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Abstract

We have shown that N ®-nitro-p-arginine (-NNA) is 50% as potent as N ®-nitro-L-arginine (L-NNA) in causing pressor response and
2—-3% as potent as L-NNA in inhibiting endothelium-dependent relaxation in vitro. These results suggest in vivo activation of b-NNA.
Furthermore, the potency of b-NNA was markedly increased after it had been incubated with homogenate of the kidney, but not plasma
or homogenate of the aorta, lungs or liver. This study examined if bilateral ligation of the kidneys attenuated the biological action of
D-NNA. I.v. bolus of b-NNA (16 mg/kg), L-NNA (3 mg/kg) and norepinephrine (0.25-16 wg/kg) increased arterial pressure in
sham-operated rats. Bilatera ligation of the kidneys abolished pressor response to b-NNA, but not L-NNA and norepinephrine. 1.v. bolus
D-NNA in sham-operated rats, but not kidney-ligated rats, inhibited relaxation response to acetylcholine in pre-constricted aortic rings ex
vivo. These results indicate that the kidney is the primary organ which activates b-NNA. © 1999 Elsevier Science B.V. All rights

reserved.
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1. Introduction

NC-substituted arginine (Arg) analogs such as NG-
monomethyl-L-arginine, N S-nitro-L-arginine methyl ester
(L-NAME) and NC-nitro-L-arginine (L-NNA) have been
shown to inhibit endothelium-dependent relaxation of iso-
lated arteries (Pamer et al., 1988; Rees et a., 1989b,
1990; Milsch and Busse, 1990; Wang et a., 1993) and
cause sustained pressor responses in whole animals (Rees
et al., 1989a, 1990; Wang and Pang, 1990a; Wang €t 4.,
1991). It is extensively reported that N C-substituted Arg
analogs exhibit stereospecificity such that the L but not the
D enantiomers raise blood pressure and inhibit endothe-
lium-dependent relaxation (Rees et al., 19893, 1990; Gar-
diner et a., 1990a,b; Millsch and Busse, 1990; Humphries
et al., 1991; Moncada et al., 1991). b-NNA is, however, as
efficacious as L-NNA in raising blood pressure in anes-
thetized (Wang and Pang, 1990b; Raszkiewicz et al., 1992)
and conscious (Wang et al., 1991, 1992) rats. Pressor
responses to both L-NNA and b-NNA are attenuated by
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L-Arg but not p-Arg suggesting involvement of the L-Arg
pathway (Wang et al., 1991). b-NNA is also as efficacious
as L-NNA in inhibiting endothelium-dependent relaxation
in vitro (Wang et al., 1992, 1993). o-NNA is, however,
less potent than L-NNA —the potency (ED, or EC.,) ratio
of L-NNA to p-NNA is approximately 1:2 in raising
arterial pressure and 1:39 in suppressing endothelium-de-
pendent relaxation (Wang et al., 1991, 1993). The greater
discrepancy in the potency of b-NNA relative to that of
L-NNA in vitro than in vivo, the longer onset of action of
D-NNA, but similar efficacy and similar sensitivity to
blockade by L-Arg but not pb-Arg suggest that b-NNA is
biologically converted to a compound that acts similar to
L-NNA.

We hypothesized that chiral conversion might account
for the difference in potencies between b-NNA and L-NNA
(Wang et a., 1993). Metabolic chiral inversion occurred
after the administration of stereospecific drugs (e.g., Hutt
and Caldwell, 1983; Drummond et al., 1990; Sanins et al.,
1991; King et a., 1994; Walters and Hsu, 1994). Since
D-NNA isless potent and has a slower onset of action than
L-NNA (Wang et al., 1991), b-NNA may be more readily
converted to L-NNA in vivo than in vitro thus accounting
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for the difference in the potency ratios of b-NNA and
L-NNA between in vivo and in vitro settings. We have
found that incubation of b-NNA with homogenate of the
kidneys, but not with plasma nor homogenates of the liver,
lungs or blood vessels increases the inhibitory effect of
D-NNA on endothelium-dependent relaxation in vitro
(Cheng et a., 1997). To find out if the kidney is the
primary organ responsible for the biological activation of
D-NNA, we examined if bilateral ligation of the kidneys
suppressed the effect of b-NNA on blood pressure and
endothelium-dependent relaxation ex vivo.

