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Abstract
Aim: To investigate the effects of pravastatin, a potent 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor, on impaired endothelium-depen-
dent relaxation induced by lysophosphatidylcholine (LPC), the major component
of oxidized low-density lipoprotein, in rat thoracic aorta.  Methods: Both the
endothelium-dependent relaxation response to acetylcholine and the endothelium-
independent relaxation response to sodium nitroprusside of aortic rings were
measured by recording isometric tension after the rings were exposed to LPC in
the absence or presence of pravastatin to estimate the injury effect of LPC and the
protective effect of pravastatin on the aortic endothelium, respectively.  Results:
Exposure of aortic rings to LPC (1–10 µmol/L) for 30 min induced a significant
concentration-dependent inhibition of endothelium-dependent relaxation to
acetylcholine, but did not affect endothelium-independent relaxation in response
to sodium nitroprusside.  Pre-incubation of aortic rings with pravastatin (0.3-3
mmol/L) for 15 min and then co-incubation of the rings with LPC (3 µmol/L) for
another 30 min significantly attenuated the inhibition of endothelium-dependent
relaxation induced by LPC.  This protective effect of pravastatin (1 mmol/L) was
abolished by NG-nitro-L-arginine methyl ester (30 µmol/L), an inhibitor of nitric
oxide synthase, but not by indomethacin (10 µmol/L), an inhibitor of cyclo-
oxygenase.  Moreover, protein kinase C inhibitor chelerythrine (1 µmol/L) the
superoxide anion scavenger superoxide dismutase (200 kU/L), and the nitric ox-
ide precursor L-arginine (3 mmol/L) also improved the impaired endothelium-
dependent relaxation induced by LPC, similar to the effects of pravastatin.
Conclusion: Pravastatin can protect the endothelium against functional injury
induced by LPC in rat aorta, a fact which is related to increasing nitric oxide
bioavailability.
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Introduction
Endothelial dysfunction is an early step in the pathogen-

esis of atherosclerosis and is characterized by an impaired
endothelium function associated with a decreased produc-
tion of nitric oxide (NO), reduced vasodilatation or abnor-
mal vasoconstriction in response to acetylcholine.  Oxidized
low-density lipoprotein (ox-LDL) is an oxidative product of
native LDL in vivo.  It has been well established that ox-
LDL plays an important role in the development of athero-
sclerosis[1].  Lysophosphatidylcholine (LPC) is the major

component of ox-LDL[2–3].  LPC has been shown to increase
the production of superoxide anions by activation of protein
kinase C (PKC)[4] and has been implicated in impaired en-
dothelium-dependent relaxation[2,3].  Exposure of normal
blood vessels to LPC in vitro also mimicked the inhibitory
effects of ox-LDL on endothelium-dependent relaxation[2,3].
Therefore, preventing the deleterious effects of LPC on en-
dothelium is an effective approach for preventing the devel-
opment of atherosclerosis.

Statins, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
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CoA) reductase inhibitors, are cholesterol-lowering drugs
and widely used in the treatment of hypercholesterolemia to
prevent the development of atherosclerosis[5,6].  However,
many studies have shown that statins have some beneficial
effects on the cardiovascular system-independent of their cho-
lesterol-lowering effect, such as restoring the endothelium-
dependent relaxation function[7,8], preventing the adhesion
of monocytes to endothelial cells[8], inhibiting the aggrega-
tion of platelets[9], suppressing the proliferation of vascular
smooth muscle cells[10], and regulating angiogenesis[11] and
blood pressure[12], which may be related to the up-regulation
of nitric oxide synthase (NOS) expression.  In addition, statins
have been demonstrated to have anti-oxidative properties,
as shown by their ability to reduce LDL oxidation[13] and
scavenge oxygen-derived free radicals[14].  Pravastatin is a
potent inhibitor of HMG-CoA reductase.  Recently, a num-
ber of studies have demonstrated that pravastatin significantly
inhibits the production of superoxide anions stimulated by
phorbol ester in vascular endothelial cells[14], suppresses the
increase in oxidative stress induced by LPC in vascular
smooth muscle cells[15], and improves the impairment of en-
dothelium-dependent relaxation in humans and animals with
atherosclerosis and diabetes[16–18].  Therefore, it is important
to determine whether pravastatin protects the vascular en-
dothelium against damage due to LPC.  In the present study,
we sought to investigate the effects of pravastatin and its
mechanisms on impaired endothelium-dependent relaxation
induced by LPC in isolated rat aortic rings.

