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Abstract 

The effects of NG-nitro-L-arginine (L-NNA), D-NNA, diphenyleneiodonium and di-2-thienyliodonium on contraction were 
studied in endothelium-denuded rat aortic rings incubated for 4 h with lipopolysaccharide (10/xg ml-1) or vehicle. Lipopoly- 
saccharide reduced Ema x and increased EC50 of the phenylephrine (10-9-10 -5 M) curve. Addition of D-NNA (4, 6 × 10 -4 M), 
L-NNA (I, 10 x 10 6 M) and diphenyleneiodonium (1, 3 x 10 -7  M), but not di-2-thienyliodonium (10 -7 M), increased Ema x and 
reduced ECs0 of the phenylephrine curve of lipopolysaccharide-incubated but not control rings. Therefore, D-NNA, L-NNA and 
diphenyleneiodonium, but not di-2-thienyliodonium, inhibit inducible NO synthase in vascular smooth muscles. 
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I. Introduction 

The exposure of vascular smooth muscle cells to 
bacterial lipopolysaccharide or cytokines is known to 
activate inducible nitric oxide (NO) synthase, generate 
large amounts of NO and diminish contractile activity 
(Schott et al., 1993; Shibano and Vanhoutte, 1993). 
Lipopolysaccharide and cytokines also decrease pres- 
sor response in vivo (Schott et al., 1993; Shibano and 
Vanhoutte,  1993). Lipopolysaccharide-induced vascular 
hyporeactivity in vivo and in vitro is inhibited by ana- 
logues of L-arginine (L-Arg), e.g., NG-monomethyl-L- 
Arg (L-NMMA), N G-nitro-L-Arg methyl ester (L- 
NAME) and N%nitro-L-Arg (L-NNA) (Gray et al., 
1991; Schott et al., 1993; Joly et al., 1994). 

N G-substituted arginine analogues are widely be- 
lieved to be enantiomerically specific such that the L- 
but not D-enantiomers inhibit endothelial NO biosyn- 
thesis, suppress endothel ium-dependent  relaxation of 
isolated blood vessels and raise blood pressure. L- 
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NMMA but not D-NMMA restored contractile re- 
sponse to noradrenaline in endothelium-denuded aor- 
tic rings incubated with lipopolysaccharide in vitro 
(Fleming et al., 1990) and pressor response to nor- 
adrenaline in lipopolysaccharide-treated rats (Gray et 
al., 1991). Results from our laboratory, however, show 
that both L-NNA and D-NNA raise blood pressure 
(Wang et al., 1991) and inhibit endothelium-dependent 
relaxation in vivo, in vitro and ex vivo (Wang et al., 
1993a) suggesting that D-NNA also inhibits the activity 
of endothelial NO synthase. In vivo studies show that 
D-NNA is as efficacious as L-NNA in raising blood 
pressure but is 2-fold less potent and has a slower 
(>  5-fold) onset of action (Wang et al., 1991). D-NNA 
is 40-fold less potent than L-NNA in inhibiting en- 
dothelium-dependent relaxation in vitro (Wang et al., 
1993a). However, L-NNA but not D-NNA caused sus- 
tained contraction of endothelium-denuded aortic rings 
(Wang and Pang, 1994). It is unclear if D-NNA re- 
verses lipopolysaccharide-induced vascular hypore- 
sponsiveness. 

A group of iodonium compounds, e.g., diphenylene- 
iodonium and di-2-thienyliodonium, have been shown 
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to  inhibi t  a f l avopro te in  coup led  to N A D P H - d e p e n -  
den t  enzymes  (S tuehr  et  al., 1991), suppress  activi t ies 
of  N O  synthase  in the  m a c r o p h a g e ,  inhibi t  e n d o t h e -  
l i u m - d e p e n d e n t  r e laxa t ion  (S tuehr  et  al., 1991; R a n d  
and  Li, 1993; W a n g  et  al., 1993b) and  inhibi t  acetyl-  
chol ine  but  not  sod ium n i t rop rus s ide - induced  dep res -  
sor  r e sponse  in conscious  ra ts  ( W a n g  et  al., 1993b). I t  
needs  to be  ver i f ied  if d i p h e n y l e n e i o d o n i u m  and  di-2- 
t h i eny l iodon ium inhibi t  the  activity of  inducib le  N O  
synthase  t he reby  revers ing l i popo lysaccha r ide - induced  
vascular  hyporeact ivi ty .  

