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SUMMARY : The principal finding in this study is that vascular smooth muscle
generates a labile relaxing factor that possesses pharmacological and chemical
properties that are similar to those of authentic nitric oxide. MDRF was
generated by perfusion of endothelium-denuded bovine pulmonary artery as assessed
by bioassay. In addition, endothelium-denuded arterial rings that were incubated
at 37°C for 24 hr to lower endogenous L-arginine Tevels relaxed in response to
L-arginine but not D-arginine. Freshly mounted, endothelium-denuded arterial
rings were not relaxed by L-arginine but did relax in response to the dipeptide
L-arginyl-L-alanine. Relaxant responses were accompanied by increases in smooth
muscle levels of cyclic GMP and nitrite, and were inhibited by oxyhemoglebin,
methylene blue, and NG—nitro—L-arginine. NG—Nitro-L—arginine also caused
endothelium-independent contractile responses. Thus, a relaxing factor with the
properties of nitric oxide can be generated from vascular smooth muscle.

© 1990 Academic Press, Inc.

Endothelium-derived relaxing factor (EDRF) was first described as a
chemical substance that was generated from the vascular endothelium, which then
interacted with underlying smooth muscle cells to cause relaxation (1,2).
Various endogenous and exogenous substances were found to elicit endothelium-
dependent relaxation by this mechanism (3). In each instance, the endothelium
was found to be obligatory for the relaxant response and the belief has been that
only the endothelial cells are responsible for EDRF generation. The
extracellular receptors that interact with endothelium-dependent relaxants and/or
the biochemical pathways that couple receptor occupancy to EDRF synthesis appear
to reside in the endothelial rather than smooth muscle cells.

Much progress has been made in our understanding of the biosynthesis,
metabolism, and actions of EDRF (4,5). EDRF appears to be nitric oxide (NO) or
a labile nitroso compound that is synthesized from endogenous L-arginine or an
L-arginine-containing substance within vascular endothelial cells (6-9). NO
biosynthesis is not confined, however, to endothelial cells but occurs also in
macrophages (10-12), neutrophils (13,14), cerebellar cells (15,16), and other
cell types. Vascular smooth muscle has not been excluded from this expanding
list, and evidence is presented in this communication for the formation and
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action of a vascular smooth muscle-derived relaxing factor with pharmacological
and chemical properties that are similar to those of NO.

MATERIALS AND METHODS

Chemicals and  solutions: L-Arginine, D-arginine, L-arginyl-L-alanine,
indomethacin, phenylephrine HC1, acetylcholine chloride, bradykinin triacetate,
methylene blue, hemoglobin (human), superoxide dismutase (bovine liver), N°-
nitro-L-arginine, and the reagents for the diazotization reaction were purchased
from Sigma Chemical Co. (St. Louis, MO). Glyceryl trinitrate (10% w/w triturated
mixture in lactose) was a gift from ICI Americas, Wilmington, DE. NO and
oxyhemoglobin solutions were prepared as described (7,8). The water soluble
crystalline HC1 salt of authentic Né-nitro-L- arginine was prepared by standard
chemical procedures and used in this study. Krebs-bicarbonate solution consisted
of (millimolar): NaCl, 118; KC1, 4.7; CaCl,, 1.5; NaHCO,, 25; MgSO,, 1.2; KH,PO,,
1.2; glucose, 11; and disodium ethy]ened1am1netetraacet1c ac1d 6 023.

Arterial smooth muscle relaxation and bioassay cascade: Bovine intrapulmonary
arterial rings (4-6 mm) were isolated and carefully but totally denuded of
endothelium as recently described (17). The intimal surface was examined
periodically by en face silver staining or scanning electron microscopy (18).
Arterial rings were mounted, equilibrated under optimal tension, and
precontracted as described (19). Changes in isometric force were measured and
length-tension relationships were determined initially for each arterial ring
(19), and optima] tensions were 4-5 g. The 24 hr incubations of arterial rings
were conducted in oxygenated (95% 0, - 5% CO,) Krebs-bicarbonate solution at 37°C
with the arterial rings mounted under tension (20). The bioassay cascade
procedure was described in detail (17,21). Briefly, in the present study, a 6-
8 cm length of pulmonary artery was denuded of endothelium by several alternating
cycles of flushing the Tumen with distilled water followed by mechanically
rubbing the intimal lining gently with a cotton swab for 5 min. Pulmonary artery
denuded in this manner failed to generate any relaxing factors in response to
bradykinin (10 - 100 nM) or A23187 (1 uM). The perfusate from pulmonary artery
was superfused over 3 strips of endothelium-denuded artery arranged in a cascade
(17,21). Indomethacin (10 uM) was present in both the perfusion and superfusion
media bathing all tissues in order to prevent formation of vasorelaxant
prostaglandins. Flow of Krebs-bicarbonate solution at 37°C through the pulmonary
artery was maintained at 5 ml/min. Glyceryl trinitrate was superfused over the
strips to standardize the preparations (21).

