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1. ABSTRACT 
 

The relaxant effect of the lactone of rosuvastatin 
was evaluated on aortic rings from male Wistar rats (250-
300 g) with and without endothelium, precontracted with 
1.0 µM phenylephrine. The lactone presented a greater 
potency than rosuvastatin in relaxing aortic rings. Unlike 
rosuvastatin, the effect of its lactone was endothelium-
independent. Pretreatment with either indomethacin (10 
microM)  or mevalonate (1 mM)  did not inhibit the 
relaxant effect of the lactone. L-NAME (10 microM), 1400 
W (10 µM), or tetraethylammonium (TEA, 10 mM) 
partially inhibited the relaxant effect of the lactone on 
endothelium-denuded aortic rings. However, 
cycloheximide (10 µM) or the combination of TEA plus L-
NAME completely inhibited the relaxant effect. The NOS-
2 was only present in endothelium-denuded aortic rings, as 
demonstrated by immunoblot with lactone treated rings. In 
conclusion, rosuvastatin was associated with a relaxant 
effect dependent on both endothelium and HMG-CoA 
reductase in rat aorta, whereas the lactone exhibited an 
endothelium and HMG-CoA reductase-independent 
relaxant effect. Both nitric oxide produced by NOS-2 and 
K+ channels are involved in the relaxant effect of the 
lactone. 

 
 
 
 
 
2. INTRODUCTION 
 

In addition to their beneficial lipid modulation 
effects, statins exert a variety of "pleiotropic" actions that 

may be clinically beneficial (1-3). Indeed, the pleiotropic 
effects of statins have been considered to be as important as 
their hypolipemiant effects in the prevention of 
cardiovascular diseases (4). Among the pleiotropic actions 
of statins such as pravastatin, cerivastatin, atorvastatin, 
simvastatin and rosuvastatin (5-7) are their direct acute 
vascular effects associated with increased production of 
either endothelial nitric oxide synthase (eNOS or NOS-3) 
in endothelial cells (8) or inducible nitric oxide synthase 
(iNOS or NOS-2) in smooth muscle cells (9). Other 
pleiotropic actions include antithrombotic effects, anti-
inflammatory effects (10,11), and decreased nitrotyrosine 
production (12).  

 
The favorable cardiovascular effects of 

rosuvastatin, one of the most commonly employed statins, 
have been demonstrated by a substantial number of 
experimental and clinical studies. These effects are 
generally associated with endothelial function. For 
instance, rosuvastatin-elicited vasodilatation is mediated by 
the production of nitric oxide and the opening of Ca2+-
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dependent K+ channels of the slow subfamily (7). Several 
protective actions of this statin related to its vascular effects 
have been demonstrated, including the prevention of 
inflammation and endothelial glycocalyx damage elicited 
by metalloproteinases, the inhibition of smooth muscle cell 
proliferation, the production of oxidized low-density 
lipoprotein, and an increase in plaque stability (13,14). 

 
The structure-activity relationship of statins 

regarding their hypolipemiant effect is clear (15). These drugs, 
through a mevalonic acid–like moiety, competitively inhibit 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase, which catalyzes an early, rate-limiting step in the 
cholesterol biosynthesis (15). Independent of cholesterol 
synthesis, an interaction of statins with HMG-CoA may also 
be associated with several of the pleiotropic effects of these 
compounds (16). On the other hand, since information is 
scarce about the structural characteristics of statins that are 
responsible for their pleiotropic effects, we compared the 
relaxant effect of rosuvastatin and its lactone derivative on 
aortic rings. Considering that lactone in rosuvastatin is a 
metabolite without hypolipemiant effects (17), it can be used to 
evaluate the possibility that a statin produces pleiotropic effects 
unrelated to the inhibition of HMG-CoA-reductase.  
 
3. MATERIALS AND METHODS 
 
3.1. Materials 

All drugs were purchased from Sigma Chemical 
Co. (St. Louis MO, USA.). Rosuvastatin was a generous 
gift from Astra Zeneca, Mexico, and the lactone was 
synthesized in the Pharmacology Departament of the 
Centro de Investigacion y Estudios Avanzados, Instituto 
Politecnico Nacional, Mexico, by employing rosuvastatin, 
diciclohexilcorbodiimide and dichloromethane. The 
structure of the compound was confirmed by using H1 and 
C13 NMR.  
 
