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Abstract

Methylated arginine analogues are often used as probes of the effegegfvords

nitric oxide; however, their specificity is unclear and seems to béree radicals
frequently overestimated. This study analyzed the effectsGf N Arginine analogues
methyl-L-arginine (L-NMMA) on the endothelium-dependent releaseN°®-methyl-L-arginine
of vascular superoxide radicals triggered by increased flow. Plashii -Methyl-D-arginine
ascorbyl radical signals measured by direct electron paramagn'em:G -nitro-L-arginine
resonance spectroscopy in 25 rabbits increased by 3.8 + 0.7 wsnol/| methyl ester
baseline (28.7 + 1.4 nmol/l, P<0.001) in response to papaverine- T
induced flow increases of 121 + 12%. In contrast, after similar
papaverine-induced flow increases simultaneously with L-NMMA

infusions, ascorbyl levels were not significantly changed compared to

baseline. Similar results were obtained in isolated rabbit aortas per-

fusedex vivowith the spin trap-phenyl-N+tert-butylnitrone (N = 22).

However, in both preparations, this complete blockade was not re-

versed by co-infusion of excess L-arginine and was also obtained by
N-methyl-D-arginine, thus indicating that it is not related to nitric

oxide synthase. L-arginine alone was ineffective, as previously dem-

onstrated for R-methyl-L-arginine ester (L-NAME)n vitro, neither

L-arginine nor its analogues scavenged superoxide radicals. This

nonspecific activity of methylated arginine analogues underscores the

need for careful controls in order to assess nitric oxide effects,

particularly those related to interactions with active oxygen species.

Introduction impact. Analogues modified at the terminal
guanidine nitrogen, such a§Nitro-L-argi-
L-arginine analogues have been widelynine methyl ester (L-NAME) or fmethyl-
used as probes for the investigation of thé-arginine (L-NMMA), were among the first
effects of nitric oxide in a variety @f vitro  nitric oxide synthase inhibitors described and
andin vivo systems. Their established effi-are still the best known compounds of this
cacy as nitric oxide synthase inhibitors haslass. However, the specificity of these sub-
undoubtedly made a significant contributionstances - a basic condition for their use as
to the understanding of nitric oxide biologypharmacological probes - has not yet been
(1,2) and may eventually have a clinicalestablished. Although a variety of nonspe-
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cific actions has been described (3-8), cirdiac flow increases was described previ-
cumstantial evidence suggests that researcbusly (9). Briefly, 25 male New Zealand
ers in the area may significantly overestiwhite rabbits weighing 2.4 to 3.1 kg were
mate the specificity of L-arginine analoguesanesthetized with sodium pentobarbital and
Recently, our laboratory reported data sugnstrumented with an electromagnetic flow
gesting that increases in shear stress triggprobe at the origin of the right iliac artery.
the release of free radicals from the endothdrapid, transient and reproducible increases
lium (9). These data were assessed by eleic- blood flow were induced by bolus injec-
tron paramagnetic resonance (EPR) spectrtions of papaverine (2 to 5 mg) delivered by
scopic techniques, bo#x vivoby measure- a catheter advanced through the left femoral
ment of radical adducts with spin traps andrtery up to 0.5 to 1 cm above the iliac
in vivo by direct measurements of plasmaifurcation. A short polyethylene catheter
ascorbyl radical. In both cases, the increasgas advanced through a right femoral branch
in EPR signals was abolished by superoxidi®r blood collection at baseline, at maximal
dismutase, suggesting that either the chandlew, and 15 min after papaverine injection.
in spin adduct or ascorbyl signals reflect th&ystemic arterial pressure was continuously
generation of superoxide radicals. recorded from the left carotid artery. All

