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1 We investigated the e�ects of chronic pravastatin treatment on the impaired endothelium-
dependent relaxation seen in aortae from established streptozotocin (STZ)-induced diabetic rats.
Starting at 6 weeks of diabetes, pravastatin (10 mg kg71) was administered to STZ-induced diabetic
rats for 4 weeks.

2 The increased total cholesterol and low-density lipoprotein (LDL) cholesterol levels seen in STZ-
induced diabetic rats were not restored to normal by pravastatin. Aortae from pravastatin-treated
diabetic rats did not show an impaired endothelium-dependent relaxation to acetylcholine. The
expression of the mRNA for endothelial nitric oxide synthase was una�ected by diabetes or
pravastatin.

3 The enhanced level of malondialdehyde (MDA)-modi®ed LDL seen in STZ-induced diabetic rats
was normalized by pravastatin treatment. The resistance of LDL to oxidation was assessed by
measuring the amount of MDA or conjugated dienes generated by incubation with copper ions.
LDL isolated from diabetic rats, but not those from pravastatin-treated diabetics, showed enhanced
the susceptibility to oxidation, but incubation in vitro with pravastatin had no e�ect on LDL
oxidation.

4 Following incubation of control aortae for 6 h with LDL (0.1 mg protein ml71) isolated from
diabetic rats, the endothelium-dependent relaxation to acetylcholine or A23187 was impaired, but
LDL isolated from control or pravastatin-treated rats had no such e�ect. This inhibitory e�ect of
diabetic LDL was prevented by superoxide dismutase (SOD), a superoxide scavenger.

5 These results suggest that pravastatin preserves endothelial function in aortae from STZ-induced
diabetic rats without lowering plasma cholesterol, and its e�ect may be due to decreased LDL
oxidation.
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Introduction

The relaxation responses of aortic strips to endothelium-

dependent agents are weaker in streptozotocin (STZ)-induced
diabetic rats than in normal rats (Oyama et al., 1986; Kamata
et al., 1989; 1996; Poston & Taylor, 1995; Kamata &
Kobayashi, 1996; Pieper, 1998). Oxidized LDL (ox-LDL) is

thought to promote atherogenesis by a multitude of di�erent
mechanisms. Indeed, ox-LDL acts more potently than native
LDL in markedly inhibiting the endothelium-dependent

relaxation of the rabbit aorta (Kugiyama et al., 1990) and pig
coronary artery (Simon et al., 1990). Thus, the circulating
modi®ed-LDL in diabetes may be responsible for the impaired

endothelium-dependent relaxation. However, few studies of
endothelial dysfunction in diabetes have directly assessed the
relationship between circulating modi®ed LDL and endothe-
lium-dependent relaxation.

Pravastatin, an 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitor, has been shown to reduce

adverse cardiovascular events in patients su�ering from

coronary artery disease with or without hypercholesterolemia
(Sacks et al., 1996). Furthermore, It has been shown that
HMG-CoA reductase inhibitors improve the defective en-
dothelium-dependent vasodilation of atherosclerotic vessels in

humans or animals by lowering plasma cholesterol (Kroon, et
al., 1993; John et al., 1998). Although the mechanism by which
HMG-CoA reductase inhibitors preserve vascular function is

primarily attributed to their inhibition of hepatic HMG-CoA
reductase and the subsequent lowering of plasma cholesterol
levels, some recent studies have questioned the exclusive

involvement of the decrease in plasma LDL levels in the
e�ects of HMG-CoA reductase inhibitors (Hussein et al., 1997;
O'Driscoll et al., 1997; Essig et al., 1998; Laufs et al., 1998).
Thus, it remains unclear how an early improvement in

endothelial function might occur during treatment with an
HMG-CoA reductase inhibitor.