Cyclic GMP determination: Cyclic GMP Tevels were measured in arterial rings
that had been equilibrated under tension and subjected to precontraction as was
done for all other rings, and tone was monitored until the time of quick-freezing
with the aid of brass clamps precooled in liquid nitrogen. Preparation of
tissues and cyclic GMP radioimmunoassay procedures were described (17).

Inorganic nitrite determination: Nitrite levels were measured in arterial
rings that had been equilibrated under tension, precontracted, and quick frozen
as described above. Each ring was homogenized in 0.5 ml of ice-cold absolute
methanol, allowed to stand at 4°C for 18-20 hr, and samples were centrifuged at
10,000 x g for 10 min. Aliquots (300 1) of clear supernatant were assayed for
nitrite by a modification of procedures described previously (7). Briefly, 400
ul of 1% w/v sulfanilic acid in 4 N HC1 were added to each sample. Samples were
mixed and 100 px1 of conc. HC1 were added to clarify samples that had turned
slightly cloudy. After 10 min, 300 1 of 1% w/v N-(1-naphthyl)-ethylenediamine
in methanol were added and optical densities were measured at 548 nM.
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RESULTS

Release of MDRF with the properties of NO from perfused pulmonary artery:
Perfusion of endothelium-denuded bovine pulmonary artery caused the release of
a Tlabile vascular smooth muscle relaxing factor (Fig. 1). As assessed by
bioassay, MDRF had a half-life of 3-4 sec and its biological activity was
markedly enhanced by superoxide dismutase and abolished by oxyhemoglobin.
Bradykinin, an endothelium-dependent relaxant, failed to generate any relaxing
factor, even in the presence of superoxide dismutase, thus attesting to the
absence of functional endothelial cells in the perfused artery. Morphological
examination (en face silver staining) confirmed the absence of endothelium.

L-Arginine causes endothelium-independent arterial relaxation that is _inhibited
by oxyhemoqlobin, methylene blue, and N°-nitro-L-arginine: As reported
previously (20), incubation of arterial rings at 37°C under tension for 24 hr
results in a 3- to 5- fold Towering of tissue arginine levels. Endothelium-
intact arterial rings incubated under such conditions became completely
refractory to endothelium-dependent relaxation, but relaxation was restored upon
addition of L-arginine to the bathing medium. Endothelium-denuded rings were
not studied. Fig. 2 illustrates that endothelium-denuded arterial rings
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Fig. 1: Release of MDRF with the properties of NO from perfused pulmonary
artery. A segment of endothelium-denuded pulmonary artery was perfused and the
perfusate (Perf) was allowed to superfuse, where indicated, three strips
(designated 1, 2 and 3) of endothelium-denuded pulmonary artery arranged in a
cascade. Arterial strips were precontracted by 10 uM phenylephrine delivered
by superfusion. Glyceryl trinitrate (GTN) was superfused over the strips for
1 min in order to check the responsiveness of the preparations. Bradykinin (BKN)
was perfused through the artery for 3 min as indicated. Superoxide dismutase
(SOB} was perfused through the artery during the time interval shown.
Oxyhemoglobin (Hb0,) was superfused over the strips during the time interval
shown. Tracings represent 1 of 4 separate experiments and responses varied by
less than 25% among all experiments.
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Fig. 2: L-Arginine-elicited relaxation of endothelium-denuded pulmonary
arterial rings. Isolated rings were precontracted by phenylephrine (PE) and
challenged with D-arginine (D-Arg), L-arginine (L-Arg), oxyhemoglobin (HbO,), NS-
nitro-L-arginine (NNA), and NO as indicated. Indomethacin (10 xM) was present
in the bathing media. W/E signifies washing and equilibration of rings for 45
min. Concentrations are expressed as exponents to the base power 10 and are
final bath concentrations. Tracings represent 1 of 3-5 separate experiments and
responses varied by less than 20% among all experiments.