Materials and methods
Chemicals  All chemicals were of the highest purity

available.  LPC, phenylephrine, acetylcholine, sodium
nitroprusside, L-arginine, NG-nitro-L-arginine methyl ester
(L-NAME), indomethacin, and chelerythrine were purchased
from Sigma Chemical Co (St Louis, MO, USA).  Superox-
ide dismutase (SOD) was the product of Changsha Biologi-
cal Pharmaceutical Factory (Hu-nan, China).  Pravastatin was
kindly presented by Blue Treasure Pharmaceutical Factory
(Guangdong, China).  They were dissolved in distilled water
and diluted with Krebs’ buffer before use.

Organ chamber experiments  The study protocol was
approved by the Animal Care and Use Committee of Central
South University.  Male Sprague-Dawley rats weighing 200-
220 g were used.  Rats were anaesthetized by intraperitoneal
injection of sodium pentobarbital (30 mg/kg).  The thoracic
aorta was immediately isolated and placed in 4 ºC Krebs’
bicarbonate buffer of the following composition (in mmol/L):
118.3 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 MgSO4, 1.2 KH2PO4,

25.0 NaHCO3 , 11.0 glucose.  The thoracic aorta was then
dissected free of adherent connective tissue.  The aortic seg-
ment was cut into rings of 3–4 mm in length, taking special
care to avoid stretching or touching the luminal surface of
the rings.  The rings were suspended horizontally between
two stirrups in organ chambers filled with 5 mL Krebs’ solu-
tion at 37 ºC and aerated continuously with 95 % O2 and 5 %
CO2.  One stirrup was connected to an anchor and the other
was connected to a force transducer for recording isometric
tension.  The solution in the chambers was changed every
15-20 min.  Rings were equilibrated for 60 min under 2 g
resting tension and then challenged with 60 mmol/L KCl
at least three times until a reproducible maximal contractile
response was obtained.  After repeated washing and a fur-
ther equilibration period of 30 min, rings were contracted
with a submaximal concentration of phenylephrine (1 µmol/L)
and relaxed with cumulative concentrations of acetylcho-
line (0.03–3 µmol/L) at the plateau phase of the phenyle-
phrine contraction to assess the integrity of the endothelium.
The rings with the maximal relaxation (Emax) to 3 µmol/L
acetylcholine of more than 80 % were considered to be en-
dothelium-intact and used in the study.

Experimental protocol  After each ring was serially
washed and re-equilibrated, the rings of the control group
were incubated for 45 min with Krebs’ buffer.  The rings of
LPC group were incubated with Krebs’ buffer for 15 min and
then exposed to LPC (1–10 µmol/L) for 30 min.  In the
pravastatin group, the rings were pre-incubated with various
concentrations of pravastatin (0.3–3 mmol/L) for 15 min be-
fore exposure to 3 µmol/L LPC for 30 min, respectively.  To
determine whether increasing prostacyclin or NO produc-
tion is involved in the protective effect of pravastatin on
impaired endothelium-dependent relaxation induced by LPC,
aortic rings were pretreated with indomethacin 10 µmol/L,
an inhibitor of cyclooxygenase or L-NAME 30 µmol/L, an
inhibitor of NOS in the presence of pravastatin (1 mmol/L) for
15 min and then exposed to 3 µmol/L LPC for 30 min.

To determine whether the activation of PKC, increased
production of superoxide anions, and decreased NO synthe-
sis contribute to the detrimental effects of LPC, rings were
pre-incubated with chelerythrine (1 µmol/L), an inhibi-
tor of PKC, SOD (200 kU/L), a scavenger of superoxide
anions, or L-arginine (3 µmol/L), a precursor of NO for 15
min and then exposed to LPC (3 µmol/L) for another 30
min.

After the above incubations, all rings were re-contracted
with 1 µmol/L phenylephrine and concentration responses
to acetylcholine (0.03–3 µmol/L) were repeated.  Before fin-
ishing the experiment, the relaxation response to sodium ni-
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troprusside (10 µmol/L) at the plateau phase of the phenyle-
phrine contraction was also tested in isolated aortic rings.

Statistical analysis  Results are expressed as Mean±
SEM.  Relaxation and the maximal relaxation (Emax) pro-
duced by acetylcholine was calculated and expressed as the
percentage of contraction elicited by phenylephrine.  The
half-maximal relaxation (EC50) response to acetylcholine was
estimated by linear regression from log concentration-effect
curves.  Differences between groups were tested for statisti-
cal significance by analysis of variance followed by the
Newman-Keuls test.  P<0.05 was considered significant.