The aims of the present study were (1) to investigate the

in¯uence of chronic pravastatin treatment on the impairment
of endothelium-dependent relaxation seen in aortae from rats*Author for correspondence; E-mail: kamata@hoshi.ac.jp

British Journal of Pharmacology (2000) 131, 231 ± 238 ã 2000 Macmillan Publishers Ltd All rights reserved 0007 ± 1188/00 $15.00

www.nature.com/bjp



with established STZ-induced diabetes and (2) to evaluate the
e�ects of diabetes-modi®ed LDL on the endothelium-
dependent relaxation of the rat aorta.

Methods

Animals and experimental design

Male Wistar rats, 8 weeks old and 220 ± 300 g in weight,

received a single injection via the tail vein of STZ 75 mg kg71

dissolved in a citrate bu�er. Age-matched control rats were
injected with the bu�er alone. Food and water were given ad

libitum. Starting 6 weeks after the STZ injection, pravastatin
(10 mg kg71, p.o., daily for 4 weeks) was administered to STZ-
induced diabetic rats. In preliminary experiments, the

endothelium-dependent relaxation was restored by this dose
of pravastatin. Thus, we used this dose of pravastatin in the
present experiment. As a control, STZ-induced diabetic rats
received saline.

Measurement of plasma glucose, cholesterol, HDL,
triglycerides, and phospholipid

Ten weeks after the STZ injection, glucose, total cholesterol,
free cholesterol, triglycerides, and phospholipid were deter-

mined using a commercially available enzyme kit (Wako
Chemical Company, Osaka, Japan). Cholesterol ester mass
was calculated as (total cholesterol ± free cholesterol)61.68

(Tsai et al., 1992).

Preparation of VLDL and LDL

Lipoproteins (VLDL, d=0.96 ± 1.019; LDL, d=1.019 ± 1.063)
were isolated by density gradient ultracentrifugation (Havel et
al., 1955) from pooled plasma (EDTA, 1 mM) from age-

matched controls, diabetics, or pravastatin-treated diabetic
rats. The lipoproteins were extensively dialysed against
phosphate-bu�ered saline (PBS).

Measurement of MDA levels

The oxidation state of rat total plasma and VLDL and LDL

samples was analysed after the incubation period by means of
the thiobarbituric acid-reactive substances (TBARS) assay,
which is used to measure malondialdehyde (MDA) equivalents

(Yagi, 1976).

Oxidation of LDL

The lipoproteins were diluted with EDTA-free PBS to a ®nal
concentration of 0.2 mg of protein ml71 and then incubated

with 10 mM CuSO4 at 378C for 4 or 24 h. The oxidative state of
the LDL was then assayed by means of a TBARS assay. In
addition, the formation of conjugated dienes during LDL
(25 mg protein ml71) oxidation was assessed by monitoring the

change in 234 nM absorbance at 15 min intervals for 300 min
(using a spectrophotometer). In an in vitro experiment, plasma
LDL from STZ-induced diabetic rats were incubated with

pravastatin (0.1 or 0.001 mg ml71) for 0.5 h before adminis-
tration of CuSO4.

Measurement of isometric force

Rats were anaesthetized with diethyl ether and killed by
decapitation 10 weeks after treatment with STZ or bu�er. A

section of the thoracic aorta from between the aortic arch and
the diaphragm was then removed and placed in oxygenated,
modi®ed Krebs-Henseleit solution (KHS). The solution

consisted of (mM): NaCl 118.0, KCl 4.7, NaHCO325.0, CaCl2
1.8, NaH2PO4 1.2, MgSO4 1.2, dextrose 11.0. The aorta was
cleaned of loosely adhering fat and connective tissue and cut
into helical strips 3 mm in width and 20 mm in length. The

tissue was placed in a well-oxygenated (95% O2, 5% CO2) bath
of 10 ml KHS at 378C with one end connected to a tissue
holder and the other to a force-displacement transducer

(Nihon Kohden, TB-611T). The tissue was equilibrated for
60 min under a resting tension of 1.0 g (determined to be
optimum in preliminary experiments). During this period, the

KHS in the tissue bath was replaced every 20 min. After
equilibration, each aortic strip was contracted with 1077

M

noradrenaline (NA). The relaxation response to ACh was

expressed as a percentage of the contractile force induced by
1077 NA. For the relaxation studies, the aortic strips, which
were weighed at the end of each experiment, were precon-
tracted with an equie�ective concentration of NA

