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Abstract
Background: Previous studies indicate that nitric oxide (NO) is involved in the regulation of
blood pressure (BP) and natriuresis in response to high sodium intake. We investigated the role of
inducible NO synthase (iNOS) in response to an increased salt intake.

Methods: Conscious, chronically catheterized rats were exposed to a high-salt (6%) diet for 14
days while receiving vehicle or aminoguanidine ([AG]; 250 mg/kg/24 h), which selectively
inhibits iNOS. A group of rats on normal salt intake + AG were also studied.

Results: Aminoguanidine had no impact on BP (120 ± 2 v 116 ± 1 mm Hg, control v day14) or
24-h urinary nitrite and nitrate excretion (UNOxV), in rats on normal salt but prevented
lipopolysaccharide-induced hypotension. High salt alone had no impact on BP (120 ± 1 v 121 ± 1
mm Hg), whereas UNaV (1.3 ± 0.2 v 3.5 ± 0.6 μeq/min, P < .001) and UNOXV increased with high
salt intake. The natriuretic response persisted (1.5 ± 0.2 v 4.3 ± 0.8 μeq/min, P < .005), but the
increase in UNOXV was prevented with chronic AG although BP fell slightly (121 ± 1 v 115 ± 1
mm Hg, P < .05). There was no change in plasma volume with high salt, and 24-h UNaV increased
appropriately in the presence of AG. The in vitro NOS activity was not increased in kidney
homogenates by high salt diet, nor was it affected by chronic AG treatment.

Conclusion: We conclude that NO from an iNOS source is not essential for the regulation of
sodium excretion and BP in the presence of a high-salt diet in a normal rat. Am J Hypertens
2002;15:230–235
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Increased nitric oxide (NO) activity participates in the normal cardiovascular and renal
responses to a sodium challenge. For example, total NO production (measured from urinary
excretion of NO2+ NO3= NOX, the stable oxidation products of NO) increases in normal
rats with elevation of dietary salt intake.1-4 There is also functional evidence of increased
peripheral3 and renal4 vascular NO production in rats on high-salt diets. All of the nitric
oxide synthase (NOS) proteins are distributed in select locations in the kidney and NO
directly inhibits Na+ transport in various tubule segments in vitro and in vivo.5,6

In addition, elegant studies by Chen and Sanders7 and by Chen et al8 have indicated a role
for NO deficiency in the genetically salt-sensitive hypertension of the Dahl salt-sensitive
(Dahl S) rat, a hypothesis supported by others.9,10 This, together with the observation that
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acute, experimentally induced NOS inhibition leads to attenuation of the pressure
natriuresis,6 suggests that NO deficiency may play a key role in the generation of salt-
sensitive hypertension. In confirmation of this possibility, several groups have reported that
chronic NOS inhibition, combined with high dietary salt intake, can lead to a volume-
dependent hypertension,6,11 and Na+ loading exacerbates the hypertension due to chronic
NOS inhibition.8,11-13 All of these studies with experimentally induced NOS inhibition
used L-arginine analogs that inhibit all major NOS isoforms; thus it is difficult to isolate the
specific NOS responsible for salt-dependent hypertension. However, observations by Chen
and Sanders7 and by Chen et al8 in the Dahl S rat suggested that a specific defect may occur
in the inducible NOS (iNOS) in this strain. Also, Deng and Rapp14 reported that BP was
associated with alleles of the iNOS locus in F2 populations of rats (Dahl S interbred with
normotensive rats) that were fed a high-salt diet, although Deng15 subsequently concluded
that the iNOS was not a primary regulator of BP in salt sensitivity.

Two distinct iNOS mRNA are expressed constitutively in the normal kidney,5 in afferent
arteriole and medullary collecting duct; and upregulation of iNOS protein expression has
been reported in medulla in Sprague-Dawley (SD) rats.16 Mattson et al17 have reported that
chronic iNOS inhibition in salt-loaded, uninephrectomized SD rats leads to reversible
hypertension, and Rudd et al report that iNOS inhibition induces salt sensitivity in the Dahl
salt-resistant (Dahl R) rats.18 Taken together, this evidence suggests that the normal
physiologic response to salt loading involves an increased NO production by iNOS, which
increases sodium excretion and thus preserves volume homeostasis and BP. In the present
study, we tested the hypothesis that prevention of iNOS activity would lead to hypertension
during 14 days of high dietary salt intake in the normal SD rat. Longitudinal experiments
were conducted in conscious, chronically catheterized rats, and renal hemodynamics,
electrolyte excretion, BP, plasma volume, and 24-h NOx production were periodically
measured. In vitro measurement of NOS activity was performed in kidney and cerebellum in
the soluble fraction (the location of the iNOS) from separate groups of rats.