2. Materials and methods
2.1. Surgical preparation

2.1.1. In vivo studies and tissue preparation

Sprague—Dawley rats (250-320 g) were anesthetized
with sodium pentobarbital (65 mg,/kg, i.p.). Polyethylene
cannulae (PE;,) were inserted into the left iliac artery, for
the measurement of mean arterial pressure by a P23DB
pressure transducer (Gould Statham, CA, USA) and into
the left iliac vein for the injection of drugs. The body
temperature of the rats was maintained at 37°C with a
heating lamp connected to a thermostat (73A, Yellow
Springs Instruments). The rats were given either a midline
incision aong the abdomen followed by bilateral ligation
of the renal arteries and veins or sham-operation. Drug or
vehicle was injected 10 min after surgery and arterial
pressure was continuously monitored.

2.1.2. Ex vivo studies

In the ex vivo studies, 10 min after sham operation or
kidney ligation, the vehicle or drugs was i.v. bolus injected
and arterial pressure was monitored for 1 h. The rats were
then sacrificed by a blow on the head followed by exsan-
guination. The thoracic aorta was removed and cleared of
connective tissue. Ring segments of 0.5 cm length were
prepared from one aorta and suspended randomly in sepa-
rate organ baths. Each ring was connected to a Grass
FT-03-C force-displacement transducer for isometric
recording. Before the study commenced, a preload of 1 g
was applied and the rings were equilibrated for 1 h (with
three washouts at intervals of 20 min) in Krebs solution
(pH 7.4) at 37°C and bubbled with a gas mixture contain-
ing 95% O, and 5% CO,. The composition of the Krebs
solution was as follows (1 x 10~2 mol /I): NaCl, 118;
glucose, 11; KCl, 4.7, CaCl,, 2.5; NaHCO;, 25; KH,PO,,
1.2; MgCl,6H,0, 1.2.

Phenylephrine (1 107° mol /I, ECg4,) was added to
the baths. At the steady state phase of contraction to
phenylephrine (10-20 min after addition), a cumulative
concentration-response curve of acetylcholine or sodium
nitroprusside was constructed. Each concentration was left
in the bath until a plateau response was obtained. The time

taken to complete each concentration-response curve was
approximately 15 min.

2.2. Experimental protocol

Each group of in vivo or in vitro studies consisted of 6
rats.

2.2.1. In vivo studies

Rats were randomly divided into 6 groups (n = 6 each).
Three groups of sham-operated and three groups of kid-
ney-ligated rats were i.v. bolus injected with either the
vehicle (0.9% NaCl, 4 ml /kg), D-NNA (16 mg/kg, ED
dose) or L-NNA (4 mg/kg, ED,, dose). A higher dose of
D-NNA than L-NNA was used because of its lower potency
and longer onset of action (Wang et a., 1991). Mean
arterial pressure was followed for 1 h. At 1 h after
injection of D-NNA in a group of sham-operated rats,
kidney ligation was performed and arterial pressure was
continuously recorded for another h. Another group of
sham-operated rats and one other group of kidney-ligated
rats were i.v. bolus injected with norepinephrine (0.25-16
ng/kg) at dose-intervals of 5 min which was the time
required for the recovery of arterial pressure response.

2.2.2. Ex vivo studies

Sham-operated rats and bilateral kidney-ligated rats were
i.v. bolus injected with b-NNA (16 mg/kg). Another
group of bilateral kidney-ligated rats was injected with the
vehicle. After 1 h, the rats were sacrificed and ring seg-
ments were prepared from each aorta for ex vivo study.
The rings were preconstricted with phenylephrine then
relaxed with acetylcholine (3 X 1078 to 1 X 10> mol /1)
or sodium nitroprusside (3 x 107*° to 1x 10~° mol /1).
In a second batch of aortic rings derived from sham-oper-
ated rats treated with b-NNA, L-Arg (1 X 10~2 mol /1)
was added 10 min prior to preconstriction with phenyl-
ephrine.

2.3. Drugs

L-Arg hydrochloride, L-NNA, phenylephrine hydrochlo-
ride and acetylcholine chloride were obtained from Sigma
(MO, USA). b-NNA was from Bachem Bioscience (PA,
USA) while sodium nitroprusside was from Fisher Scien-
tific (NJ, USA). L-Arg was dissolved in distilled water and
the pH of the solution was adjusted to 7.0 with NaOH
solution. The remaining drugs were dissolved in normal
saline and the dissolution of L-NNA and b-NNA required
20 min of sonication.

2.4. Calculations and statistics
Changes in mean arterial pressure in response to the

vehicle in the kidney-ligated rats and to b-NNA in the
kidney-ligated rats as well as sham-operated rats in the in
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vivo and ex vivo studies were pooled (i.e., n = 12) prior to
statistical analysis. Relaxation responses to acetylcholine
and sodium nitroprusside were calculated as percent of
contraction elicited by phenylephrine. EDg, and E,, of
the pressor response to norepinephrine were best-fitted by
a computer program (Wang and Pang, 1993). All results
were analyzed by the analysis of variance/ co-variance and
expressed as mean + S.E.M. Duncan’s multiple range test
was used to compare group means, with P < 0.05 selected
as the criterion for statistical significance.