(561078*361077
M). This concentration produced 75 ±

85% of the maximal response, each strip developing a tension
of approximately 95 mg mg71 tissue whether it was from an

age-matched control or a diabetic rat. When the NA-induced
contraction reached a plateau level, ACh (1079*1075

M),
sodium nitroprusside (SNP) (1079*1075

M) or A23187

(1078*1075
M) was added in a cumulative manner. When the

e�ects of each of the LDLs and superoxide dismutase (SOD)
on the response to ACh, SNP, or A23187 were to be examined

in control aortae, the LDL or SOD was added to the bath
either 30 min or 6 h before the administration of NA.

Measurement of the expression of the mRNA for
endothelial nitric oxide synthase

Oligonucleotides Rat endothelial nitric oxide synthase oligo-

nucleotides (ON) were used with primers, as described
previously (Seki et al., 1996). The respective Gen Bank data
library accession numbers and the ampli®cation of the PCR

product in the coding sequence are given in brackets: rat
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (X02-
231, position 492 ± 799, ampli®cation of a 308 bp) ON 1 : 5'-
TCCCTCAAGATTGTCAGCAA-3', ON 2 : 5'-AGATCCA-

CAACGGATACATT-3': rat endothelial nitric oxide synthase
(eNOS)(RNU02534, the ampli®cation of a 693 bp) ON 3 : 5'-
TCCAGTAACACAGACAGTGCA-3', ON 4 : 5'-CAGGAA-

GTAAGTGAGAGC-3'.

RNA isolation and RT±PCR RNA was isolated by the

guanidinium method (Chomczynski & Sacchi, 1987). Rat
aortae were carefully isolated and cleaned of adhering
parenchyma and connective tissue. The aortae were homo-

genized in RNA bu�er, and the RNA was quanti®ed by
ultraviolet absorbance spectrophotometry. For the RT±PCR
analysis, ®rst-strand cDNA was synthesized from total RNA
using Oligo (dT)12 ± 18 and a cDNA Synthesis Kit (Life

Sciences). Twenty or twenty-eight PCR cycles (948C for 1 min,
628C for 1 min, 728C for 1 min) were performed with half of
the reverse transcription (RT) mixture. The obtained PCR

products were analysed on ethidium bromide-stained agarose
(1.5%) gels. The eNOS and GAPDH products were quanti®ed
by scanning densitometry. GAPDH levels were determined to

control for rates of transcription of RNA and ampli®cation of
cDNA. All eNOS data (eNOS density/GAPDH density) were
normalized with respect to GAPDH, which was measured
using the same technique and samples, except that only 20
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cycles of ampli®cation were used, this number being in the
linear portion of the ampli®cation curve for GAPDH.

Drugs

Streptozotocin, (7)norepinephrine hydrochloride, superoxide
dismutase (bovine erythrocytes) and sodium nitroprusside

were purchased from Sigma Chemical Co. (St. Louis, MO,
U.S.A.), and acetylcholine chloride from Daiichi Pharmaceu-
ticals (Tokyo, Japan). Pravastatin was purchased from Sankyo

Pharmaceuticals (Tokyo, Japan). All drugs were dissolved in
saline, except where otherwise noted.

Statistical analysis

The contractile force developed by aortic strips from control

and diabetic rats is expressed in mg tension mg71 tissue. Data
are expressed as the mean+s.e.mean. In some experiments,
statistical di�erences were determined by Dunnett's test for
multiple comparisons after a one-way analysis of variance, a

probability level of P50.05 being regarded as signi®cant.
Statistical comparisons between concentration-response curves
were determined by a two-way ANOVA with Bonferroni's

correction performed post-hoc to correct for multiple compar-
isons. A two-tailed value of P50.05 was considered
signi®cant.