The purpose of the present study is teabbits were submitted to a first control pa-
report the nonspecific blocking effect ofpaverine bolus followed by a second one,
methylated arginine analogues on flow-resimultaneously with a 3.8 ml/min infusion of
lated free radical production observed witt0.9% NacCl, L-arginine or its methylated ana-
the use of the above EPR technigues and togues. The infusion was started 20 min after
call attention to other similar reported ef-the first papaverine bolus at the initial rate of
fects. These results may help clarify the in1.0 ml/min; after 75% of the total volume
terpretation of data on the putative biologiwas given, the second papaverine challenge
cal roles of nitric oxide, particularly thosewas performed, and the infusion was termi-
related to its interaction with reactive oxy-nated 1-2 min thereafter. Plasma ascorbyl
gen species (10,11). levels were assessed by direct EPR spectros-

copy as described (9).
Material and Methods
Ex vivo aortic perfusion with PBN

Papaverine hydrochloride was obtained
from the hospital pharmacy. Human recom- The preparation of thoracic aortas from
binant CuzZn-SOD was a kind gift of Dr.27 other rabbits was also described previ-
Pablo Valenzuela, Chiron Corp. (Emeryville,ously (9). Briefly, rabbits were killed with
CA). All other compounds were from Sigmapentobarbital and their thoracic aortas placed
Chemical Co. (St. Louis, MO). L-NMMA in a closed perfusion chamber (7.0 x 0.8 cm)
and D-NMMA were used as acetate salts. Leonnected on both sides to a closed tubing
NMMA acetate from Wellcome (the kind circuit with an open reservoir. Flow was
gift of Prof. Salvador Moncada) was alsoprovided in the physiological arterial direc-
used. PBN d-phenyl-Ntert-butylnitrone) tion by a roller pump without changing the

was recrystallized from hexane. perfusion pressure, even with increased flow.
The system was primed with 6.0 ml of oxy-
In vivo ascorbyl radical measurements genated Krebs-Henseleit solution ar@7

(9). The lipophilic spin-trap PBN (20 mM)
The rabbit preparation used to assessas added immediately before starting
plasma ascorbyl radical levels in response t@rterial perfusion. In control experiments,
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no L-arginine analogues were addedResults

flow rate was started at 2 ml/min and main-

tained for 10 min. The first aortic fragmentgffects of methylated L-arginine analogues on

was then collected in liquid nitrogen. Ininvivo flow-dependentvascular free radical

the remainder of the vessel, the flow rateslease

was increased to 12 ml/min for another 10

min and the fragment was then frozen. The All pairwise control papaverine injec-
same procedures were followed in other petions performed in each rabbit before the
fused aortas after the addition of methylatetteatments with methylated L-arginine ana-
L-arginine analogues to the perfusate. Lipidogues were pooled to simplify data treat-
extracts of arterial fragment homogenatement (N = 25), since blood flow and ascor-
were analyzed for PBN radical adducts, whiclbyl radical changes were similar for all groups
were quantified by double integration of theirfor this control condition. An intra-arterial
EPR signals using TEMPOL (4-hydroxy-bolus injection of papaverine (2 to 5 mg)
2,2,6,6-tetramethylpiperidind-oxyl) as a caused an increase in right iliac flow of 121

standard. + 12% vs baseline levels of 16.0 + 1.2 ml/
min, which was accompanied by an increase
Superoxide radical production  in vitro assay in the ascorbyl radical levels of 3.8 + 0.7

nmol/lvsbaseline values of 28.7 + 1.4 nmol/

The scavenger activity of arginine or itsl for the control group. Baseline values for
analogues was testadvitro by the method the other groups were as follows: L-NMMA
of McCord and Fridovich (12) using xan-(31.9 + 1.7 nmol/l), D-NMMA (28.9 + 2.2
thine/xanthine oxidase as the source of surmol/l), L-arginine + L-NMMA (23.6 £ 1.8
peroxide. Briefly, the reaction mixture con-nmol/l), and L-arginine (29.8 + 2.8 nmol/l);
tained 10 uM ferricytochrome ¢, 50 pMnone of these values was significantly differ-
xanthine, and sufficient xanthine oxidaseent from the control group or each other. By
(about 6 nM) to produce a rate of reductiorl5 min after papaverine injection, ascorbyl
of ferricytochrome ¢ at 550 nm of 0.030radical levels had already returned toward
absorbance units per min. Human recombbaseline values, accompanying the normal-
nant SOD, with 16986 U/mg of protein, waszation of blood flow. Figure 1 illustrates
used as standard for superoxide radical inhrepresentative ascorbyl radical spectra and
bition after the specified dilutions. L-NMMA, Figure 2 depicts the overall absolute change
D-NMMA, L-NAME, or L-arginine was in plasma ascorbyl levels accompanying pa-
added to the system without SOD, each gtaverine-induced flow changes during treat-