The  a im of  this s tudy is to c o m p a r e  the  effects  of  
L - N N A  with those  of  D - N N A ,  d i p h e n y l e n e i o d o n i u m  
a n d  d i - 2 - t h i e n y l i o d o n i u m  on l i p o p o l y s a c c h a r i d e -  
i nduced  loss of  con t rac t i l e  respons iveness  in endo the -  
l i u m - d e n u d e d  ra t  aor ta .  

2. Mater ia l s  and m e t h o d s  

2.1. Preparation o f  aortic rings 

M a l e  S p r a g u e - D a w l e y  ra ts  (300-360  g) were  k i l led  
by a b low on the  head  fo l lowed by exsanguina t ion .  The  
thorac ic  ao r t a  was r emoved  and  cut  into four  0.5 cm 
ring segments .  T h e  vascu la r  e n d o t h e l i u m  was r emove d  
by gent ly  rol l ing a b lun t  n e e d l e  in the  r ing lumen.  T h e  
r ings were  i ncuba ted  for  4 h at 37°C in a cell  cu l tu re  
incuba to r  gassed  with 95% air  and  5% C O  2 in 3 ml of  
Du l be cco ' s  mod i f i ed  E a g l e ' s / H a m ' s  F12 m e d i u m  (D- 
M E M / F - 1 2 ,  Gibco,  NY,  U S A )  in the  p re sence  of  
l i popo lysacchar ide  (10 /xg m1-1)  or  vehic le  (30 /zl of  
0.9% saline,  control) .  Some  rings (n  = 6 r ings f rom 
di f fe ren t  ra ts)  were  exposed  to vehic le  + polymyxin B 
(1 /zg m1-1)  to assess if poss ib le  bac te r i a l  endo tox in  

c on t a mina t i on  of  the  cu l tu re  m e d i u m  affects  cont rac-  
tion. A f t e r  incubat ion ,  the  r ings were  s u s p e n d e d  be-  
tween  two hooks  at a passive force  of  2 g, and  p l aced  in 
r a n d o m  o r d e r  in s e p a r a t e  ba ths  con ta in ing  Krebs '  solu- 
t ion at p H  7.4 and 37°C as desc r ibed  in W a n g  et  al. 
(1993a, b). A f t e r  60 min equi l ibra t ion ,  the  r ings were  
p re -cons t r i c t ed  with phe ny l e ph r ine  (EC9o at 10 -6  M) 
fol lowed by exposure  to ace ty lchol ine  (2 × 10 -6  M). 
Al l  r ings were  cons ide red  to  have u n d e r g o n e  comple t e  
endo the l i a l  d e n u d a t i o n  as none  re laxed  to acetyl-  
chol ine.  The  e n d o t h e l i u m - d e n u d e d ,  cont ro l  or  l ipo- 
po ly sa c c ha r ide - t r e a t e d  r ings were  each  s e p a r a t e d  into 
11 groups  (n = 6 - 8  r ings f rom di f ferent  rats).  

A f t e r  a no the r  60 min,  the  r ings were  incuba ted  for  
20 min  with vehic le  (0.9% NaCI),  L - N N A  (10 -6, 10 -5 
M), D - N N A  (3, 4 and  6 × 10 -4  M), d ipheny lene iodo -  
n ium (1, 3 and  10 x 10 -7  M) or  d i -2 - th ieny l iodon ium 
(10 -7, 10 -6  M) fol lowed by phe ny l e ph r ine  ( 1 0 - 9 - 1 0  -5 

M). A t  the  s teady  s ta te  r e sponse  to phe ny l e ph r ine  
(10 -5 M), L - A r g  (10 -3 M) was added .  Once  the  re- 
sponse  to L -Arg  s tab i l ized  (10-15  min), me thy lene  
b lue  (3 x 10 -6 M) was a d d e d  and  the  con t rac t ion  was 
m o n i t o r e d  for  a no the r  15 min.  Af te rwards ,  the  rings 
were  removed ,  d r i ed  overnight  at  30°C and  weighed.  