3.2. Preparation of aortic rings 

Experiments were conducted under protocols 
approved by the Animal Care Committee of our institution 
(Escuela Superior de Medicina), with local ethical approval 
and in agreement with the UK Animals Scientific 
Procedures Act of 1986) and received. 

 
Male Wistar rats (250 - 300g) were kept in the 

animal colony until sacrifice. The animals were maintained 
on a 12-12 hr light-dark cycle in a special room at constant 
temperature (22 ± 2oC), with food and water freely 
available.          

 
The animals were euthanized by decapitation and 

the aortas were immediately excised and placed in cold 
buffer, cleaned and freed from surrounding connective 
tissue. The isolated arteries were cut into rings (4-5 mm 
long) and placed in 10 ml tissue chambers filled with 
Krebs-Henseleit bicarbonate buffer ( 118 mM NaCl ;4.7 
mM KCl ; 1.2 mM KH2 PO4; 1.2 mM MgSO4

.7H2O; 2.5 
mM CaCl2 

 .2H2O; 25 mM NaHCO3; 11.7 mM dextrose; 
and 0.026 mM calcium disodium EDTA). Tissue baths, 
maintained at 37 oC and pH 7.4, were bubbled with a 
mixture of 95% O2 and 5% CO2. 

Aortic rings were mounted on two stainless steel 
hooks to fix them to the bottom of the chamber and to a 
Grass FTO3 force displacement transducer connected to a 
7D Grass Polygraph (Grass Instrument Co., Quincy MA, 
USA) in order to record the isometric tension. Optimal 
tension, selected from preliminary experiments, was that 
which gave the greatest response to phenylephrine (Phen, 1 
microM). The rings were given 2 g of initial tension and 
allowed to equilibrate for 2 hr. Thirty minutes after setting 
up the organ bath, tissues were first contracted with Phen to 
test their contractile responses. They were then rinsed three 
times with Krebs solution to restore tension to 
precontraction levels. We used denuded aortic rings in 
some experiments. Endothelium-denuded aortic strips 
were prepared by turning the rings gently several times 
on the distal portion of small forceps. Endothelial 
integrity was pharmacologically assessed by 
acetylcholine-induced vasodilatation (1 microM). 
Segments showing no relaxation were considered to be 
endothelium-denuded. 
 
3.3. Experimental protocol 

1. After the equilibration period, dose-response 
curves were obtained for aortic rings with endothelium that 
were previously contracted with 1 microM Phen, in order to 
determine whether the lactone of rosuvastatin (1 nM to 10 
microM) had a relaxant effect. The results for the lactone 
were compared with those obtained for rosuvastatin in 
order to establish their relative potencies.  

 
2. Participation of the endothelial layer in the 

relaxant effect was studied by comparing the presence and 
absence of this tissue in aortic rings that were precontracted 
with Phen, then relaxed with rosuvastatin or its methyl 
ester. The results of the latter two agents were compared in 
order to establish the relative contribution of the endothelial 
layer.  

 
3. Experiments were performed in order to 

determine if NO, prostaglandins or K+ channels are 
involved in the mechanism of the relaxant effect of 
rosuvastatin lactone. Aortic rings without endothelium 
were assayed in the presence or absence of the following 
inhibitors: 10 microM L-NAME (a non-selective NO 
synthase inhibitor), 10 microM indomethacin (a 
prostaglandin synthesis inhibitor), and 10 mM 
tetraethylammonium (TEA, a non-selective potassium 
channel blocker). 

 
4. To establish whether NOS-2 activity and 

expression is involved in the relaxant effect of the 
rosuvastatina lactone, three strategies were employed. 
Firstly, the effect of this lactone on denuded aortic rings 
pretreated with 1400 W (a selective NO-2 inhibitor) was 
evaluated. Secondly, the effect of this rosuvastatin 
derivative on aortic rings pretreated with 10 microM 
cycloheximide (a general protein synthesis inhibitor) was 
determined. Thirdly, an immunoblot of iNOS in denuded 
aortic rings was obtained.  