1.0 mM final concentration. ment with L-NMMA (10 mg/kg; N = 6), D-
NMMA (10 mg/kg; N = 6), L-arginine + L-
Statistical analysis NMMA (100 mg/kg and 10 mg/kg, respec-

tively; N = 5) and L-arginine (100 mg/kg; N
Data are reported as means + SEM. P& 3). L-NMMA, D-NMMA and L-arginine +
rameter changesgs baseline were analyzed L-NMMA did not induce significant changes
by the paired-test. Intergroup comparisonsin flow by themselves. L-arginine, at the
were tested by one-way ANOVA and thedose of 100 mg/kg, significantly increased
Student-Newman-Keuls multiple range testbaseline flow from 21.3 + 1.5 to 31.3 + 2.8
The significance level was P<0.05. Thenl/min (P<0.02). L-NMMA completely
Primer of Biostatistics computer programblocked flow-induced production of ascor-
(by S.A. Glantz, McGraw Hill, 1992) was byl free radicals. This effect was shared with
used. D-NMMA and was not reversed by excess
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L-NMMA Effects of L-arginine and its analogues on
superoxide radical production  invitro
The rate of ferricytochrome c reduction
detected at 550 nm was 2.1 pM/min, with
‘ €550 = 15300 Mt cmil. In our previous study
0 15
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L-arginine (Figures 1 and 2). caused a significant increase of 4.1 + 0.9
Treatment with L-NMMA induced a sus- nmol/l (P<0.05) in plasma ascorbyl levels
tained increase in arterial pressure from 108 8om pretreatment values. L-lysine (100 mg/
+4.31t0 117.0 + 3.1 mmHg (P<0.05), whilekg), a positively charged amino acid (as is L-
D-NMMA and L-arginine did not induce arginine), induced no change in papaverine-
significant changes. The co-infusion of L-induced blood flow or ascorbyl increases.
arginine and L-NMMA completely prevented
the increase in arterial pressure. The peakx vivo aortic perfusion and detection of PBN
percent decrease in arterial pressure witladical adducts
papaverine after each of those treatments
was similar to that observed before any treat- The effects of each treatment with L-
ment. None of these interventions inducedrginine analogues on the flow-induced
significant changes in baseline ascorbyl radichange in PBN radical adduct yields are
cal levels, except for L-arginine, whichshownin Figure 3. In control experiments (N
= 11) the changes in perfusion rate from 2 to
12 ml/min were accompanied by increases

of PBN adduct levels from3.2+0.9t0 7.0 +
CONTROL 1 5 pmol/mg (P<0.005). Both L-NMMA (0.1
mM; N = 4) and D-NMMA (0.1 mM; N = 4)

completely inhibited free radical production,
an effect not overcome by the coincubation
of excess L-arginine with L-NMMA (1.0
mM and 0.1 mM, respectively; N = 3).

with isolated rabbit aortas, the dose of SOD

D-NMMA — that effectively abolished the increase in PBN
radical adduct signal was 100 pg/ml. This
concentration completely inhibited superox-
ide production in the present assay. Further
dilutions were then tested, so that at the final
concentration of 2.5 fg/ml (thus, a dilution of

=1(8 times), SOD inhibited superoxide pro-

900 duction by 32.8%. In contrast, L-NMMA, D-

Time (s) NMMA, L-NAME and L-arginine at 1.0 mM
final concentration showed only negligible