Results

Plasma glucose, cholesterol, and triglyceride levels

As indicated in Table 1, plasma glucose levels were

signi®cantly elevated in STZ-induced diabetics by comparison
with controls. This raised level was not a�ected by the
chronic administration of pravastatin. Plasma total cholester-

ol, triglyceride, HDL, and LDL cholesterol levels were all
signi®cantly raised in STZ-induced diabetic rats, and while
pravastatin treatment did not signi®cantly change the raised

total cholesterol, triglyceride, or LDL levels, it did reduce the
HDL cholesterol levels. The doses of pravastatin used in our
experiments were such that plasma cholesterol and LDL
levels in pravastatin-treated diabetic rats were similar to those

seen in diabetic rats. The various parameters was not
di�erent between controls and pravastatin-treated control of
rats.

Relaxation responses to ACh or SNP in aortae from
age-matched controls, STZ-induced diabetic, and
pravastatin-treated diabetic rats

The relaxation caused by ACh was signi®cantly weaker in

strips from STZ-induced diabetic rats (Figure 1A). Aortic

strips from STZ-induced diabetic rats chronically treated with
pravastatin relaxed in a normal way to ACh (Figure 1A). The
relaxation caused by SNP (1079*1075

M) did not di�er

signi®cantly among the three groups (Figure 1B).

Expression of the mRNA for endothelial nitric oxide
synthase

Using RT±PCR on the total RNA isolated from the aortae of
age-matched controls, untreated diabetic, and chronic pravas-

tatin-treated diabetic rats, we found the following: (i) the
expression of GAPDH mRNA did not di�er among the three
groups; and (ii) the expression of the mRNA for eNOS did not

di�er signi®cantly among the aortae from the three groups
(Figure 2).

Table 1 Levels of various plasma parameters in age-matched controls, STZ-diabeyic rats, and pravastatin-treated rats

Plasma parameters
(mg dl71) Control (8) Diabetic (8)

Pravastatin-treated
control (4)

Pravastatin-treated
diabetic (8)

Glucose
Total cholesterol
HDL
LDL
VLDL
Triglyceride

123.2+5.0
116.1+3.5
60.1+2.7
18.1+0.9
10.7+0.4

131.9+14.1

582.4+31.0***
198.5+12.1***
68.4+6.8
44.4+2.1*
61.2+11.6*
308.4+82.2

128.5+21.3
113.4+8.6
63.5+5.2
19.3+3.4
9.8+3.9

136.3+18.2

566.3+33.1***
173.6+15.5**
46.5+5.2{
56.9+6.8*
66.8+13.1*
325.5+44.3**

Number of determinations is shown in parenthesis. *P50.05, **P40.001, ***P50.001 vs control; {P50.05 vs diabetic.

Figure 1 Concentration-response curves for ACh(A)- or SNP(B)-
induced relaxation of aortic strips obtained from age-matched
controls, untreated diabetic rats, and pravastatin-treated diabetic
rats. Ordinate shows relaxation of aortic strips as a percentage of the
contraction induced by an equie�ective concentration of norepi-
nephrine (561078*361077

M). Each data point represents mean+
s.e.mean of 6 ± 8 experiments; the s.e. is included only when it exceeds
the dimension of the symbol used. ***P50.01, diabetic vs control;
{{P50.01, diabetic vs pravastatin-treated diabetic.
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Measurement of MDA levels

The oxidation state of rat total plasma and VLDL and LDL

samples was analysed after the incubation period by means of
the TBARS assay, which is used to measure MDA equivalents.
As indicated in Table 2, the MDA content of the plasma was
signi®cantly higher in the diabetic rats, and it was not changed

by chronic treatment with pravastatin. The MDA content of
the VLDL fraction of the plasma was not signi®cantly di�erent
among the three groups. In contrast, the MDA content of the

LDL fraction of the plasma was signi®cantly higher in the
diabetic rats, and it was restored to the control level by the
chronic administration of pravastatin (Table 2). The oxidation

state of rat total plasma and VLDL and LDL samples were not
di�erent between controls and pravastatin-treated control of
rats.