 
5.  Finally, aortic rings were pretreated with 1 

mM mevalonic acid before administering the lactone
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Figure 1. Rosuvastatin lactone-induced relaxation of rat 
aortic rings with or without endothelium precontracted with 
1 µM phenylephrine. Measurements were made after 20 
min of incubation. Data are reported as means ± SEM for N 
= 6 experiments. A two-way ANOVA was used. 
 
 

 
 
Figure 2. Comparative relaxant effects of lactone and 
rosuvastatin on rat aortic rings with (E (+) Figure A) or 
without (E (-), Figure B) endothelium precontracted with 1 
µM phenylephrine. Data are reported as means ± SEM for 
N = 6 experiments. *P < 0.001 compared to E (+) (two-way 
ANOVA). 
 
derivative of rosuvastatin, with the aim of evaluating the 
effects of the inhibition of HMG-CoA reductase on the 
effects of the test compound. 

3.4. NOS immunoblot Experimental protocol 
Briefly, samples were homogenized in Tris-HCl, 

pH 7.4, with a protease cocktail (MiniComplete-EDTA 
free, Roche, Mannheim, Germany), and the total protein 
was analyzed by Lowry’s method. (18)  Immunoblots were 
carried out in duplicate using 50 micro-grams of protein per 
lane on a 10 % SDS-polyacrylamide gel and transferred 
onto polyvinylidene fluoride membrane (PVDF; Hybond-P, 
Amersham Biosciences, UK). The PVDF membrane was 
then blocked with TBS containing 5% skim milk and 
0.05% Tween for 2 hours at room temperature. The blot 
was incubated overnight at 4°C with a polyclonal antibody 
against iNOS (Santa Cruz Biotechnology, CA, USA), at a 
final dilution of 1:400. We previously tested that this 
antibody was NOS-2-specific and did not cross-react with 
NOS-1 or NOS-3. The membrane was then washed and 
incubated with the corresponding secondary (anti-rabbit) 
HRP-labeled antibody (Zymed), diluted 1:10,000 in 
blocking solution, for 2 hours at room temperature. Blots 
were washed and developed using an ECL detection system 
(Luminol, Santa Cruz Biotechnology, CA, USA). The blots 
were stripped and reprobed with a β-actin polyclonal 
antibody as a control. Images from films were digitally 
acquired and a densitometrical analysis was performed 
using the Quantity One Image Acquisition and Analysis 
Software (BioRad, Hercules, CA, USA). Data are 
expressed as normalized absorbance (A). 

3.5. Statistical analysis 
Data are presented as means ± SEM throughout 

the report. In all experiments, n equals the number of rats 
from which vessel segments were obtained. Statistical 
comparisons were performed by two way ANOVA to 
determine the statistical significance of differences in the 
data obtained, followed by a post hoc test. In all cases, a p 
value of less than 0.05 was considered statistically 
significant. The program used to perform the statistical 
analysis was Prism 4.0 (Graph Pad Software; San Diego, 
CA, USA) 
 
4. RESULTS 
  
4.1. Effect of rosuvastatin lactone on aortic rings 

precontracted with Phenypherine 
 As shown in Figure 1, rosuvastatin lactone (10-9-

10-5 M) elicited a concentration-dependent relaxation of the 
same magnitude in aortic rings with and without 
endothelium (CI50 values were -6.90 M vs. -6.50 M, and 
maximal relaxations were 98.63 ± 3.96 % vs. 98.48 ± 0.85 
% in the presence and absence of endothelium, 
respectively). 
 