Results
Effects of LPC on endothelium-dependent relaxation

There was no difference in the relaxation response to acetyl-
choline in rat aortic rings during the initial examination be-
tween groups (data not shown).  After incubation with Krebs’
solution for 45 min, acetylcholine (0.03–3 µmol/L) still
evoked a significant concentration-dependent relaxation in
aortic rings in the control group during the later repeat ex-
amination (Figure 1), in which the Emax value reached
90.4%±4.3%, and the EC50 value was 74.9±9.6 nmol/L (Table
1).  Exposure of aortic rings to LPC (1–10 µmol/L) for 30
min significantly inhibited the endothelium-dependent re-
laxation response to acetylcholine in a dose-dependent
manner; there were lower Emax and higher EC50 values in aortic
rings of the LPC groups compared with the control rings

(Figure 1, Table 1).  These results indicated that LPC im-
paired the endothelium-dependent relaxation response to ace-
tylcholine in rat aortic rings.

Effects of pravastatin on the inhibition by LPC  Pre-
incubation of rat aortic rings with pravastatin (0.3-3 mmol/L)
for 15 min and then co-incubation of rat aortic rings with
LPC 3 µmol/L for 30 min attenuated the inhibitory effect of
LPC on endothelium-dependent relaxation.  The Emax value
increased and the EC50 value was reduced in aortic rings of
pravastatin groups compared with the LPC 3 µmol/L group
(Figure 2, Table 1).

Incubation of aortic rings with L-NAME (30 µmol/L) in
the presence of pravastatin (1 mmol/L) for 15 min abolished
the protective effect of pravastatin on the impairment of en-
dothelium-dependent relaxation induced by LPC, whereas
indomethacin did not change the beneficial effects of
pravastatin.  Significant differences were obtained when the
Emax and EC50 values of the L-NAME group, but not of the
indomethacin group were compared with those of pravastatin
group (Figure 3, Table 1).  In addition, pravastatin per se did
not affect the endothelium-dependent relaxation of aortic

Table 1.  Effects of drugs on the Emax and EC50 values for acetylcholine-
induced relaxation of rat aortic rings.  n=5.  Mean±SEM.  cP<0.01 vs
control group.  eP<0.05, fP<0.01 vs LPC 3  µmol/L group.  iP<0.01 vs PT
1 mmol/L+LPC 3 µmol/L group (Newman-Keuls test).

        Treatment                                ACh Emax/%      ACh EC50/
                       nmol·L-1

Control 90.4±4.3   74.9±9.6
LPC 1 µmol/L 80.2±3.0 160.9±13.7
LPC 3 µmol/L 63.8±3.1c 268.8±31.1c

LPC 10 µmol/L 46.8±6.0c 273.6±49.7c

PT 0.3 mmol/L+LPC 3 µmol/L 87.4±2.2f 159.0±23.0e

PT 1 mmol/L+LPC 3 µmol/L 86.2±3.4f   99.2±19.1f

PT 3 mmol/L+LPC 3 µmol/L 86.4±4.0f   75.9±11.1f

Indo 10 µmol/L+PT 1 mmol/L 86.0±3.2   93.0±9.1
  +LPC 3 µmol/L
L-NAME 30 µmol/L 63.0±5.0i 203.1±36.7i

  +PT 1 mol/L+LPC 3 µmol/L
Che 1 µmol/L+LPC 3 µmol/L 87.0±6.0f 151.3±9.4e

L-Arg 3 mmol/L+LPC 3 µmol/L 94.2±2.9f   87.0±10.1f

SOD 200 kU/L+LPC 3 µmol/L 91.8±3.5f   87.6±13.3f

The maximal relaxation (Emax) response to  acetylcholine (ACh) 3 µmol/L
of rat aortic rings was expressed as percentage of contraction elicited by
phenylephrine 1 µmol/L.  The half-maximum effective concentration
(EC50) response to ACh was calculated by linear regression from lg con-
centration-effect curves of ACh. Pravastatin: PT; lysophosphatidylcholine:
LPC; indomethacin: Indo; chelerythrine: Che; L-arginine: L-Arg.

Figure 1.  Effect of lysophosphatidylcholine on the endothelium-
dependent relaxation in isolated rat aortas. n=5.  Mean±SEM.  bP<0.05,
cP<0.01 vs control group.
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rings in the absence of LPC or endothelium-independent re-
laxation of aortic rings in the presence of LPC (data not
shown).