The oxidative susceptibility of LDL subfractions in vitro
experiments

In in vitro experiments, the resistance of LDL to oxidation
was assessed by measuring the amount of conjugated dienes
or TBARS generated by incubation with copper ions. Three
parameters were derived from the kinetics of conjugated

diene formation. The lag time was signi®cantly decreased in
LDL isolated from diabetic rats relative to control and it was
increased by chronic administration of pravastatin

(10 mg kg71, p.o., daily for 4 weeks). However, following
incubation in vitro with pravastatin (1.0 mg ml71), LDL
oxidation levels were not di�erent from the levels seen in

non-pravastatin-treated STZ-induced diabetic rats (Figure
3A). Neither propagation rates nor maximum conjugated
levels di�ered among the various groups (Figure 3A). The

MDA levels of LDL isolated from diabetic rats were higher
than those of LDL isolated from control rats at 4 or 24 h of
incubation. Chronic administration of pravastatin
(10 mg kg71, p.o., daily for 4 weeks) inhibited these increases

in the MDA levels at 4 h of incubation. However, following
incubation in vitro with pravastatin (1 mg ml71 ±
0.1 mg ml71), LDL oxidation levels were not di�erent from

the levels seen in non-pravastatin-treated STZ-induced
diabetic rats (Figure 3B). In marked contrast, incubation in
vitro with vitamin E (0.1 mg ml71) inhibited the LDL

oxidation (Figure 3B).

Chemical composition of LDL subfractions

Changes in LDL composition were observed among the
groups (Table 3). The phospholipid (mg protein mg71)
content of the LDL fraction of the plasma was signi®cantly

higher in the diabetic rats, and it was not changed by the
chronic administration of pravastatin. The triglyceride
content of the LDL fraction was similar in all groups.

The total cholesterol content of the LDL fraction was
lower in the diabetic rats, and it was not changed by
chronic treatment with pravastatin. However, the free

cholesterol/cholesterol ester ratio, which was signi®cantly
raised in the diabetics, was signi®cantly reduced by
pravastatin, although it was still higher than in the
controls.

E�ects of control-LDL, diabetic-LDL, and SOD on
ACh-induced vasorelaxation

Circulating LDL isolated from control, diabetic, or pravasta-
tin-treated diabetic rats did not a�ect the resting tonus of rat

aortic strips. Following incubation of aortae from control rats
for 6 h with LDL (0.1 mg protein ml71) isolated from control
rats, the endothelium-dependent relaxation to ACh was

unchanged. Even an increased increasing LDL concentration
of 0.2 mg protein ml71 failed to produce any e�ect (Figure

Figure 2 RT±PCR assay of the expression of mRNA for
endothelial nitric oxide synthase (eNOS) in control, diabetic, and
pravastatin-treated diabetic rat aortae. (A) Expression of mRNA for
eNOS as assayed by RT±PCR. (B) Quantitative analysis of
expression of mRNA for eNOS by scanning densitometry. Control
rats (n=6, open column); STZ-induced diabetic rats (n=6, closed
column); pravastatin-treated diabetic rats (n=6, stippled column).
Values are mean+s.e.mean of six determinations (eNOS/GAPDH
ratios). The RT±PCR assay was performed as described in Methods.
Each total RNA preparation (1.0 mg) was reverse-transcribed, and
half of the cDNA product was PCR-ampli®ed, using various primers,
for 20 or 28 cycles. A portion of the PCR reaction product was
electrophoresed on a 1.5% agarose gel containing ethidium bromide.

Table 2 MDA levels in age-matched controls, STZ-dibetic rats, and pravastatin-treated rats

Plasma parameters Control (8) Diabetic (8)
Pravastatin-treated

control (4)
Pravastatin-treated

diabetic (8)

Total plasma MDA
(MDA nmol ml71)

4.8+0.2 16.8+1.8** 3.9+0.9 11.8+1.9

MDA-modi®ed VLDL
(MDA VLDL Cho mg71)

16.41+1.98 13.27+1.65 14.59+2.98 9.84+2.53

MDA-modi®ed LDL
(MDA LDL Cho mg71)