incubated for 24 hr also relaxed in response to L-arginine in a concentration-
dependent manner, Although endothelium-intact rings were somewhat more
responsive to L-arginine (35 + 5 percent relaxation at 10 uM; 65 + 8 percent
relaxation at 100 uM; n = 8) than were endothelium-denuded rings (12 + 3 percent
relaxation at 10 uM; 36 + 5 percent relaxation at 100 xM; n = 8), the
endothelium-independent responses to L-arginine were still highly significant
(Fig. 2). Such relaxant responses were abolished by oxyhemoglobin and partially
inhibited by Né-nitro-L-arginine (Fig. 2) and methylene blue (not shown).
Endothelium-denuded, 24 hr incubated arterial rings relaxed also in response to
the methyl and ethyl esters of L-arginine as well as to L-homoarginine, and these
responses were inhibited by oxyhemoglobin, methylene blue, and N®-nitro-L-
arginine (not shown). The 24 hr incubated, L-arginine-depleted arterial rings
relaxed in response to authentic NO and responses were abolished by oxyhemoglobin
but unaffected by N°-nitro-L-arginine, indicating that incubated rings respond
as do freshly mounted rings to NO. Complete removal of endothelium was verified
morphologically by scanning electron microscopy or en face silver staining.
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Fig. 3: L—Arginy]-L-a]anine-e]icited relaxation of endothelium-denuded

pulmonary arterial rings. Isolated rings were precontracted by phenylephrine
(PE) and challenged with acety]cho]1ne (ACh) L-arginyl-L-alanine (L-Arg-L-ala),
oxyhemoglobin (HbO,), and N°-nitro-L-arginine (NNA) as indicated. Indomethacin
(10 uM) was present in the bathing media. W/E s1gn1f1es washing and
equilibration of rings for 45 min. Concentrations (final in bath) are expressed
as exponents to the base power 10. Tracings represent 1 of 4-5 separate
experiments and responses varied by less than 20% among all experiments.

L-Arginyl-L-alanine causes endothelium-independent arterial relaxation that is
inhibited by oxyhemoglobin, methylene blue, and N®-nitro-L-arginine: Freshly
mounted, endothelijum-denuded arterial rings failed to relax in response to

acetylcholine or L-arginine (20) but relaxed in response to L-arginyl-L-alanine
in a concentration-dependent manner (Fig. 3). L-Arginyl-L-alanine relaxed also
24 hr incubated arterial rings (not shown). Relaxant responses were abolished
by oxyhemoglobin and partially inhibited by NG-nitro-L-arginine (Fig. 3) and
methylene blue (not shown). Endothelium-independent contractile responses were

elicited by NG—nitro—L—arginine (Fig. 3). Such contractions were somewhat
greater in endothelium-intact rings (24 *+ 3 percent contraction at 1 pM; 41 +
8 percent contraction at 10 xM; n = 6) than in endothelium-denuded rings (16 +

3 percent contraction at 1 uM; 28 + 5 percent contraction at 10 uM; n = 6).

L-Arginine and L-arginyl-L-alanine stimulate formation of cyclic GMP and nitrite

in _endothelium-denuded arterial rings: Basal levels of nitrite were 3- fold
higher in endothelium-intact (10 £ 2.1 uM; n = 14) than denuded freshly mounted
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Fig. 4: L-Arginine and L-arginyl-L-alanine stimulate cyclic GMP and nitrite
accumulation in endothelium-denuded pulmonary arterial rings. Isolated rings
were precontracted by 1 uM phenylephrine and at peak contractile tension L-
arginine (L-Arg) or L-arginyl-L-alanine (L-Arg-L-ala) was added to 24 hr
incubated rings (Day 2) or freshly mounted rings (Day 1), respectively. Arterial
rings were quick frozen at 180 sec after addition of L-Arg or L-Arg-l-ala.
Values represent the mean t+ S.E.M. of 24 individual arterial rings studied in
2 separate experiments. Basal cyclic GMP Tevels in Day 2 and Day 1 arterial
rings were 4.1 + 0.3 pmol/g (n = 12 rings) and 12 + 2 pmol/g (n = 12 rings),
respectively. Basal nitrite levels in Day 2 and Day 1 arterial rings were 2.0
+ 0.2 yM (n = 12 rings) and 3.3 + 0.5 uM (n = 12 rings), respectively.

arterial rings (3.3 £ 0.5 uM; n = 12). Similarly, basal levels of nitrite were
5- fold Tower in 24 hr incubated, endothelium-intact (2.1 + 0.3 uM; n = 12) or
denuded (2.0 = 0.2 pM; n = 12) arterial rings than in freshly mounted rings.
In 24 hr incubated, endothelium-denuded rings the addition of 100 uxM L-arginine

caused 9- to 12- fold increases in both cyclic GMP and nitrite levels (Fig. 4).
In freshly mounted, endothelium-denuded rings the addition of 100 uM L-arginyl-

L-alanine caused 8- to 11- fold increases in both cyclic GMP and nitrite levels
(Fig. 4). Oxyhemoglobin (10 uM) and methylene blue (10 uM) inhibited both cyclic
GMP and nitrite accumulation in response to 100 gM L-arginine or L-arginyl-L-

alanine by 70 - 100 percent (n = 4 for each).