4.2. The effect of rosuvastatin and its lactone on 

precontracted aortic rings  
 In the presence of endothelium tissue, the effects 
of rosuvastatin and its lactone derivative were not different 
(EMax values = 93 %), although the potency of the lactone 
(log IC50 = -6.18 M) was higher than that of rosuvastatin 
(log IC50 = -5.95 M. Figure 2A). On the other hand, in 
aortic rings without endothelium (Figure 2B) both the 
maximum effect and the potency were greater for the 
lactone derivative versus rosuvastatin (EMax values were
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Figure 3. Effect of (A) L-NAME (10 µM) or (B) 1400 W 
(10 µM) on lactone-induced relaxation of rat aortic rings 
without endothelium precontracted with 1 µM phenylephrine. 
Data are reported as means ± SEM for N = 6 experiments. *P 
< 0.01 compared to control (two-way ANOVA). 

 
Figure 4. Effect of (A) Tetraethylammonium (TEA, 10 
mM) or (B) 10 mM TEA plus 10 µM L-NAME on lactone-
induced relaxation of rat aortic rings without endothelium 
precontracted with 1 µM phenylephrine. Data are reported 
as means ± SEM for N = 6 experiments. *P < 0.001 
compared to control (two-way ANOVA). 

39.42 ± 3.47 and 98.48 ± 0.85, whereas log IC50  were -6.10 
and -6.50 for rosuvastatin and its lactone derivative, 
respectively). 
 
4.3. Effects of L-NAME, 1400 W and indomethacin on 

the relaxant effect of the lactone on denuded rings  
As shown in Figure 3, pretreatment with L-

NAME (a non-selective NO synthase inhibitor, A) or 1400 
W (a selective NOS-2 inhibitor, B) significantly reduced 
the relaxant effect of the rosuvastatin lactone on aortic 
rings without endothelium. The maximal relaxant effect 
was reduced by 98.48 ± 0.84 vs.  72.34 ± 5.84 % and 91.20 
± 2.41 vs. 37.66 ± 2.17 % in the absence versus presence of 
L-NAME and 1400 W respectively. Furthermore, aortic 
rings precontracted with Phen and exposed to a high 
concentration of the rosuvastatin lactone (10 microM) 
showed immediate relaxation, which reached its maximum 
at 20 min and was inhibited in the presence of 1400 W 
(data not shown). Finally, pretreatment with indomethacin 
(a prostaglandin synthesis inhibitor) did not modify the 
relaxant effect of the lactone (data not shown). 
 
4.4. Participation of K+ channels in the relaxant effect of 

the lactone  
The effect of the rosuvastatin lactone on denuded 

aortic rings precontracted with Phen was evaluated in the 
presence and absence of 10 mM TEA, a K+ channel 
blocker. As shown in Figure 4A, pretreatment with TEA 
inhibited the relaxation induced by the statin. The maximal 
relaxant effect was 93.61 ± 1.25 % without TEA, and 63.54 
± 3.97 % with TEA. Furthermore the combination of L-
NAME and TEA almost completely inhibited the relaxant 
effect of the methyl ester (96.17 ± 0.47 vs. 11.71 ± 3.56, in 
the absence versus presence of L-NAME+TEA; Figure 
4B). 
 
4.5. Participation of protein synthesis in the relaxant 

effect of the lactone  
As shown in Figure 5, pretreatment with 

cycloheximide, a protein synthesis inhibitor, almost 
completely inhibited the relaxant effect of the lactone of 
rosuvastatin on denuded aortic rings without endothelium. 
EMax was 95.64 ± 3.96 % without cycloheximide and 15.99 
± 4.0 % with this inhibitor. On the other hand, cycloheximide 
did not alter sodium nitroprusside-induced relaxation in 
endothelium-intact and endothelium-denuded aortic rings (data 
not shown). Thus, the possibility that cycloheximide might 
inhibit relaxing agents through a mechanism unrelated to the 
inhibition of protein synthesis is ruled out.  
 
4.6. Participation of HMG CoA reductase in the 

relaxant effect of the lactone  
As shown in Figure 6 pretreatment with mevalonic 

acid, the product of enzymatic conversion of HMG-CoA, 
(18) did not modify the rosuvastatin lactone induced 
relaxation in arteries without endothelium (98.63 ± 0.37 vs. 
97.98 ± 0.89,  in the absence versus presence of 
mevalonate).  
 