4.47+0.16 7.45+1.16* 3.89+0.39 2.27+0.45*{{{

Number of determinations is shown in parentheses. Cho, cholesterol. *P50.05, **P50.01 vs control; {{{P50.001 vs diabetic.
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4A). Following incubation of aortae from control rats for 6 h
with LDL (0.1 mg protein ml71) isolated from diabetic rats,
the endothelium-dependent relaxation showed an impaired

response compared to control (Figure 4B). However, LDL
(0.1 mg protein ml71) isolated from rats chronically treated
with pravastatin had no such e�ect (Figure 5). The inhibitory
e�ects of LDL (0.1 mg protein ml71) isolated from diabetic

rats were prevented by SOD (180 ml71), a scavenger of

superoxide anions (Figure 5). Incubation for only 0.5 h with
LDL from diabetic rats had no e�ect on the ACh-induced
relaxation of control aortic strips (Figure 5). Following

incubation of control aortic strips with LDL from diabetic
rats, the A23187-induced relaxation was inhibited (Figure 6A).
In contrast, prior incubation with LDL from diabetic rats had
no signi®cant e�ect on SNP-induced relaxation in such strips

(Figure 6B).

Discussion

We found in the present study that chronic administration of

pravastatin improves endothelial dysfunction in the diabetic
aorta without alterating the expression of eNOS mRNA,

Table 3 LDL composition in age-matched controls, STZ-diabetic rats, and pravastatin-treated STZ-diabetic rats

LDL chemical composition
(mg protein mg71) Control (8) Diabetic (8) Pravastatin-treated diabetic (8)

Phospholipid 0.52+0.14 2.32+0.17*** 2.42+0.43**
Triglyceride 0.60+0.08 0.62+0.12 0.59+0.07
Cholesterol 1.60+0.08 1.35+0.04* 1.38+0.14
FC/CE 0.101+0.013 0.338+0.062** 0.178+0.027*{

Number of determinations is shown in parentheses. FC, free (unesteri®ed) cholesterol; CE cholesterol ester. *P50.05, **P50.001,
***P50.001 vs control; {P,50.05 vs diabetic.

Figure 3 Changes in conjugated dienes (A) or MDA-modi®ed LDL
(B) induced by copper ions in control, diabetic, and pravastatin-
treated diabetic rats, and by incubation with pravastatin in vitro. (A)
Formation of conjugated dienes analysed by continuous monitoring
of change of absorbance at 234 nM in samples containing
25 mg protein ml71. (B) To measure MDA levels, LDL were
incubated to a ®nal concentration of 0.2 mg protein ml71 with
10 mM CuSO4 at 378C for 0, 4, or 24 h. Each data point represents
mean+s.e.mean of 4 ± 8 experiments; the s.e. is included only when it
exceeds the dimension of the symbol used. *P50.05, ***P50.001,
diabetic vs control; {{P50.01, diabetic vs pravastatin-treated
diabetic.

Figure 4 E�ects of control-LDL (A; 0.1 mg or 0.2 mg pro-
tein ml71) or diabetic-LDL (B; 0.1 mg protein ml71) on concentra-
tion-response curve for acetylcholine-induced relaxation of aortic
strips from control rats. Aortic strips were incubated with an LDL
preparation for 6 h. The LDL were taken from age-matched controls
or untreated diabetic rats. Each data represents mean+s.e.mean of
4 ± 8 experiments; the s.e. is included only when it exceeds the
dimension of the symbol used. ***P50.001, control vs diabetic LDL.
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suggesting that the mechanism underlying the altered
endothelial function seen in diabetics or in pravastatin-treated
diabetics does not dependent on a change in eNOS expression.