Effects of chelerythrine, L-arginine, and SOD on the
inhibition by LPC  In an analogous manner, pre-incuba-

tion of aortic rings with chelerythrine (1 µmol/L), L-
arginine (3 mmol/L), or SOD (200 kU/L) also decreased the
inhibition of endothelium-depedent relaxation by LPC.  Sig-
nificant differences were observed when the Emax and EC50

values of chelerythrine, L-arginine, or SOD group were com-
pared with those of LPC group (Figure 4, Table 1).

Discussion
The present study confirmed previous reports that LPC

inhibited endothelium-dependent relaxation of isolated rat
aortas in a concentration-dependent manner[2], and demon-
strated that pravastatin, an inhibitor of HMG-CoA reductase,
reduced the inhibition by LPC on endothelium-dependent
relaxation.  The protective effect of pravastatin on the im-
pairment of endothelium-dependent relaxation induced by
LPC is very similar to that of chelerythrine, SOD, and
L-arginine.  These results suggest that pravastatin protects
endothelium against injury from LPC and this may be re-
lated to enhancing the bioavailability of NO through increas-
ing NO synthesis and decreasing NO oxidative inactivation
in endothelial cells.

NO-mediated and endothelium-dependent relaxation is
inhibited early in the atherosclerotic process, even before
histological evidence of plaque formation is evident.
Ox-LDL, an oxidative product of native LDL in endothelial

Figure 2.  Effect of pravastatin (PT)  on the impaired endothelium-de-
pendent relaxation of rat aortas induced by lysophosphatidylcholine (LPC).
n=5.  Mean±SEM.  cP<0.01 vs control group.  fP<0.01 vs LPC 3  µmol/L
group.

Figure 3.  Effects of L-NAME and indomethacin (Indo) )on the protec-
tion by pravastatin (PT)  against impairment of endothelium-dependent
relaxation induced by lysophosphatidylcholine (LPC).   n=5.  Mean±SEM.
cP<0.01 vs control group.  fP<0.01 vs LPC 3  µmol/L group.

Figure 4.  Effects of chelerythrine (Che), superoxide dismutase (SOD),
and L-arginine (L-Arg) on the impaired endothelium-dependent relax-
ation of rat aortas induced by lysophosphatidylcholine (LPC).  n=5.
Mean±SEM.  cP<0.01 vs control group.  eP<0.05, fP<0.01 vs LPC 3  µmol/L
group.
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cells and/or macrophages which presents in atherosclerotic
lesions, is primarily responsible for this inhibition[1–3].  The
inhibitory action of ox-LDL has generally been attributed to
LPC, which is abundant in oxidized LDL and also accumu-
lates in atherosclerotic lesions[1–3].  Removal of LPC from
ox-LDL with phospholipase B[3] or albumin[19] has been
shown to render ox-LDL inactive, and conversely, direct
treatment of arterial rings with LPC can mimic the inhibi-
tory effects of ox-LDL on endothelium-dependent relaxa-
tion[2,3].  In the present study, we also confirmed that expo-
sure of rat aortic rings to LPC (1–10 µmol/L) did inhibit the
endothelium-dependent relaxation response to acetylcholine,
but did not affect the endothelium-independent relaxation
response to sodium nitroprusside.  These results are consis-
tent with other studies[2,3], and suggest that the concentra-
tions of LPC used in the current study had endothelium-spe-
cific effects that were not due to its cytotoxicity.

Although the precise mechanisms responsible for the in-
hibition of endothelium-dependent relaxation induced by
LPC have not been elucidated, increasing oxidative degra-
dation of NO and decreasing production of NO in endothe-
lial cells could be implicated in this inhibition.  A number of
studies[4,20] have suggested that LPC stimulates superoxide
anion production by activating PKC in vascular cells, which
can inactivate NO by oxidation.  In addition, LPC has been
shown to inhibit the high-affinity arginine transporter in en-
dothelial cells, decrease the availability of arginine, and sub-
sequently reduce the synthesis of NO; supplementation with
exogenous L-arginine reversed the inhibition by LPC[21].  In
the present study, we found that chelerythrine, an inhibitor
of PKC, improved the impairment of endothelium-depen-
dent relaxation by LPC.  Furthermore, the current study also
demonstrated that the inhibition of endothelium-dependent
relaxation induced by LPC was completely reversed by SOD,
a scavenger of superoxide anions and by L-arginine, a pre-
cursor of NO.  Taken together, these findings strongly sup-
port the proposal that LPC-induced inhibition of endothe-
lium-dependent relaxation may be due to decreasing the
bioavailability of NO via increasing the oxidative degrada-
tion of NO and reducing the synthesis of NO.

