral kidney
was left untouched. The rats were then divided
into three groups."One group was supplemented
with L-NAME (5 mg/100 mL), and another
with L-arginine (400 mg/100 mL) in the drink-
ing water. The other was used as a control
group, supplied with normal tap water.

On day 28 after the clipping, systolic blood
pressure was indirectly measured by means of a
tail cuff method. The animals were then decapi-
tated in a conscious state and the trunk blood
was collected for measurement of PRC and
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ANP levels.
Isolated renal cortical slices

The kidneys were removed under thiopental
(50 mg/kg, IP) anesthesia and decapsulated.
The 0.4-mm thick cortical slices were made
parallel to the capsular surface with a Staddie-
Riggs microtome. The initial slice was dis-
carded, and the next was taken from one hemi-
sphere, so that two slices were obtained from
each kidney.

Each slice was placed in an oscillating incu-
bation bath at 37 °C while the incubation
medium was maintained with 95 % O;-5 % CO..
After 30 min equilibration, the medium was
replaced with fresh one. The slice was then
incubated for one hour, during which some
specimens were incubated with L-NAME (10~*
mol/L). A 200-uL aliquot was taken for assay
of renin concentration, and the experimental
agent (isoproterenol or sodium nitroprusside) or
its vehicle was then added. After an additional
30 min, a second 200-¢L aliquot was sampled.
Samples were centrifuged and frozen for later
analysis. The slice was weighed to determine
results by milligrams of wet weight. Renin
release was measured as the difference in con-
centrations between the two collections. The
composition of the physiological salt solution
was as follows (in mmol/L): NaCl 125,
NaHCO; 19, KCI 4, CaCl; 2.6, NaH,PO, 1.2,
MgSO, 0.8, and glucose 0.2 g /100 mL. The
drugs used were all purchased from Sigma
Chemical Company (St. Louis, MO), except
sodium nitroprusside (Roche; Basel, Switz-
erland).

Statistics

Results are expressed as means+SEM.
Univariate analysis of variance with the Scheffe
multiple-comparison adjustment was used to
test the significance for differences among the
groups.

RESULTS

Plasma concentrations of renin following VE
are shown in Fig. 1. VE resulted in a decrease of
PRC. Although L-NAME alone was without a
significant effect on PRC, it caused a further
decrease of PRC. Plasma ANP values increased
following VE, ie, they were 46.4+5.1 pg/mL in
the [VE+NAME], 41.0+9.6 pg/mL in the
[VE], and 12.9+1.8 pg/mL in the control.

In 2KIC rats, systolic blood pressure mea-
sured on day 28 were 192410 in [control] (n=
6), 210£9 in [L-NAME] (n=7), and 18916
mmHg in [L-arginine] group (n=6), not being
significantly different among the groups. The
[L-NAME] group was associated with a signif-
icantly lower PRC, and the [L-arginine] group
with a higher PRC than the [control] (Fig. 2).
Plasma ANP levels were 29.8+6.8 in the [L-
NAME] group (n=4), 13.9+2.7 in the [L-
arginine] (n=4), and 31.0+6.9 pg/mL in the
[control] (n=6). The [L-arginine] group

PRC (ngAl/mL/h)

Controi VE

L-NAME  VE+NAME

Fig. 1. Plasma renin concentrations (PRC) follow-
ing the volume expansion (VE). [L-NAME]
denotes the group infused with L-NAME (5 ug/kg
per min) without VE. [VE+NAME] group was
volume-expanded with L-NAME superadded. Val-
ues are means+ SEM. Each numeral in the bar
represents the number of rats. **p<0.01, compared
with control. *p< 0.05, compared with VE group.
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PRC (ngAl/mL/h)

Control

L-NAME L-Arg

Fig. 2. Plasma renin concentrations in control, L-
NAME or L-arginine (L-Arg)-supplemented groups
of two-kidney, one clip rats. Legends as in Fig. 1.
*p<0.05, **p<0.0l; compared with control.

showed a significantly lower plasma ANP than
the [control] (p<0.05).