Methods
Studies were conducted in 48 male Sprague-Dawley rats (Harlan Sprague Dawley,
Indianapolis, IN) aged 3 to 6 months. All protocols were approved by the Animal Care and
Use Committee of West Virginia University.

In 18 rats a preliminary sterile surgery was conducted, with vascular catheters placed in the
abdominal aorta and inferior vena cava and a silicone elastomer (Silastic, Dow Corning,
Midland, MI) and steel catheter placed in the urinary bladder, as described by us previously.
19,20 Experiments were begun 7 to 9 days after surgery; rats were trained to accept handling
and activities in the laboratory, and to sit quietly in a restraining cage for several hours at a
time. Also during this time, rats were maintained on a normal-salt diet, which contained
approximately 0.6g% NaCl. Rats in groups 2 and 3 were also maintained on a low NOX diet
(AIN 76C semipurified diet [ICN Pharmaceuticals, Costa Mesa, CA]; NOX content 125
μmol/kg) throughout the study. Longitudinal functional studies were carried out in three
groups of conscious rats as follows. Group 1 (n = 6) received chronic aminoguanidine
([AG]; Sigma-Aldrich, St. Louis, MO) by gavage, with normal NaCl intake (approximately
0.6g%) for 14 days. Group 2 (n = 6) was given water by gavage + high salt (approximately
6g%) intake for 14 days. Group 3 (n = 6) rats received chronic AG + high salt intake for 14
days. These rats were also placed in metabolic cages for 24-h urine collections, 2 to 3 days
before control measurements and for the 24 h after days 7 and 14, for renal function studies
(see later here). The effectiveness of iNOS inhibition by the dose of AG used (250 mg/kg/24
h by gavage once daily) was confirmed at the end of the renal function experiments in group
1. Group 1 rats along with six additional normal rats were anesthetized with inactin (120
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mg/kg) intraperitoneally, and BP was monitored. After control BP was measured, rats
received lipopolysaccharide ([LPS]; 4 mg/kg) intravenously, and BP was measured for the
next 4 h. Because LPS evokes a marked fall in BP by stimulation of iNOS, assessment is
possible of the iNOS inhibitory action of the AG.

Studies in the conscious state were as follows. Control renal function measurements were
made on day 0 in all rats on normal salt intake and before any drugs were administered. Rats
were then assigned to one of the three groups. Renal function (and plasma volume in groups
2 and 3) were measured on days 0, 7, and 14 as described by us previously,19,20 and mean
BP was also measured on days 2, 5, 9, 10, and 12. Food intake in groups 2 and 3 was
measured daily. After the last metabolic cage collection on day 15, rats were euthanized
with Brevital (100 mg/kg; Eli Lilly, Indianapolis, IN) intravenously, and the bladder and
kidneys were inspected to ensure that they were free of infection. From the collected
samples we measured blood and urine tritiated inulin activity, PAH and sodium
concentrations, and hematocrit and total plasma protein concentration in blood samples, as
described previously.19,20 From these measures we calculated GFR, renal plasma flow
(RPF), renal vascular resistance (RVR), urinary excretion of sodium (UNaV), and fractional
excretion of sodium (FENa) using standard calculations. Measurement of plasma volume
was performed using Evans blue dye.20 Urinary NO2 and NO3 concentrations were
measured using the Griess reaction after reduction of NO3 to NO2, as described by us
earlier.19