It has been reported that acute administration of L-arginine
or tetrahydrobiopterin (BH4), as a co-factor for NO,
normalizes the defective cyclic GMP production and relaxa-

tion to ACh seen in diabetes (Pieper, 1998). Recently, it has
been suggested that depletion of BH4 reduces NO release by
stimulating eNOS-dependent O2

7 generation in the endothe-
lium (Cosentino et al., 1998). Thus, the impaired vasorelaxa-

tion seen in the diabetic state may be, at least in part, due to
the formation of O2

7 from NO synthase.
Elevations in the plasma levels of oxidized LDL and MDA-

modi®ed LDL are thought to be important steps both in the
alteration of a variety of endothelial functions and in the
initiation of atherosclerosis (Tamal et al., 1997; Holvoet et al.,

1998). In fact, some studies have shown that ox-LDL impairs
endothelium-dependent relaxation by inhibiting the synthesis
of NO and by enhancing its inactivation (Kugiyama et al.,

1990; Simon et al., 1990). In the present study, the plasma
levels of MDA-modi®ed LDL and total MDA were higher in
diabetic rats, but MDA-modi®ed VLDL was not a�ected.
Furthermore, both the raised MDA-modi®ed LDL and the

impaired endothelial function were normalized by the chronic
administration of pravastatin. The above results suggest that
the endothelial dysfunction seen in diabetes may be due to an

accumulation of MDA-modi®ed LDL in the plasma.
Although HDL are known to exert an antiatherogenic e�ect

by promoting reverse cholesterol transport, some studies have

suggested that when HDL are oxidized, the presence of
oxidized HDL may be related to coronary artery spasm and
impaired endothelium-dependent vasoreactivity (Chin et al.,
1992; Ohmura et al., 1999). Furthermore, in insulin-dependent

diabetics, a lower antioxidant content in HDL has been
reported (Maxwell et al., 1997). In the present study, chronic
administration of pravastatin reduced HDL levels in the

plasma and prevented the impairment of endothelial function
otherwise seen in diabetics. Although it seems reasonable to
speculate, on the basis of the above data, that diabetic HDL

may have a reduced antiatherogenic e�ect and may inhibit

endothelial function, further investigation is clearly required
on this point.

Oxidative modi®cation of LDL is thought to be a key early
event in atherogenesis, and thus intervention to reduce LDL
oxidation is considered to be antiatherogenic. In our study, we

demonstrated that LDL isolated from diabetic rats had an
enhanced susceptibility to oxidation (compared to LDL from
control rats). The mechanism by which diabetic LDL acquire
this increased susceptibility is completely unknown. Previous

studies suggest that chemical modi®cation of LDL (a�ecting,
for example, glycation (Bowie et al., 1993; Galle et al., 1998),
antioxidant content (Esterbauer et al., 1990), lipid and fatty

acid composition (Thomas et al., 1994), and particle size of
LDL (de Graaf et al., 1991)) can increase their susceptibility to
oxidation. In our study, phospholipid/protein and free

cholesterol/esteri®ed cholesterol ratios were signi®cantly high-
er for diabetic LDL than for the controls. Previously, the same
modi®cation of composition has been shown in lesioned LDL

isolated from the vascular tissue of atherosclerotic mice and
humans, together with an enhanced susceptibility to oxidation
(Aviram et al., 1995). Thus, an increase in modi®ed-LDL in the
plasma may underlie the enhanced susceptibility to oxidation

seen in diabetes. In diabetes or hypercholesterolemia, the
attenuation of endothelial-dependent relaxation has been
shown to be related to high levels of LDL; however,

endothelial dysfunction can occur even under normocholester-

Figure 5 E�ects of incubation for 0.5 h with diabetic-LDL, or for
6 h with either diabetic-LDL plus SOD or pravastatin-LDL on
concentration-response curves for acetylcholine-induced relaxation in
aortic strips from control rats. The LDL were taken from untreated
diabetic or pravastatin-treated diabetic rats. Each data point
represents mean+s.e.mean of six experiments; the s.e. is included
only when it exceeds the dimension of the symbol used.