Figure 1 - Characteristic electron paramagnetic resonance spectra of arterial plasma ascor- superoxide inhibition, with respective aver-

byl radical (hyperfine splitting constant, a = 0.186 mT) and its change in response to a flow
increase induced by intra-arterial papaverine (2 mg) in untreated control animals. The

age valuesof4.1, 7.1, 6.1 and 10.0%. There-

increase in ascorbyl signals was completely abolished in rabbits treated with L-NMMA and  fore, it is unlikely that methylated arginine
D-NMMA. Peak flow increases occurred at 15 s and returned to baseline levels by 120 s analogues directly scavenged significant

after papaverine injection. Data acquisition parameters were as follows: potency, 20 mW,;
frequency, 9.7 GHz; modulation amplitude, 0.1 mT; sweeping velocity 0.01 mT/s; time
constant, 1000 ms.
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amounts of superoxide radicals in the pres-
ent conditions.
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Discussion 5

) 10 I 1 200
The present study reports the blocking T x

effect of methylated arginine analogues on x I
the release of free radicals triggered by in- .
creases in shear stress. This blocking effect= o
was probably independent of nitric oxide
synthase activity since it was not reversed by
excess L-arginine and was shared by both
the L- and D-isomers. Our previous work (9)
showed that the flow-dependent increase in ~ © T 0
free radical signals was completely abol-
ished by removal of the endothelium or by
native superoxide dismutase and those sig-
nals were unchanged by catalase, indometha-
cin or L-NAME. Thus, the observed signalrigure 2 - The effects of several treatments on papaverine-induced increases in flow (open

increases were probably due to superoxid@rs) and arterial plasma ascorbyl radical levels (closed bars). A pairwise control papaverine
injection was performed in each rabbit before starting the treatments; however, since blood

radicals released extracellularly through afow and ascorby! radical changes were similar for all treatment groups for this control

endothelium-dependent mechanism not inrendition, the results were pooled for simplification (Control; N = 25). Neither L-NMMA (N =
6) nor D-NMMA (N = 6) altered papaverine-induced flow changes, but they both completely

volving cyclooxygenase or nitric oxide SyNn-apgiished the corresponding ascorbyl radical increase. Excess L-arginine coinfusion with L-

thase activities. In addition, the reaction beNMMA (L-arg + L-NMMA; N = 5) did not overcome the blockade in ascorbyl increase. L-
t itri id d in t arginine (L-arg; N = 3) alone diminished papaverine-induced flow changes (P<0.05 vs other
ween nitric oxiae and spin traps or aSCOrt'reatments), but did not impair ascorbyl radical increases. Data with L-NAME were previ-

bate is quite unlikely to occur under thoseusly published (9) and are shown only for comparison. **P<0.001, and *P<0.05 vs
conditions (9’13,14)' another argumenE:;g:tlgg,;Sez):;t:\s/eilys(é’\l}.()VA and Student-Newman-Keuls multiple range test). Data are
against a role for nitric oxide in flow-trig-
gered radical signals. 5
Several mechanisms might explain the pres-
ent findings. Itis unlikely that L-arginine ana-
logues acted as nonspecific blockers of the
flow transduction signaling cascade, since a
number of previous studies showed that L-
NMMA, even at a dose of 200 mg/kg, had no
effect on flow-mediated vasodilation (15-17).
It is also unlikely that those compounds di-
rectly scavenged superoxide radicals, since T D-NMMA ;_
our experiments showed imovitro scavenger 0 Control L-NAME L-NMMA L-arg + L-NMMA
activity of L-arginine or its analogues. Further-
more, our observations appear to be unrelated
to the known differential effects of L-arginine
analogues on superoxide generation from ni-
tric oxide synthase. In this case, L-NAME as

a1
*

- 100

Ascorbyl (hmo
*
A% Flow

Control L-NAME L-NMMA D-NMMA L-arg + L-NMMA L-arg

w

=

APBN radical adducts (pmol/mg)
N

well as L'argmme’ but not L-NMMA, com- Figure 3 - Flow-related increases in a-phenyl-N -tert-butylnitrone (PBN) radical adduct yields
pletely blocked superoxide generationitro  in endothelialized aortas in the control (Control) condition and after treatment with L-NMMA
i : : (N =4), D-NMMA (N = 4) and L-arginine + L-NMMA (N = 3). Data with L-NAME (N = 5) were