Four additional groups of rats were fed either a normal-or high-salt diet for 14 days (each n
= 10), and five rats on each salt intake were also given daily AG (250 mg/kg/ day). Kidney
(separated into cortex and medulla) and cerebellum were then harvested, snap-frozen, and
stored at −80°C for later, in vitro measurements NOS activity. The NOS activity was
measured by the conversion of 3Harginine to 3H-citrulline in the soluble fractions after
removal of endogenous arginine with Dowex resin, as recently described by us in detail.21
For each sample, two sets of triplicates were run, one at baseline and one in the presence of
the nonselective NOS inhibitors, N-monomethyl-L-arginine (L-NMA) (10 mmol/L) and Nω-
nitro-L-arginine methyl ester (L-NAME) (20 mmol/L) for kidney, and N-nitro-L-arginine (L-
NNA) (2 mmol/L) for the cerebellar fractions. Data are expressed as picomoles of [3H]L-
citrulline converted per minute per milligram of protein (pmol citrulline/min/mg protein)
and corrected for background, determined on heat-inactivated samples. Because of
unexpected findings, another 10 rats were fed either a normal- or high-salt diet for 14 days
(each n = 5), and the kidneys were harvested as previously described for NOS activity
measurement.

Data are expressed as mean ± SE. Statistical analysis was by t test, one- and two-way
analysis of variance, with P < .05 taken to indicate statistical significance.

Results
Blood pressure and renal function was similar among the three groups of conscious,
chronically catheterized rat at the beginning of the study period (Table 1, Fig. 1). In group 1
rats, 14 days of AG administration during normal salt intake had no impact on body weight,
BP, renal hemodynamics, or hematocrit, although the acutely measured UNaV and FENa had
decreased by day 14. The 24-h UNOXV was unchanged with time (Fig. 1), which, together
with the stable BP and RVR, suggests that this dose of AG was not influencing
constitutively generated NO. After completion of renal function studies, rats received an
intravenous LPS challenge (4 mg/kg); BP remained relatively constant (96 ± 2 mm Hg in
controls v 88 ± 3 mm Hg at 3 h) and, importantly, all rats were alive 4 h after LPS. In
contrast, a separate group of normal, iNOS-intact rats showed a precipitous fall in BP from 2

Bloch et al. Page 3

Am J Hypertens. Author manuscript; available in PMC 2009 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to 3 h after LPS challenge (98 ± 2 mm Hg v 57 ± 12 mm Hg), which led to 100% mortality
by 4 h. The results from group 1 rats suggest that chronic AG in the dose used here is a
selective iNOS inhibitor.

In group 2 rats with a high-salt intake alone, BP and renal hemodynamics remained
unchanged throughout the 14 days on 6% salt (Table 1, Fig. 1), although UNaV and FENa,
measured acutely (Table 1), increased significantly. The 24-h UNaV increased appropriately
on the high-salt diet, and group 2 rats were in sodium balance on day 14, as UNaV was
similar to sodium intake (14.4 ± 1.1 v 14.85 ± 1.1 meq/24 h). Both hematocrit and plasma
volume (Table 1) were constant throughout. The 24-h UNOXV was increased at 14 days v
day 0 on high salt (Fig. 1). In the rats given high-salt diets and AG (group 3), BP tended to
fall and was significantly lower v day 0, on days 7 and 14 (Table 1 and Fig. 1). As with
groups 1 and 2, no changes were observed in renal hemodynamics during the 14-day AG
treatment, and plasma volume was also unaltered (Table 1). As in group 2 rats, UNaV and
FENa rose in group 3 animals, which also maintained an appropriate increase (approximately
10 times) in 24-h UNaV and remained in Na balance (urinary output 16.16 ± 1.3 v intake
17.5 ± 1.0 meq/24 h) for day 14, without a change in plasma volume or hematocrit (Table
1). However, a rise in 24-h UNOXV due to high salt alone was completely prevented by the
presence of AG (Fig. 1).

In four separate groups of rats (each n = 5) the NOS activity was measured on the soluble
fractions of kidney cortex, medulla, and cerebellum. As shown in Table 2, there was no
difference in NOS activity in kidney or cerebellum based on salt intake. Chronic AG for 14
days had no impact on NOS activity in rats on NS or high salt for cerebellum, kidney cortex,
or medulla. In kidney cortex, NOS activity tended to be lower in AG-treated rats (P = .06 in
high salt alone v high salt +AG), but this was due to the numerically higher baseline NOS
activity in high salt alone, which did not persist in group 2 rats on a high-salt diet (see later
here). In all cases, cerebellar NOS activity was completely inhibited by the competitive,
non-selective NOS inhibitor L-NNA. The NOS activity was inhibited by >90% in renal
cortex and >80% in renal medulla by combined L-NMA and L-NAME, indicating that the
arginine to citrulline conversion was a NOS-dependent event. Another two groups of rats
(each n = 5) were studied on high and normal salt diets; again, sodium intake had no effect
on NOS activity in the soluble fraction of either renal cortex or medulla (Table 2).