2.2. Drugs 

Pheny lephr ine ,  acetylchol ine ,  me thy lene  blue,  L - A r g  
HC1, L - N N A ,  polymyxin B and l ipopo lysacchar ide  
(Escherichia coli se ro type  055:B5) were  f rom Sigma 
Chemica l  Co. (MO,  USA) .  D - N N A  was f rom B a c h e m  
Bioscience  (Ph i lade lph ia ,  PA,  USA) .  D i p h e n y l e n e i o d o -  
n ium and  d i -2 - th ieny l iodon ium were  f rom Colour  Your  
Enzyme  (Onta r io ,  Canada) .  D i p h e n y l e n e i o d o n i u m  and 
d i -2 - th ieny l iodon ium were  dissolved in 5% glucose so- 

Table 1 
Effects of 20-min treatment with D-NNA, L-NNA, diphenyleneiodonium (DPI), di-2-thienyliodonium (DTI) or vehicle (0.9% NaC1) on ECs0 and 
Em~x (mean 5: S.E.M.) of the concentration-response curves to phenylephrine (PE) in endothelium-denuded rat aortic rings (n = 6-8 rats) 
incubated for 4 h in a medium containing lipopolysaccharide (LPS) (10/zg ml - I )  or vehicle (0.9% NaC1, control) 

Treatment PE concentration-response curve 

ECs0 ( x 10-9 M) Ema x (g per mg dried tissue) 

Control LPS Control LPS 

Vehicle (0.9% NaCI) 
D-NNA: 

L-NNA: 

DPI: 

DTI: 

22 + 3 123 + 15 a 1.41 5:0.06 1.00 + 0.04 a 
3 × 10 - 4  M 22 _+ 4 101 + 19 a 1.33 + 0.17 1.25 + 0.09 
4× 10 - 4  M 22+ 2 42+ 8 b 1.40+0.12 1.47+0.15 b 
6 × 10 -4 M 38 _+ 1 52 -1- 16 b 1.45 5:0.16 1.53 _+ 0.15 b 
l X 1 0  -6M 24+ 6 78+18a  1.33+0.13 1.36+0.13b 
1 x 10 -s M 23 __ 8 44 5 :6  b 1.42 5:0.08 1.43 5:0.07 b 
1 X 10 -7 M 24 +_ 6 80 + 18 a 1.36 5:0.10 1.38 5:0.07 b 
3 × 10 -7  M 22 + 2 43 + 9 b 1.29 + 0.17 1.47 + 0.10 b 
1 X 10 - 6  M 102 + 16 b 101 + 17 1.18 _+ 0.08 b 1.11 + 0.08 
1 × 10 - 7  M 36 _+ 6 121 +_ 21 a 1.41 _+ 0.08 1.19 + 0.10 
1 × 10 - 6  M 152 + 61 b 192 + 55 1.22 + 0.06 b 1.35 _+ 0.08 b 

a Significantly different (P < 0.05) from the respective control group, b Significantly different (P < 0.05) from the corresponding values of ECs0 
o r  Ema x of vehicle-treated LPS-incubated aorta or control aorta. 
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lution but all other drugs were dissolved in normal 
saline (0.9% NaC1). 

2.3. Calculations and statistical analysis 

The results are expressed as g of tension generated 
per mg dried tissue (mean + S.E.M.) and analyzed by 
analysis of variance/co-variance followed by Duncan's 
multiple range test, with P < 0.05 as the criterion for 
statistical significance. EC50 and Ema x were calculated 
from individual phenylephrine curves by non-linear 
regression (Wang and Pang, 1993). 

3. Results 

3.1. Effect of lipopolysaccharide on phenylephrine curve 

Incubation of endothelium-denuded aortic rings with 
vehicle + polymyxin for 4 h did not affect EC50 (20 + 3 
x 10 -9 M) or Ema x (1.38 + 0.10 g per mg dried tissue) 
of the concentration-response curve to phenylephrine, 
relative to values in rings incubated with the vehicle 
(Table 1). Thus, there was negligible contamination of 
the vehicle-incubated rings with bacterial lipopoly- 
saccharide. Therefore, polymyxin was not added to the 
vehicle groups in the remaining studies. Incubation 
with lipopolysaccharide caused a rightward shift of the 
phenylephrine curve causing > 5-fold increase in EC50 
and a decrease in Ema x (Table 1). 