(18)' In addition, in CL_J|'[U_I’ed end_Othe“aI CeIISpreviously published (9) and are shown only for comparison. Both L-NMMA and D-NMMA
exposed to low-density lipoproteins, such uneompletely blocked radical generation. L-arginine did not reverse the blockade. *P<0.02 vs
; _ Pt T _ baseline. The SNK multiple range test showed that the control group was different from all
_Couplmg of _L arginine uptake from nitric ox groups, except for L-NAME. The D-NMMA group did not differ from the L-NMMA or L-arg +
ide synthesis was also prevented by L-NAME.-NMMA group. Data are reported as means + SEM.
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or L-arginine (19), in contrast to our data. Thero-L-arginine induces only a mild reversible
most likely mechanism for the arginine anablockade of the macrophage isoenzyme, but
logue effect involves their interaction with has a potentirreversible effect upon the brain
species derived from the flow-triggered radiisoenzyme (22). Finally, it should be noted
cal (probably superoxide). These species athat nitric oxide synthase is a mixed-func-
not exclusive blood or plasma constituentgjon oxidase; thus, in some cases, document-
since the blocking effect was obseriedlitro  ing its enzymatic activity does not imply that
as well asn vivo. One possibility is that cata- the effect is mediated by nitric oxide (23).
Iytic metal complexes are involved in thesaVhen nitric oxide levels were measured to-
processes. Peterson et al. (4) reported that §iether with the arginine analogue effects,
and D-arginine analogues can complex witkome significant unexpected discrepancies
iron in vitro in such a way that NMMA and were reported (24).
NAME exhibit different effects. Those non-  Our data, as well as the observations
specific iron-chelating properties may inhibitdiscussed above, underscore the importance
cyclo- or lipoxygenaseis vivo (20). In addi- of adequate controls for the evaluation of the
tion, L-NMMA was shown to attenuate cop-biological roles of nitric oxide. On the basis
per-induced LDL oxidatiom vitro (8). Inter-  of these data, we propose that the use of L-
estingly, the metal chelators deferoxamine carginine analogues as probes of nitric oxide
1,10 phenanthroline completely blocked flow-synthase activity should be controlled by at
dependent free radical releasevitro orin  least 3 of the 4 following procedures: 1)
vivo (data not shown), thus suggesting thateversal of the observed analogue effects by
redox active metals participate in this pheexcess L-arginine; 2) if L-arginine reverses
nomenon, probably as secondary reactantsthe blockade, it should be proved that D-
The present findings add to other reportarginine does not reverse it; 3) observation
of nonspecific actions of L-arginine ana-of the effects of the D-analogue form; 4)
logues. Some examples include the muscabservation of the effects of more than one
rinic receptor blocking effect of L-NAME blocking analogue. In addition, data should
(but not L-NMMA) (6), the decrease in L- be preferably complemented with measure-
arginine uptake by L-NMMA (but not L- ments of nitric oxide synthase activity or
NAME) (3) and antagonism of endotheliumnitric oxide levels. In particular, our data
and nitric oxide-independent vasodilation duelocument the role of procedures 3 and 4 (use
to amiloride or dibutyril cyclic AMP by L- of the D-analogues and use of more than one
NMMA (5). In pial arterioles, the vasocon- antagonist), which are simple, but rarely per-
striction induced by L-NMMA or nitro-L- formed. These procedures should be par-
arginine may be due to cyclooxygenase-ddicularly considered when evaluating the vas-
pendent superoxide production rather thaoular interactions of nitric oxide with reac-
nitric oxide synthase blockade (7). The diftive oxygen species, or when assessing puta-
ferent isoenzyme blocking profiles of meth-tive cytotoxic or cytostatic effects of nitric
ylated, as compared to nitrated, analogueside.
are further consistent with other effects be-
yond nitric oxide synthase inhibition, al- Acknowledgments
though some peculiarities may be due to
pharmacokinetic properties, e.g., the rela- The authors are grateful to Maria
tive lipophilicity of L-NAME. In particular, Antonietta da Silva Leitdo, Instituto de
L-NMMA exhibits a potent blocking effect Quimica, Universidade de S&o Paulo, for
of the macrophage isoenzyme, with charadselp with then vitro superoxide production
teristics of irreversibility (21), whereas ni- assay.
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