Fig. 3 shows the renin released by the iso-
lated cortical slice in the incubation media.
L-NAME significantly increased basal renin
release, although it was without effect on the
isoproterenol-stimulated Sodium
nitroprusside did not significantly alter the rate
of either the basal or stimulated-release.

release.

DISCUSSION

The enzyme responsible for the synthesis of
NO in the endothelial cell is the constitutive
type of NO synthase. It is competitively inhi-
bited by L-arginine analogues such as N®-
monomethyl-L-arginine (L-NMMA) and L-
NAME (Gardiner et al, 1990; Palmer et al,
1988). These compounds have been a useful tool
in investigating the biological significance of
endogenous L-arginine-NO pathway. We used
L-NAME in the present study to examine the
role of endogenous NO system on renin release.

The results obtained using the in vitro prepa-
rations of renal cortical slices were consistent
with the hypothesis that endogenous NO

200
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B NP

*

100 1

Renin Release

0
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Fig. 3. Renin release from the isolated renal cortical
slice treated without (basal) and with L-NAME.
[ISP] and [NP] denote the groups incubated with
isoproterenol (107 mol/L) and sodium nitro-
prusside (107° mol /L), respectively. L-NAME was
treated (107 mol/L) 60 min before isopro-
terenol or sodium nitroprusside was administered.
Values of renin release are means+ SEM from six
experiments each,
angiotensin I per hour per milligram per 30 min
incubation. *p < 0.05, compared with control.

expressed in  nanograms

inhibits renin release, ie, L-NAME significantly
increased basal release of renin. This finding is
in agreement with many previous investigations,
mostly conducted in vitro. Vidal et al (1988)
showed that the rate of renin secretion from
cortical slices was decreased by a perfusion
obtained from acetylcholine-stimulated arterial
strips. More recently, incubation of rat kidney
slices with L-NMMA was found to enhance
renin release by more than 50 % compared with
control (Beierwaltes & Carretero, 1992). Con-
versely, sodium nitroprusside has been known
to inhibit renin release (Henrich et al, 1988).
The lack of significance in the inhibitory effect
of sodium nitroprusside on either the basal or
stimulated-release in the present study may be
attributed to different experimental conditions.

Despite the increased release of renin by L-
NAME ir vitro, however, the isoproterenol
stimulated-release was not potentiated by L-
NAME. On the contrary, Reid et al (1994)
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found that inhibition of NO synthesis decreased
resting plasma renin activity as well as an
isoproterenol-stimulated release of renin in vivo.
In fact, results shown in the in vitro experiments
are not always consistent with those in the in
vivo studies. Following the inhibition of NO,
Sigmon et al (1992) found an elevated plasma
renin activity, Majid & Navar (1992) no changes
in PRC, and Persson et al (1993) an attenuated
renin release. Johnson & Freeman (1992a) also
found a reduction of basal renin release follow-
ing an NO blockade while maintaining renal
perfusion pressure constant at around 115
mmHg.

In the present study, the results obtained in
the in vivo experiments suggested NO being
stimulatory to renin release. L-NAME caused a
further decrease of PRC which was decreased by
VE. Thisis in line with previous studies
(Gardes et al, 1992; Johnson & Freeman, 1992b;
Kurtz et al, 1991). In addition, in 2K1C rats,
PRC was also lower in the [L-NAME]
group than in the [control], although the blood
pressure was comparable. The lower PRC in the
[L-NAME] group may have resulted from
blocking a direct stimulatory effect of NO on
renin release. Taken together, L-NAME causes
a decrease of renin release regardless of whether
its release is under inhibition or stimulation in
vivo.

Since L-NAME may increase blood pressure
(Lahera et al, 1991), its effect on renin release
has to be considered in association with the
changes in systemic blood pressure. A combina-
tion of increased renal perfusion pressure
activating the renal baroreceptor mechanism
and a reflex reduction in renal sympathetic
activity may decrease the secretion of renin.
Reid et al (1994) showed a decreased renin
release due to L-NAME, which was associated
with an increased arterial pressure. Whether the
removal of a direct stimulatory effect on renin-
secreting cells or the elevated blood pressure
caused the inhibition of renin'release cannot be
differentiated ‘in their study. The suppression of

plasma renin occurred independently of the
blood pressure changes in the present study,
however, and the renin response may be attrib-
uted to a direct effect on the renin-secreting
cells.