3.2. Effects of L-NNA, D-NNA, diphenyleneiodonium 
and di-2-thienyliodonium on phenylephrine curve 

Neither L-NNA, D-NNA, diphenyleneiodonium nor 
di-2-thienyliodonium affected baseline tension of vehi- 
cle- or lipopolysaccharide-treated aortic rings during 
the 20-min incubation. Neither D-NNA nor L-NNA 
affected the phenylephrine curve of control rings incu- 
bated with the vehicle (Table 1). In rings incubated 
with lipopolysaccharide, D-NNA and L-NNA caused a 
left and upward shift of the phenylephrine curve result- 
ing in concentration-related reductions in ECs0 and 
increases in Ema ~ (Fig. 1A; Table 1). 

In vehicle-incubated control rings, diphenyleneiodo- 
nium (1 or 3 x 10 -7 M) did not affect either the Ema x 
or EC50 of the phenylephrine curve (Table 1), but the 
high concentration (10 -6 M) increased the EC50 and 
reduced Ema x. In lipopolysaccharide-incubated rings, 
the two low concentrations of diphenyleneiodonium 
caused a left and upward shift of the phenylephrine 
curve (Fig. 1B), resulting in an increase in Ema x and a 
decrease in ECs0, relative to the those of lipopoly- 
saccharide-incubated rings not treated with diphenyl- 
eneiodonium (Table 1). The highest concentration of 
diphenyleneiodonium, however, shifted the phenyl- 
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Fig. 1. Effects (mean_+ S.E.M.) of 20-min exposure to (A) D-NNA, 
(B) diphenyleneiodonium, (C) di-2-thienyliodonium or vehicle (0.9% 
NaCI, open circles) on concentration-response curve to phenyl- 
ephrine in endothel ium-denuded rat aortic rings (n = 6 -8  per group) 
incubated for 4 h in a culture medium containing E. coli lipopoly- 
saccharide (10/zg m l - t ) .  

ephrine curve back towards that of the vehicle-treated, 
lipopolysaccharide-incubated rings (Fig. 1B; Table 1). 

Di-2-thienyliodonium (10 -7 M) had no effect on the 
phenylephrine curve of lipopolysaccharide-treated or 
control rings. Di-2-thienyliodonium (10 -6 M) increased 
ECs0 of both rings but increased only the Ema x of 
lipopolysaccharide-treated rings (Fig. 1C; Table 1). 

3.3. Effect of L-Arg and methylene blue 

At steady state response to phenylephrine (10 -5 M) 
in the presence of the vehicle, D-NNA (6 x 10 -4 M) or 
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L-NNA (10 -5 M), L-Arg relaxed the rings that were 
incubated with lipopolysaccharide by 73, 80 and 87%, 
respectively, but not the control rings incubated with 
the vehicle. Methylene blue subsequently restored the 
response to phenylephrine in lipopolysaccharide- 
treated rings, but did not affect the response of vehi- 
cle-incubated control rings. 

In the presence of 10 -6 M of diphenyleneiodonium 
or di-2-thienyliodonium, neither L-Arg nor methylene 
blue affected tension developed to phenylephrine in 
rings incubated with either lipopolysaccharide or vehi- 
cle (data not shown). 

4. Discussion 

Our results show that both D-NNA and L-NNA 
concentration-dependently inhibited lipopolysaccha- 
ride-induced depression of contractile response to 
phenylephrine; the response of D-NNA (4 or 6 x 10 -4 
M) was similar to that of L-NNA (10 -5 M) (Table 1). 
Since a higher concentration of L-NNA (3 x 10 -5 M) 
did not cause greater restoration of phenylephrine 
response in the lipopolysaccharide-incubated rings (re- 
suits not shown), D-NNA appears to be as efficacious 
as, but less potent than, L-NNA in suppressing the 
activities of inducible NO synthase. Thus, the L-enanti- 
omeric configuration of NNA is favored but not essen- 
tial in inhibiting activities of inducible NO synthase. 