4.7. Immunoblot 

NOS-2 protein expression was assayed using 
specific antibodies against the enzyme. This antibody was



HMG-coa reductase independent effects of rosuvastatin lactone 

1791 

 
 

Figure 5. Effect of Cycloheximide (10 mM ) on lactone-
induced relaxation of rat aortic rings without endothelium 
precontracted with 1 µM phenylephrine. Data are reported 
as means ± SEM for N = 6 experiments. *P < 0.001 
compared to control (two-way ANOVA). 

 
 
Figure 6. Effect of 1 mM mevalonate on (A) rosuvastatin- 
or lactone (B)-induced relaxation of rat aortic rings without 
endothelium precontracted with 1 µM phenylephrine. Data 
are reported as means ± SEM for N = 6 experiments. *P < 
0.05 compared to control (two-way ANOVA). 
 
tested to ensure that it did not cross-react with a different 
enzyme subtype. NOS-2 was expressed in thoracic aortic 
segments. When Phen was added to both tissues, the 
relative NOS-2 expression did not change significantly. 
When the lactone was added, however, NOS-2 expression 
significantly increased (Figure 7).  

5. DISCUSSION 
 

The results of the present study clearly show that 
the lactone of rosuvastatin has an acute concentration-
dependent relaxant effect on vascular smooth muscle, in 
agreement with previous reports on rosuvastatin and 
several other statins (5-7). In rings with endothelium, the 
lactone derivative showed greater potency than the parent 
compound, but the maximum effects were similar (log EC50 
-6.17 vs. -5.95 and EMAX 93.59 ± 4.62 vs. 88.83 ± 1.99 for 
the lactone and rosuvastatin, respectively). In rings without 
endothelium, the lactone derivative showed both greater 
potency and a greater maximum effect compared to the 
parent compound (log EC50 -6.50 vs. -6.10 and EMAX 98.48 
± vs. 39.42 ± 3.47 for the lactone and rosuvastatin, 
respectively). These results are related to the interesting 
finding that the relaxant effect of the lactone is independent 
of endothelium tissue, while that of rosuvastatin is partially 
dependent on the presence of this tissue (7,20). Therefore, 
this structural modification of rosuvastatin seems to be 
associated with a loss of its effect on the endothelium and 
an increase in the endothelium independent effect. Overall, 
the effect of the lactone is not significantly different from 
the parent compound. 

 
We assessed the possible participation of NO and 

prostaglandins in the relaxant effect of the lactone 
derivative, in spite of its endothelium independent effect, as 
these mediators can be produced outside endothelium tissue 
(21-22), and that indeed, especially in the case of NO, 
rosuvastatin induces the production independently of the 
endothelium layer (7). In this sense, In this sense, we 
evaluated the participation of NO and prostaglandins by 
pretreating endothelium denuded rings with L-NAME and 
indomethacin, respectively. Whereas L-NAME partially 
but significantly inhibited the relaxant effect, indomethacin 
had no effect. These results strongly suggest that NO 
produced by vascular smooth muscle cells is involved in 
the relaxant effect of the lactone, while prostaglandins 
apparently play no role. 
 

Because only partial inhibition was obtained with 
L-NAME, another mechanism in addition to NO 
production is likely to be involved in the relaxant effect of 
the lactone of rosuvastatin. Since a previous report by our 
group demonstrated that rosuvastatin can open K+ channels, 
we suspected that this could be such a complementary 
mechanism (7). The results obtained with TEA in denuded 
aortic rings confirm that K+ channels located in vascular 
smooth muscle cells are involved in the relaxant effect of 
the lactone. The complementary or additive role of NO and 
K+ channels in the effect of this compound is demonstrated 
by the fact that simultaneous pretreatment with TEA and L-
NAME almost completely inhibited the relaxant effect of 
the lactone derivative. 
 

Because the NOS isoform present in smooth 
muscle cells is NOS-2 (23, 24), we hypothesized that the L-
NAME-sensitive component of the relaxant effect of the 
lactone may result from the ability of this compound to 
induce this enzyme. Thus, endothelium-denuded aortic 
rings were pretreated with either 1400 W (a selective NOS
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Figure 7. iNOS expression in the rat aorta. Data are 
reported as mean ± SEM for 3-4 rats. AU = arbitrary units; 
Ctrl = control (only phenylephrine); Tx = treatment 
(phenylephrine plus rosuvastatin lactone). Insert shows 
results from a typical experiment. *P < 0.05 compared to 
control (two-way ANOVA). 