Evidence has accumulated that ox-LDL plays a critical
role in atherogenesis, and LPC, the major lipid constituent
of ox-LDL, has been recognized as an important factor that
triggers disturbed endothelium-dependent vasodilatation of
atherosclerosis.  Therefore, finding effective drugs to reverse
endothelial dysfunction induced by LPC may prevent the
development of atherosclerosis.  Pravastatin, like the other
statins, is a competitive inhibitor of HMG-CoA reductase,
which markedly reduces hepatic cholesterol in vivo by in-

hibiting the rate-limiting step in cholesterol synthesis cata-
lyzed by HMG-CoA reductase[5].   A number of studies have
demonstrated that pravastatin can reduce adverse cardiovas-
cular events in patients suffering from coronary artery disease
with or without hypercholesterolemia[5,22].  Recently, some
authors have reported that pravastatin improved the defec-
tive endothelium-dependent vasodilatation of atherosclerotic
vessels before the reduction of plasma cholesterol levels in
humans and animals[16–18].  However, it is still unknown that
whether pravastatin acts directly against the adverse effect
of LPC on endothelium-dependent relaxation in addition to
its cholesterol-lowering  action.  This study provides the first
evidence that pravastatin protects endothelium against in-
jury induced by LPC in isolated rat aortas.  Although experi-
ments in vitro can not completely mimic the conditions in
vivo and are not good for studying the chronic effects of
drugs, they are useful because they can exclude the effects
of many factors in vivo and directly investigate the effects of
drugs in some (pathological) conditions.  Therefore, the en-
dothelium-dependent relaxation of isolated aortic rings is
extensively used to measure the function of endothelium in
physiological conditions and some pathological conditions,
such as atherosclerosis, or mimic intervention with ox-LDL
or LPC.

The mechanisms by which pravastatin improves endot-
helial function are not completely understood.  Results from
the present study indicate that the protective effect of
pravastatin on vascular endothelium is related to increasing
the synthesis of endothelial NO.  We found that the protec-
tive effect of pravastatin on the inhibition of endothelium-
dependent relaxation induced by LPC was similar to that of
L-arginine.  Furthermore, the beneficial effect of pravastatin
was reversed by L-NAME, but not by indomethacin.  An-
other study has reported that pravastatin can up-regulate the
expression of NOS and enhance the production of NO in
endothelial cells[23].  Treatment with statins including
pravastatin of patients and rabbits with atherosclerosis re-
sults in up-regulated eNOS expression, increased NO
synthesis, and simultaneously improved endothelium-
dependent relaxation, which was reversed by Nω-nitro-
L-arginine[24,25].  These findings suggested that pravastatin
enhanced the production and release of NO from endothe-
lium to improve endothelial function.  However, Parker et al[26]

reported that treatment of normal rats with simvastatin, but
not with pravastatin, impaired the endothelium-dependent
relaxation of their isolated aortic rings although it was able
to enhance eNOS expression in endothelial cells.  Chen et al[27]

reported that pravastatin did not influence IL-1β-induced NO
synthesis in vascular smooth muscle cells.  The discrepan-
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cies between our findings and theirs could be attributed to
the different functional states of vascular endothelium, in
different cells and under treatment with different stimulated
factors or different drugs.  In fact, many studies have shown
that pravastatin did increase NO production and restore en-
dothelium-dependent relaxation in atherosclerotic animals
and humans[16–18,25].  Another potential mechanism by which
pravastatin improved endothelial function is by reducing the
oxidative inactivation of NO.  Recent investigations have
demonstrated that statins can decrease lipid peroxidation pro-
duction[7], suppress NADPH oxidase activity[28], and increase
the activity of catalase[29], and superoxide dismutase[7], which
decreases the generation of oxygen free radicals resulting in
reduction of NO activation.  Moreover, a number of studies
have shown that pravastatin can also reduce superoxide an-
ion production by suppressing PKC activity in vascular
cells[14,15].  In the present study, we demonstrated that
chelerythrine, an inhibitor of PKC and SOD, a scavenger of
superoxide anions, reversed the inhibition of endothelium-
dependent relaxation induced by LPC, which was similar to
effects of pravastatin.  These results indirectly suggest that
the protective effect of pravastatin against the damage to en-
dothelium induced by LPC is related to decreasing NO oxi-
dative inactivation via suppressing PKC activity and reduc-
ing superoxide anion production.

In conclusion, the present study demonstrates for the first
time that pravastatin has a protective effect on endothelium
against injury elicited by LPC, and that this protective effect
is related to enhancing the bioavailability of NO through
increasing NO synthesis and decreasing NO oxidative inac-
tivation in endothelial cells.
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