The effects of NO blockade on renin-
angiotensin system could be highly complex in
vivo due to an interplay between the primary
and secondary factors affecting renin release.
The blockers of NO synthesis would remove any
direct influence of NO on renin release. How-
ever, an increase in renal perfusion pressure
subsequent to removal of vasodilatory effect of
NO is likely to suppress renin release on one
hand, and its stimulatory effect on prostacyclin
(Doni et al, 1988) would enhance the release on
the other. The contradictory results among stu-
dies may be the consequence of the opposing
mechanisms participating in renin secretion.
The levels of renin would then depend on the
equilibrium between the opposing effects.

L-Arginine also changed PRC in 2K1C rats.
PRC was higher in the [L-arginine] group than
in the [control]. Hashikawa et al (1992)
suggested that exogenous L-arginine could
stimulate synthesis and release of NO in
hypertension. The stimulatory effect of L-
arginine on PRC may be attributed to an in-
creased synthesis of NO via activation of L-
arginine-NO pathway by providing the excess
substrate. The slightly lower PRC in [L-
NAME] group may substantiate such a
hypothesis.

An interaction between ANP and renin is
also worth considering. NO is known to inhibit
the release of ANP (Sanchez-Ferrer et al, 1990),
and ANP inhibits the renin release (Burnett et
al, 1984). The higher PRC and lower ANP in L-
arginine-supplemented 2KIC rats may be in
part accounted for by such an interaction. In
contrast, however, L-NAME altered plasma
ANP levels neither in VE study nor in 2K1C
rats. This finding suggests that the inhibitory
effect of L-NAME on PRC is not secondary to
an altered plasma ANP, but results from a direct
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effect on the renin-secreting cells.

" Changes in cytosolic free calcium concentra-

tion constitute an important eleément of signal
transduction in various cells. At the cellular
level, the signal for renin release is associated
with a reduction of intracellular calcium in
juxtaglomerular cells ("Park & Malvin, 1978),
metaplastic smooth muscle cells of the afferent
arterioles, whereas calcium 1is used as a
transduction ‘mediator between a stimulatory
51gnal and synthesis of NO in endothelial cells
(Busse & Mulsch, 1990). Calcium may activate
the afferent arteriolar endothelial L-arginine-
NO pathway, of which final product NO
permeates the adjacent juxtaglomerulaf cells. In
this context, it may be hypothesized that NO
decreases intracellular free calcium levels in the
juxtaglomerular cells through stimulating the
formation of cGMP as in the vascular smooth
muscle (Waldman & Murad, 1987), culminating
in an enhanced renin secretion. One may also
hypothesize that the stimuli causing an increase
of calcium in endothelial cells simultaneously
incréase the calcium in renin-secreting cells,
resulting in an inhibition of renin release At the

cellular level, whether NO is acting in a stimu-~
latory or inhibitory manner in renin release may '

thus be complicated. _
In summary, the present study suggests that

endogenous NO' per se has a direct stimulatory

effect on renin release. Since many factors may
affect the renin release in vivo, however, an
interaction between NO and renin under vari-
ous pathophysiological states remains to be fur-
ther clarified. ' '

REFERENCES

Beierwaltes WH & Carretero OA (1992) Non-
prostanoid endothelium-derived factors inhibit
renin release.. Hypertension 19(suppl H), 1168-
73

Burnett JC, Granger JP & Opgenorth TS (1984)
Effects of synthetic atrial natriuretic factor on

renal function and renin release. Am J Physiol
247, FR63-F866

Busse R & Mulsch A (1990) Calcium-dependent
nitric oxide synthesis in endothelial cytosol is:
mediated by calmodulin. FEBS Lett 265,
133-136

Corbett JA, Sweetland MA, Lancaster JRJr &
McDaniel ML (1993) A 1-hour pulse with IL-
1 beta induces formation of nitric oxide and
inhibits insulin secretion by rat islets of
Langerhans: evidence for a tyrosine kinase sig-
naling mechanism. FASEB J 7, 369-374