3. Results
3.1. In vivo studies

Baseline mean arterial pressure was similar in the kid-
ney-ligated rats given the vehicle (104 + 4 mm Hg, n = 12)
and the sham-operated rats (104 +5 mm Hg, n=6).
Bilateral kidney ligation significantly reduced mean arte-
rial pressure (by —24 + 5 mm Hg) at 10 min after surgery.
Mean arterial pressure in the kidney-ligated rats gradually
recovered toward the baseline level; mean arterial pressure
was —184+5, —15+6, —144+6, —11+7, —9+ 7 and
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Fig. 1. Increments of mean arterial pressure (MAP) in response to i.v.
injection of N®-nitro-p-arginine (o-NNA, 16 mg/kg, n=12, A) or
N C-nitro-L-arginine (L-NNA, 4 mg/kg, n=6, B) in sham-operated or
bilateral kidney-ligated rats anesthetized with pentobarbital. These values
are normalized as increments of MAP from the corresponding changes in
the time-control rats subjected to sham-operation or kidney-ligation. All
readings are mean+ S.E.M.
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Fig. 2. Increments of mean arteria pressure (MAP) in response to i.v.
bolus injection of norepinephrine in sham-operated or bilateral kidney-
ligated rats anesthetized with pentobarbital (N = 6 each group). The data
are mean+ SE.M.

—6 4 7 mm Hg below baseline level at 20, 30, 40, 50, 60
and 70 min after surgery; the last four readings were
insignificantly different from baseline mean arterial pres-
sure. Sham-operation insignificantly reduced mean arteria
pressure at al times and this ranged from —5+ 7 to mm
Hg to —3+3 mm Hg between 10 and 70 min after
sham-operation.

Fig. 1 shows changes of mean arteria pressure in
response to D-NNA and L-NNA in kidney-ligated and
sham-operated rats; these values were normalized as incre-
ments in mean arterial pressure from the corresponding
changes at the exact time in kidney-ligated rats or sham-
operated rats given the vehicle. In the sham-operated rats,
i.v. bolus injection of b-NNA (16 mg/kg) caused a slow
rise in mean arterial pressure (+43 + 3 mm Hg at 60 min
post-injection) (n = 12; Fig. 1A). At 60 min post-injection,
kidney ligation did not affect arteria pressure and mean
arterial pressure remained elevated (+43+5 mm Hg at
120 min after injection of b-NNA, n = 6). In the kidney-
ligated rats however, pressor response to the same dose of
D-NNA was abolished (Fig. 1A, n=12). I.v. bolus injec-
tion of L-NNA (4 mg/kg) raised mean arteria pressure in
sham-operated rats (+ 33 + 3 mm Hg, n= 6) and kidney-
ligated rats (430 + 5 mm Hg, n= 6) at 60 min post-injec-
tion (Fig. 1B). Although similar mean arterial pressure was
reached at 60 min following injection of L-NNA, the rise
in mean arterial pressure was faster in kidney-ligated than
sham-control rats; the reason of the discrepancy in the rise
rate of L-NNA is unclear.

I.v. bolusinjections of norepinephrine (0.25-16 pg,/kg)
caused similar dose-dependent increments in mean arteria
pressure in sham-operated rats (EDg, of 0.95+ 0.08
ng/kg, En Of 95+ 5 mm Hg) and bilateral kidney-
ligated rats (EDg, of 0.74 + 0.17 ng/kg, E, ., Of 97 +7
mm Hg) (Fig. 2).
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3.2. Ex vivo studies

Phenylephrine (1 X 10~° mol /1) constricted aortae with
peak responses of 0.98 + 0.12, 1.45 4+ 0.09 and 1.32 + 0.13
g in the kidney-ligated rats treated with the vehicle, sham-
operated rats treated with b-NNA and kidney-ligated rats
treated with D-NNA, respectively. Contraction to phenyl-
ephrine in the sham-operated rats given p-NNA, but not
the kidney-ligated rats given b-NNA, was significantly
(P <0.05) greater than that in the kidney-ligated rats
treated with the vehicle. Acetylcholine caused concentra-
tion-dependent relaxation of aortae from the vehicle-
treated, kidney-ligated rats (Fig. 3). Curve anaysis show
that ex vivo relaxation response to acetylcholine was sig-
nificantly reduced after treatment of sham-operated rats
with D-NNA; the inhibitory effect of b-NNA on acetyl-
choline-induced relaxation in these rats was attenuated by
pre-treatment with L-Arg (Fig. 3A). The injection of kid-
ney-ligated rats with b-NNA, on the other hand, did not
significantly alter ex vivo relaxation response to acetyl-
choline (Fig. 3A). Sodium nitroprusside caused similar ex
vivo concentration-dependent relaxation of aortae from
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Fig. 3. Relaxant effects of acetylcholine (A) and sodium nitroprusside (B)
in phenylephrine (1x 10~ mol /1)-preconstricted aortae from bilateral
kidney-ligated rats i.v. bolus injected with normal saline or N®-nitro-p-
arginine (D-NNA) and sham-operated rats treated with b-NNA. One
group of aortae from sham-operated rats treated with b-NNA was pre-
treated with L-arginine (L-Arg, 1x10~2 mol /I, A) prior to constriction
with phenylephrine. The data represent mean+ S.E.M. (N = 6 rats each
group). *Denotes significant (P < 0.05) difference from readings in
vehicle-treated, kidney ligated rats. ®Denotes significant difference from
readings in b-NNA-treated, sham-operated rats.