Figure 6 E�ects of diabetic-LDL (0.1 mg protein ml71) on con-
centration-response curves for the A23187 (A) and SNP (B) induced
relaxation of aortic strips from control rats. Aortic strips were
incubated with LDL preparation for 6 h. Each data point represents
mean+s.e.mean of four experiments; the s.e. is included only when it
exceeds the dimension of the symbol used. **P50.01, conrol vs
diabetic LDL.
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olemic conditions with normal LDL levels (Cohen, 1993). In
this study, we have directly shown that incubation of control
aortic strips with circulating LDL (0.1 mg protein ml71, 6 h)

isolated from diabetics can impair the endothelium-dependent
relaxation more powerfully than incubation with LDL from
control rats. Oxidized LDL are more potent than native LDL
at inhibiting endothelium-dependent relaxation, and we found

that LDL isolated from diabetic rats had an enhanced
susceptibility to oxidation. Thus, a possible mechanism for
the attenuation of endothelium-dependent relaxation seen in

diabetes may involve oxidation of LDL by the prolonged
formation of superoxide anions, since use of a shorter
incubation period (0.5 h rather than 6 h) or the presence of

SOD prevented the induction of endothelial dysfunction by
diabetic-LDL. At present, however, it is unclear how LDL are
oxidized on the cells of the arterial wall. A recent study on

isolated arteries indicated that the induction of endothelial
dysfunction by native-LDL was time-dependent, since the
inhibitory e�ect was observed only after a long period of
incubation (Abebe & Mustafa, 1997; Hein & Kuo, 1998).

Thus, it seems likely that a time-dependent oxidation of LDL
is involved in the initiation of vascular impairment in diabetes.
In several models of LDL oxidation, SOD has been shown to

be protective, suggesting that the superoxide anion might be
involved in the LDL oxidation process (Steinbrecher, 1988;
Kawamura et al., 1994; Fang et al., 1998). On the other hand,

modi®cation of LDL by endothelial cells has been shown to
involve lipid peroxidation in LDL phospholipids (Steinbrecher
et al., 1984). Oxidation of LDL also results in the extensive

conversion of phosphatidylcholine (PC) to lysophosphatidyl-
choline (LPC) in phospholipids. Several earlier studies
con®rmed that the endothelium-dependent relaxation of aortic
strips induced by ACh could be attenuated by pretreatment

with LPC (Kugiyama et al., 1992). In our study, the
phospholipid/protein ratio in diabetic LDL was 4 fold higher
than in the controls. On this basis, the release of LPC from

diabetic LDL would be expected to play an important role in

altering endothelial function. In fact, Galle et al. (1998) have
suggested that oxidized glycated-LDL, (glycated by high
glucose and oxidized by copper ions), impair endothelial

function more powerfully than oxidized LDL, and that the
former occur as a result of an increased LPC ratio. To clarify
the potential antioxidant role of pravastatin, we examined the
changes in LDL composition. As shown in Table 3, the free

cholesterol cholesterol ester ratio, which was signi®cantly
raised in the diabetics, was signi®cantly reduced by pravasta-
tin, although it was still higher than in the controls. Although

this decomposition of LDL by chronic pravastatin may be
responsible for the antioxidant role of pravastatin, further
investigation is required on this point.

In the present study, a prior incubation with LDL from
diabetic rats inhibited the A23187-induced relaxation of
control aortic strips, indicating that LDL from diabetic rats

produce their inhibitory e�ect on vascular function at a
point(s) beyond the receptor level. Circulating LDL isolated
from diabetic rats did not a�ect the resting tonus of rat aortic
strips, suggesting that the diabetic LDL may only a�ect the

stimulated NO pathway.
In conclusion, the present results provide direct evidence

that circulating modi®ed-LDL isolated from diabetic rats can

cause a dysfunction of the aortic endothelium. A likely
mechanism for the attenuation of the endothelial-dependent
relaxation seen in the diabetic aorta involves increased LDL

oxidation and altered LDL composition. Furthermore, we
suggest that pravastatin may help prevent endothelial
dysfunction in large arteries by a mechanism involving not

only its hypocholesterolemic e�ect, but also its inhibitory e�ect
on the increased LDL oxidation that occurs in diabetes. At
present, we cannot say whether similar processes a�ect
resistance arteries.

This study was supported in part by the Ministry of Education,
Science, Sports and Culture, Japan.
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