DISCUSSION

The principal observations in this communication are: 1, flow of fluid
through or increased shear forces on endothelium-denuded pulmonary artery caused
the generation of a labile relaxing factor with a half-life of less than 5 sec
whose biological activity was enhanced by superoxide dismutase and abolished by
oxyhemoglobin; 2, L-arginine caused endothelium-independent relaxation, cyclic
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GMP formation and nitrite formation in L-arginine-depleted arterial rings, and
these responses were inhibited by oxyhemoglobin, methylene blue, and N®-nitro-
L-arginine; 3, L-arginyl-L-alanine caused endothelium-independent relaxation,
cyclic GMP formation and nitrite formation in freshly mounted arterial rings,
and these responses were inhibited by oxyhemoglobin, methylene blue, and NG-
nitro-L-arginine. NO formation was assessed by determination of inorganic
nitrite, the spontaneous oxidation product of NO. This study demonstrates that
endothelium-denuded bovine pulmonary artery possesses the capacity to generate
a labile relaxing factor (MDRF) with the pharmacological and chemical properties
of NO or a nitroso compound.

The properties of MDRF resemble most closely the properties of authentic
NO or a labile nitroso compound that decomposes spontaneously to liberate NO (6-
8). L-Arginine, which is an endogenous substrate for the NO synthetase system
(9-12,20,22), causes relaxation of 24 hr incubated, L-arginine-depleted arteries
that is accompanied by cyclic GMP and nitrite accumulation and is inhibited by
oxyhemoglobin, methylene blue, and N®-nitro-L-arginine, a newly described potent
inhibitor of NO synthetase (23). As was found previously with endothelium-intact
rings (20), freshly mounted, endothelium-denuded rings failed to relax in
response to L-arginine, whereas 24 hr incubated rings showed relaxation. The
failure of freshly mounted rings to relax to added L-arginine is attributed to
the already high endogenous levels of L-arginine (0.3 mM) in pulmonary artery,
which decline 3- to 5- fold after 24 hr incubation (20). Thus, the conversion
of L-arginine to NO in fresh tissue may already be at or near maximal velocity
in the absence of added enzyme activators.

The present findings explain previous observations from this laboratory
that the guanylate cyclase inhibitor methylene blue lowered basal cyclic GMP
levels and increased intrinsic tone, whereas the cyclic GMP phosphodiesterase
inhibitor M&B 22,948 elevated basal cyclic GMP levels and decreased intrinsic
tone in endothelium-denuded artery and vein (19). Such findings are consistent
with the present observations that an NO-like chemical factor that activates
cytosolic guanylate cyciase is continuously generated by endotheljum-denuded
arterial tissue. Thus, modulation of the continual formation of cyclic GMP in
smooth muscle can lead to alterations in intrinsic tone.

The most Tikely cells in the endothelium-denuded arterial rings that are
responsible for the generation of the relaxing factor are the vascular smooth
muscle cells. There were no morphologically identifiable or functional
endothelial cells present in the denuded preparations. Moreover, it is unlikely
that adventitial or other connective tissue is responsible for the formation of
the relaxing factor, although this remote possibility has not been ruled out
experimentally. Preliminary experiments with cultured bovine and rat thoracic
aortic smooth muscle cells indicate that such cells contain both a constitutive
and an inducible NO synthetase pathway. The former is involved in the immediate

86



Vol. 170, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

formation of NO and nitrite in response to L-arginine, whereas the latter is
involved in the 6 hr delayed formation of NO and nitrite in response to
lipopotysaccharide, interleukin-1, and gamma interferon. After completion of
this communication an abstract appeared on the induction of NO formation and
cyclic GMP accumulation in rat vascular smooth muscle cells elicited by
interleukin-1 and endotoxin (24).

L-Arginyl-L-alanine caused endothelium-independent relaxation and cyclic
GMP and nitrite accumulation in freshly mounted arterial rings. These responses
appear to be mediated by an NO-like factor because they were abolished by
oxyhemoglobin and partially inhibited by methylene blue and NG—nitro—L—arginine.
Whether L-arginyl-L-alanine elicits its effects by acting as a precursor to NO
or by activating ND synthetase is unknown. If L-arginyl-L-alanine does serve
as a substrate for NO synthetase, the question arises as to whether the enzyme
system involved is the same as that which utilizes L-arginine as substrate.
There is evidence that multiple forms of NO synthetase exist in different cell
types (25-27). This may aiso be possible in vascular smooth muscle.

The physiological or pathaphysiological significance of these observations
is presently unclear. The capacity of vascular smooth muscie to elaborate MDRF
continuously could explain why endothelial damage in_vivo rarely causes severe
vasoconstriction or vasospasm.
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