Discussion
These studies were designed to test the hypothesis that iNOS-derived NO is required for
natriuretic and hemo-dynamic responses to a chronic increase in dietary salt intake in the
normal SD rat. Our major finding is that chronic iNOS inhibition does prevent the high-salt–
induced stimulation of total NO production (assessed from 24-h UNOXV) but does not
impair the kidneys' ability to increase sodium excretion, to maintain sodium balance, and to
regulate BP appropriately. Thus our hypothesis that chronic iNOS inhibition combined with
high salt intake would lead to volume-dependent hypertension proved to be wrong.

There is now good evidence to suggest that an increased NOS activity is required for the
normal renal/cardiovascular response to high salt intake. In vitro studies show that NO is
natriuretic throughout the tubule, that NO is made in numerous locations within the kidney,
and that the renal vasculature is under enhanced NO-dependent vasodilatory tone when salt
intake is high.4-6,22 Blood flow to the inner medulla is regulated by NO, which probably
accounts for the NO dependence of the pressure natriuresis.5,6 Studies in intact animals also
indicate that acute NOS inhibition can impair sodium excretion.5,6 The situation with
chronic NOS inhibition is more complex in that high level, chronic NOS inhibition leads to
intense vasoconstriction and hypertension coexisting with volume depletion.11,20 However,
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lower levels of NOS inhibition do produce a volum-dependent form of hypertension in the
presence of high salt intake, which is associated with blunting of the pressure natriuresis
response.6,11

Our findings agree with previous studies in that we confirm that total NO production
increases due to high salt intake, as indicated by an increase in 24-h UNOxV.1-4 However,
we show here that this increased 24-h UNOXV can be prevented (+AG) without impairing
the renal responses to high salt. The interpretation of this result depends on what 24-h
UNOXV is actually measuring. We now think that although 24-h UNOXV is a qualitative
measure of total NO production, this may not reflect local or regional NO production in the
kidney, for example, as renal NO is a small fraction of the total.23 To clarify the impact of
high salt (with or without AG) on renal NO production, we conducted additional in vitro
studies measuring NOS activity in the soluble fraction from kidney cortex and medulla.
Under the conditions of our study (conducted after removal of endogenous L-arginine and in
the presence of excess required cofactors), we could not detect a statistically significant
increase in NOS activity in either the cortex or medulla that was due to high salt alone. Thus
our in vitro studies suggest that moving from a normal- to a high-salt diet does not increase
the intrinsic activity of the renal NOS enzymes located in the soluble fraction (ie, iNOS and
nNOS) in normal rats. This conflicts with reports that iNOS protein abundance is increased
in medulla of SD on high salt16; however, others have reported that high salt downregulates
iNOS in cortex and medulla in SD24 and in whole kidney in Dahl R and Dahl S rats.25

Because administering AG inhibits the increase in total NO production caused by high
dietary salt, this suggests that the salt-induced increase in NO originates from an iNOS
source. Given that AG is inhibiting iNOS everywhere, including the kidney, our results also
suggest that NO produced from iNOS in the kidney is not essential for regulation of BP or
sodium excretion in normal animals during a salt challenge. Our in vitro data shows that
there is no induction of iNOS activity by high salt, inasmuch as combined high salt and AG
have no impact on renal cortex or medulla NOS activity. This finding conflicts with a report
of decreased medullary NOS activity in SD rats on high salt with chronic AG infusion.17
We also measured NOS activity from the high-output cerebellum and observed no impact of
high salt or AG, suggesting that the increased total NO generation seen with high salt does
not originate from this source. All of these conclusions rely on the efficiency and selectivity
of AG as an iNOS inhibitor. Certainly, AG preferentially inhibits the cytokine-inducible
isoform of NOS26 but can also inhibit the constitutive NOS enzymes, depending on dose
and route of administration.26,27 We experimented with doses and routes of drug
administration before beginning this study and decided on the once-daily gavage (250 mg/
kg) regimen, as this had no effect on total NO production (from 24-h UNOXV), BP, or renal
hemodynamics in rats on normal salt (group 1) and yet it clearly prevented LPS-induced,
iNOS-dependent hypotension. We have also reported that this dose prevents the slow rise in
NOX production after nonsterile surgery28; and we therefore conclude that, in the present
study, we are blocking the iNOS enzyme, when active, without impact on the constitutive
NOS. We recognize, however, that the pharmacologic agents currently available as isoform-
selective NOS inhibitors are not absolutely specific.