vehicle-treated, kidney-ligated rats as in b-NNA-treated,
sham-operated rats or b-NNA-treated, kidney-ligated rats
(Fig. 3B).

4. Discussion

Similar to previous observations (Wang and Pang,
1990b; Wang et al., 1991), i.v. bolus injection of b-NNA
caused a slow-onset and sustained pressor response in
sham-operated rats. Pressor response to b-NNA was abol-
ished by bilateral kidney ligation suggesting that b-NNA
has minimal direct constrictor action. We have previously
shown that b-NNA suppresses acetylcholine-induced rel ax-
ation of the isolated aorta in vitro, athough its potency
(IC5, =3.9%x107° M) isonly 1/39 that of L-NNA (IC,
=10"°% M) (Wang et a., 1993). It is unclear why D-NNA
lacks direct pressor action in vivo but inhibits acetyl-
choline-induced relaxation in vitro. Kidney ligation did not
attenuate pressor response to i.v. bolus L-NNA or nor-
epinephrine. Furthermore, after the development of hyper-
tensive response to b-NNA, kidney ligation did not alter
mean arterial pressure. These results are supportive of the
conversion of b-NNA by the kidney to an active form.
There was no appreciable conversion of L-NNA to b-NNA
as ligation of the kidneys did not significantly affect
pressor response to L-NNA. Pressor response to nor-
epinephrine was also unaffected by bilateral ligation of the
kidneys.

Similar to our previous observations of bD-NNA (32
mg/Kkg) in intact conscious rats (Wang et a., 1993), i.v.
injection of D-NNA (16 mg) in sham-operated, anes-
thetized rats caused ex vivo inhibition of acetylcholine- but
not sodium nitroprusside-induced relaxation, and the in-
hibitory effect on acetylcholine-induced, or endothelium-
dependent, relaxation was antagonized by L-Arg. In con-
trast, similar ex vivo response to acetylcholine was found
in kidney-ligated rats given b-NNA as in kidney-ligated
rats given the vehicle. Therefore, i.v. injection of b-NNA
in kidney-ligated rats did not suppress acetylcholine-in-
duced relaxation ex vivo. These results are again support-
ive of the conversion of b-NNA to an active form by the
kidney.

We reported that b-NNA was dightly less potent than
L-NNA in raising mean arterial pressure in conscious rats
but substantially less potent than L-NNA in suppressing
endothelium-dependent relaxation in vitro (Wang et al.,
1991, 1993). Furthermore, both compounds were equally
efficacious and their in vivo and in vitro effects were
antagonized by L-Arg but not b-Arg. The essential role of
kidneys in the in vivo conversion of b-NNA to a com-
pound which acts similar to L-NNA readily explains the
similar efficacy, sensitivity to antagonism by L-Arg, the
longer onset of action of b-NNA as well as the potency
difference of b-NNA versus L-NNA between in vivo and
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in vitro settings. We have found that the biological activity
of D-NNA but not that of L-NNA isincreased (by four-fold)
following incubation of the compound with homogenate of
the kidney, but not with plasma samples nor homogenates
of the liver, lungs or aorta (Cheng et a., 1997); these
findings also demonstrate a role of the kidney in the
activation of b-NNA.

We do not know if the p-enantiomers of other N°©-
nitro-arginine analogues are also biologicaly converted to
the L-enantiomers. We have reported that potency ratios of
D-NAME to L-NAME is 1 /55 in vivo and 1/359 in vitro.
The large potency ratio (1:55) of o-NAME to L-NAME in
vivo suggest that there is limited, if at all, conversion of
D-NAME into L-NAME.

Our findings caution against the use of b-NNA as a
negative control for L-NNA in biological studies, particu-
larly in vivo. -NNA can be used in place of L-NNA in
conditions where a longer duration of action is desired.
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