The concentration of L-NNA that causes 50% inhi- 
bition of the response to lipopolysaccharide appears to 
be in the same range as the IC50 of L-NNA that 
inhibits relaxation response to acetylcholine in intact 
rat aortic rings in vitro (Wang et al., 1993a). L-NNA 
was reported to be a more potent inhibitor of the 
activity of endothelial NO synthase than that of in- 
ducible NO synthase in macrophages and endothelium- 
denuded arteries (Lambert et al., 1991). Differences in 
experimental conditions are likely to be the cause of 
these discrepancies. 

Diphenyleneiodonium (1-3 x 10 -7 M) restored re- 
sponse to phenylephrine in lipopolysaccharide- 
incubated rings but did not affect phenylephrine re- 
sponse in control rings. The approximated ICs0 of 
diphenyleneiodonium (1 x 10 -7 M) is similar to the 
IC50 for inhibiting relaxation to acetylcholine in aortic 
rings (Wang et al., 1993b). These inhibitors, therefore, 
have the same rank of potency (diphenyleneiodonium 
> L-NNA > D-NNA) in suppressing activities of en- 
dothelial (Wang et al., 1993a, b) and inducible NO 
synthase of vascular smooth muscles. 

Diphenyleneiodonium (10 -6 M) increased the ECs0 
and decreased Ema x of the phenylephrine curve in the 
control rings. Rand and Li (1993) reported that a high 
(10 -5 M), but not a low (10 -7 M), concentration of 
diphenyleneiodonium suppressed contractile response 

of smooth muscles. Suppression of contraction by 
diphenyleneiodonium might have been due to impair- 
ment of ATP production as diphenyleneiodonium was 
shown to inhibit the activities of mitochondrial 
NADH-dependent enzymes (Ragan and Bloxham, 
1977). In line with this interpretation, the concentra- 
tion of diphenyleneiodonium (ICs0 at 5 x 10 -8 M) 
required to inactivate NO synthase in macrophages 
(Stuehr et al., 1991) was lower than that (ICs0 at 
1.3 x 10 -5 M) to inhibit macrophage mitochondrial 
respiration (Hancock and Jones, 1987). 

Di-2-thienyliodonium, in contrast to diphenyleneio- 
donium, did not completely restore responses to 
phenylephrine in lipopolysaccharide-treated rings. Di- 
2-thienyliodonium was less potent than, but as effica- 
cious as, diphenyleneiodonium in inhibiting the activity 
of inducible NO synthase in macrophages (Stuehr et 
al., 1991). Similar to diphenyleneiodonium, the high 
dose of di-2-thienyliodonium also suppressed contrac- 
tile activity in control rings. 

Our observation of L-Arg causing relaxation of 
phenylephrine-preconstricted rings incubated with 
lipopolysaccharide but not those of vehicle-incubated 
control rings is in agreement with the results of Flem- 
ing et al. (1990) and Schott et al. (1993). This suggests 
that lipopolysaccharide-induced vascular hyporeactivity 
is due to activation of the L-Arg/NO/soluble guanylyl 
cyclase pathway and that extracellular L-Arg is rate- 
limiting for the activity of inducible NO synthase in 
vitro. L-Arg also reduced response to phenylephrine in 
lipopolysaccharide-incubated rings pretreated with D- 
NNA or L-NNA, but not those treated with diphenyl- 
eneiodonium or di-2-thienyliodonium. The effects of 
L-Arg were inhibited by methylene blue. These results 
suggest that Arg analogues are reversible, competitive 
inhibitors of inducible NO synthase in vascular smooth 
muscle cells. 

To summarize, D-NNA, L-NNA and diphenylene- 
iodonium, but not di-2-thienyliodonium, are efficacious 
inhibitors of the activity of inducible NO synthase in 
aortic smooth muscle. The inhibitory effects of D-NNA 
and L-NNA are reversed by L-Arg suggesting involve- 
ment of the L-Arg/NO pathway. 
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