Our study suggests a lack of relationship between iNOS-generated NO and the generation of
salt-sensitive hypertension in normal animals. This is supported by the observations of Waz
et al, who found no change in BP or UNaV in rats maintained on a normal salt intake and
treated with AG for 2 or 12 months.29 However, our findings conflict with those of two
earlier studies. Mattson et al reported that iNOS inhibition with AG leads to mild
hypertension in uninephrectomized (but otherwise normal) SD rats fed high salt after 4 days.
17 Because excess L-arginine reversed the rise in BP, a role for iNOS inhibition was
implicated. Studies by Rudd et al also implicate iNOS derived NO deficiency in salt-
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dependent hypertension, as Dahl R rats show increased BP with a high-salt diet and when
iNOS inhibited.18 We are not sure why our observations conflict. Perhaps the rat strain,
extremes of salt intake or uninephrectomy all contribute to this variability. Alternatively, the
doses or routes of administration of the “iNOS-selective” drugs may result in inhibition of
other NOS isoforms.26,27 Of interest, an intriguing recent report suggests that the impact of
dietary salt intake on NO production may reflect salt-dependent regulation of Larginine
availability, rather than a direct effect on the NOS enzymes.30

In summary, we confirm an increased 24-h UNOxV during high salt intake, but find this can
be ablated without compromising the animals' ability to handle the high salt intake. Because
the method of preventing the rise in 24-h UNOXV was by using the iNOS inhibitor AG, we
conclude that NO generated from iNOS is not essential for regulation of BP or sodium
excretion in normal rats when subjected to a high-salt diet.
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FIG. 1.
Mean arterial blood pressure (BP) and the 24-h urinary excretion of nitrate and nitrite (NOX,
UNOXV) in baseline state and at days 7 and 14 of chronic aminoguanidine (AG) while on
normal salt intake, high salt intake alone, and on AG with high salt intake in the conscious,
chronically catheterized rat.
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Table 2

Nitric oxide synthase (NOS) activity in cerebellum, renal cortex, and medulla

Group
Cerebellar NOS
Activity

Renal Cortex NOS
Activity

Renal Medulla NOS
Activity

Control NS 29.27 ± 3.56 (100 ± 1) 0.79 ± 0.07 (96 ± 3) 0.88 ± 0.12 (84 ± 1)

Control HS 22.50 ± 4.31 (99 ± 2) 0.91 ± 0.14 (92 ± 2) 1.13 ± 0.19 (87 ± 2)

AG + NS 27.33 ± 7.90 (101 ± 1) 0.65 ± 0.11 (95 ± 2) 1.08 ± 0.07 (87 ± 1)

AG ± HS 28.85 ± 10.74 (102 ± 1) 0.65 ± 0.09 (94 ± 2) 1.06 ± 0.06 (89 ± 1)

NS-2 ND 1.22 ± 0.12 1.40 ± 0.16

HS-2 ND 0.92 ± 0.12 1.46 ± 0.18

NS = normal salt intake (~0.6%; NS); HS = high NaCl intake (~6%) for 14 days; AG = rats chronically given AG by gavage (250 mg/kg/day) for
14 days; NS-2 and HS-2 = additional groups of rats fed normal salt (NS-2) and high salt (HS-2) diets, and studied for baseline renal NOS activity
only; other abbreviations as in Table 1.

Data given as mean ± SE. Percent inhibition with L-arginine analogs given in parentheses. No values were different from control.
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