Cho KW, Kim SH, Koh KY, Seul KH, Kim HJ &
Song HS (1987) Renal and renin effects of
sodium thiopental in rabbits. Renal Physiol
10, 261-271

Doni MG, Whittle BJR, Palmer RMJ & Moncada S
(1988) Actions of nitric oxide on the release of
prostacyclin from bovine endothelial cells in
culture. Eur J Pharmacol 151, 19-25

Gardes J, Poux J-M, Gonzalea M-F, Alhenc-Gelas
F & Menard J (1992) Decreased renin release
and constant kallikrein secretion after injec-
tion of L-NAME in isolated perfused rat
kidney. Life Sci 50, 987-993

Gardiner SM, Compton AM, Kemp PA & Bennett
T (1990) Regional and cardiac hemodynamic
effects of N C-nitro-L-arginine methyl ester in
conscious Long Evans rats. Br J Pharamacol
101, 625-631

Hashikawa K, Nakaki T, Suzuki H, Kato R &
Saruta T (1992) L-Arginine as an antihy-
pertensive agent. J Cardiovasc Pharmacol 20
(suppl 12), S196-S197

Henrich WL, McAllister EA, Smith PB &
Campbell WB (1988) Guanosine 3’-5’-cyclic
monophosphate as a mediator of inhibition of
renin release. Am J Physiol 255, F474-F478

Johnson RA & Freeman RH (1992a) Pressure na-
triuresis in rats during blockade of the L-
arginine/nitric oxide pathway. 'Hypertension
19, 333-338

Johnson RA & Freeman RH (1992b) Sustained
hypertension in the rat induced by chronic
blockade of nitric oxide production. Am J
Hypertension 5, 919-922

Kato M (1992) Involvement of nitric oxide in
growth hormone (GH)-releasing hormone-



—Endogenous Nitric Oxide and Renin Release— 231

induced GH secretion in rat pituitary cells.
Endocrinol 131, 2133-2138

Kurtz A, Kaissling B, Busse R & Baier W (1991)
Endothelial cells modulate renin secretion
from isolated mouse juxtaglomerular cells. J
Clin Invest 88, 1147-1154

Lahera V, Salom MG, Miranda F, Moncada S &
Romero JC (1991) Effects of N C-nitro-L-
arginine methyl ester on renal function and
blood pressure. Am J Physiol 261, F1033-
F1037

Majid DSA & Navar LG (1992) Suppression of
blood flow autoregulation plateau during
nitric oxide blockade in canine kidney. Am J
Physiol 262, F40-F46

Munter K & Hackenthal E (1991) The participation
of the endothelium in the control of renin
release. J Hypertension 9(suppl 6), S236-S237

Palmer RMJ, Rees DD, Ashton DS & Moncada S
(1989) L-Arginine is the physiological
precursor for the formation of nitric oxide in
endothelium-dependent relaxation. Biochem
Biophys Res Commun 153, 1251-1256

Park CS & Malvin RL (1978) Calcium in the
control of renin release. Am J Physiol 235, F22-

F25

Persson PB, Baumann JE, Ehmke H, Hackenthal E,
Kirchheim HR & Nafz B (1993) Endothelium-
derived NO stimulates pressure-dependent
renin release in conscious dogs. Am J Physiol
264, F943-F947

Reid IA, Bui H & Chou L (1994) Role of nitric
oxide in the renin and heart rate responses to -
adrenergic stiumlation. Hypertension 23(suppl
1), 149-153

Sanchez-Ferrer CF, Burnett JC, Lorenz RR &
Vanhoutte PM (1990) Possible interaction of
release of atrial natriuretic factor by en-
dothelium-derived relaxing factor. Am J Phy-
siol 259, H982-H986

Sigmon DH, Carretero DA & Beierwaltes WH
(1992) Endothelium-derived relaxing factor
regulates renin release in vivo. Am J Physiol
263, F256-F261

Vidal MJ, Romero JC & Vanhoutte PM (1988)
Endothelium-derived relaxing factors inhibit
renin release. Eur J Pharmacol 149, 401-402

Waldman SA & Murad F (1987) Cyclic-GMP syn-
thesis and function. Pharmacol Rev 39, 163-196