 
2 inhibitor) or cycloheximide (a protein synthesis inhibitor) 
before administration of the lactone, resulting in a partial 
inhibition in the former case, and an almost complete 
inhibition of the relaxant effect in the latter case. This 
suggests that NO produced by recently synthesized NOS-2 
is involved in the effect of the lactone.  

 
On the other hand, the fact that cycloheximide 

produced an inhibition similar to that obtained for L-
NAME and TEA suggests that proteins of recent synthesis 
participate in the two complementary mechanisms of the 
relaxant effect of the lactone derivative: that mediated by 
NO and that involving K+ channels. Providing further 
evidence for these two mechanisms was the fact that NOS-
2 was detected by immunoblot only after lactone 
pretreatment of the denuded aortic artery. This result also 
suggests that NOS-2 is located in vascular smooth muscle.  

 
The results of the present study suggest that the 

lactone induces NOS-2 expression within a shorter time 
than that proposed by various investigators, who have 
reported that several hours are required for the expression 
of iNOS to increase after exposure to an agent that prompts 
its induction (25, 26). Nevertheless, there is a report (27) of 
increased iNOS expression within a shorter time period. 

 
The immunoblot results of the present study were 

obtained in cell culture 3 h after incubation with the first 
concentration of the lactone of rosuvastatin, enough time 
for NOS-2 expression according to the generally accepted 
concept. However, the fact that a relaxant effect was 
observed quickly and reached its maximum level within 20 
min after exposure of aortic rings to a high concentration of 
the lactone of rosuvastatin, and that this effect was 

inhibited in the presence of 1400 W, supports the idea that 
this compound has a relatively rapid inducing effect on 
NOS-2.  

 
Perhaps it is necessary to reconsider the role of 

iNOS in the regulation of vascular tone, taking into account 
that in some cases the participation of this enzyme does not 
need to be a product of a triggering stimulant related to 
inflammation.   

 
Accordingly, it has been suggested that the original 

idea of constitutive synthases be modified: “The paradigm of 
constitutive NOS and iNOS isoforms has been modified from 
its original conception: although neuronal NOS (nNOS) and 
endothelial NOS are constitutively expressed, it is now clear 
that their activity can be regulated by various factors” (28). 
Then, iNOS may not always be a product of induction, nor 
always be associated with pathological conditions. 

 
Results obtained in the presence of mevalonic acid 

are particularly important because they strongly suggest that 
the lactone of rosuvastatin has HMG-CoA reductase-
independent pleiotropic effects. This contention is supported 
by the observation that pretreatment with mevalonic acid did 
not inhibit the endothelium-independent vasodilator effect of 
the lactone of rosuvastatin.  

 
The present results show that structural modification 

of rosuvastatin elicited a qualitative but not quantitative change 
in its relaxant effect on vascular smooth muscle. Whereas this 
structural modification decreased the endothelium-dependent 
component, it increased the endothelium-independent 
component of this effect. Further experiments are needed to 
clarify the mechanisms involved in these changes, as well as 
the relationship between these changes and the structural 
modification of rosuvastatin. On the basis of these results, we 
suggest that some pleiotropic actions of statins are independent 
of HMG-CoA reductase. 

 
We conclude that, compared to rosuvastatin, its 

lactone elicited a qualitative but not quantitative change in the 
relaxant effect on aortic rings. Whereas rosuvastatin is 
associated with an endothelium- and hydroxymethylglulatyl 
coenzyme A reductase-dependent relaxant effect in rat aorta, 
the lactone of rosuvastatin exhibited an endothelium- and 
hydroxymethylglutaryl coenzyme A reductase-independent 
relaxant effect. The relaxant effect of the lactone was mediated 
by the NO produced by iNOS located in vascular smooth 
muscle, as well as by K+ channel activation.  
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