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Characteristic changes in coronary artery at the
early hyperglycaemic stage in a rat type 2 diabetes
model and the effects of pravastatin

J Kajikuri, Y Watanabe, Y Ito, R Ito, T Yamamoto and T Itoh

Department of Pharmacology, Graduate School of Medical Sciences, Nagoya City University, Nagoya, Japan

Background and purpose: Diabetes is a risk factor for the development of coronary artery disease but it is not known whether
the functions of endothelium-derived nitric oxide (NO) and endothelium-derived hyperpolarizing factor (EDHF) in coronary
arteries are altered in the early stage of diabetes. Such alterations and the effects of pravastatin were examined in left anterior
descending coronary arteries (LAD) from Otsuka Long-Evans Tokushima Fatty (OLETF) rats (type 2 diabetes model) at the early
hyperglycaemic stage [vs. non-diabetic Long-Evans Tokushima Otsuka (LETO) rats].

Experimental approach: Isometric tension, membrane potential and superoxide production were measured, as were protein
expression of NAD(P)H oxidase components and endothelial NO synthase (eNOS).

Key results: Superoxide production and the protein expressions of both the nicotinamide adenine dinucleotide (phosphate)
[NAD(P)H] oxidase components and eNOS were increased in OLETF rats. These changes were normalized by pravastatin
administration. Not only acetylcholine (ACh)-induced endothelial NO production but also functions of endothelium-derived
NO [from (i) the absolute tension induced by epithio-thromboxane A, (STA;) or high K*; (ii) enhancement of the STA,-
contraction by a nitric oxide synthase (NOS) inhibitor; and (iii) the ACh-induced endothelium-dependent relaxation of high
K*-induced contraction] or EDHF [from (iv) ACh-induced endothelium-dependent smooth muscle cell hyperpolarization and
relaxation in the presence of a NOS inhibitor] were similar between LETO and OLETF rats [whether or not the latter were
pravastatin-treated or -untreated].

Conclusions and implications: Under conditions of increased vascular superoxide production, endothelial function is retained
in LAD in OLETF rats at the early hyperglycaemic stage, partly due to enhanced endothelial NOS protein expression. Inhibition
of superoxide production may contribute to the beneficial vascular effects of pravastatin.
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glycol-superoxide dismutase; STA;, 9,11-epithio-11,12-methano-thromboxane A;

endothelium-derived  hyperpolarizing  factor  (EDHF)]
(Quyyumi, 1998; De Vriese et al., 2000). Indeed, in the regu-

Introduction

The endothelium plays key roles in the regulation of vascular
tone and in the development of atherosclerosis through the
synthesis and release of endothelium-derived relaxing factors
(EDRFs) [such as nitric oxide (NO), prostacyclin and
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lation of coronary artery vasomotor function, NO and EDHF
are thought to play central roles (Kugiyama et al., 1997; De
Vriese et al., 2000). It has been demonstrated that endothelial
dysfunction is an independent predictor of adverse cardiovas-
cular events in humans (Halcox et al., 2002) and that diabetes
is an important risk factor for the development of coronary
artery disease (Kannel and McGee, 1979). In fact, it has been
estimated that among diabetic patients, 75% of deaths may be
attributable to coronary artery disease (Bonow et al., 1996).
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It is thought that in several animal models of type 1 or type
2 diabetes, the elevated blood glucose level leads to an
increase in vascular superoxide production, thus causing a
dysfunction of endothelium-derived NO in conduit arteries
(for review, see De Vriese et al., 2000). However, whether a
dysfunction of endothelium-derived NO and/or EDHF in
coronary arteries has already developed at the early hyperg-
lycaemic stage in type 2 diabetes remains to be clarified. The
Otsuka Long-Evans Tokushima Fatty (OLETF) rat, an estab-
lished model of human type 2 diabetes, is characterized by
having the following: insulin-resistance from 12 weeks of age,
late-onset hyperglycaemia (after 20 weeks of age) and a
reduced insulin level from 60 weeks of age (Kawano etal.,
1992). Previous comparisons with its normal counterpart [the
non-diabetic Long-Evans Tokushima Otsuka (LETO) rat] have
shown that the functions of both endothelium-derived NO
and EDHF are reduced in the aorta (Nakamura et al., 2001)
and in the mesenteric artery (Minami ef al., 2002) of OLETF
rats, although whether this is also true of the coronary arteries
remains to be clarified.

Pravastatin, an inhibitor of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, reduces adverse cardiovas-
cular events and retards the development of diabetes in male
humans with hypercholesterolaemia (Shepherd et al., 1995;
Freeman et al., 2001). However, the mechanism underlying
this important action of pravastatin remains to be fully clari-
fied. Beneficial effects of pravastatin on adverse cardiovascular
events have also been demonstrated in OLETF rats following its
continuous administration from 5-6 weeks of age (pre-insulin-
resistance stage) (Yu et al., 2004; Chen et al., 2007). However,
nothing is known about its effects on endothelium-derived NO
and EDHF in the coronary artery in OLETF rats when it is
administered after hyperglycaemia has developed.

To try to clarify the above issues, we investigated: (i)
whether the functions of endothelium-derived NO and EDHF
and/or vascular superoxide production are abnormal in the
left anterior descending coronary artery (LAD) of OLETF rats
at the early hyperglycaemic stage (vs. age-matched LETO rats)
and (ii) whether pravastatin has beneficial effects on the coro-
nary artery when this agent is chronically administered in vivo
after hyperglycaemia has developed.

Methods

Animals

All experiments performed in this study conformed to Guide-
lines on the Conduct of Animal Experiments issued by the
Graduate School of Medical Sciences in Nagoya City Univer-
sity and were approved by the Committee on the Ethics of
Animal Experiments in that institution. Male OLETF rats and
LETO rats (genetic control for OLETF rats) were obtained from
Tokushima Research Institute, Otsuka Pharmaceutical Co.
(Tokushima, Japan). The rats were fed standard laboratory
chow and given tap water ad libitum. From 20 weeks of
age, some of the OLETF rats were given pravastatin
(100 mg-kg'-day™") (Yu et al., 2004) for 8 weeks in their drink-
ing water. The rats were used in the present study at 28 weeks
of age. Systolic blood pressure was measured in conscious rats
by tail-cuff plethysmography. For the measurement of blood
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glucose concentrations, blood samples were collected via the
tail vein from overnight-fasted rats before and at 30, 60 and
120 min after oral glucose (2 g-kg') administration (‘oral
glucose tolerance test’).

After an overnight fast, rats were anaesthetized with sevof-
lurane and killed by exsanguination. Blood samples were col-
lected for the determination of the concentrations of fasting
blood glucose, glycated haemoglobin Alc (HbAlc), serum
insulin and plasma, nitrite/nitrate (NOx).

Tissue preparation

The heart was immediately excised and placed in Krebs solu-
tion, and the LAD (outer diameter, 0.15-0.30 mm) was then
isolated and cleaned. A segment of each artery was cut open
along its long axis (using small scissors), and circularly cut
strips were prepared using a small razor blade, as described
previously (Itoh et al., 1992; Kusama et al., 2005b; Watanabe
etal., 2008). In some preparations, the endothelium was
removed by gently rubbing the intimal surface of the strips
with small pieces of razor blade (Itoh et al., 1992).

Isometric tension measurement

Using the circularly cut strips (0.7-0.8 mm long, 0.25 mm
wide), isometric tension was measured as described previously
(Itoh et al., 1992; Kusama et al., 2005b; Watanabe et al., 2008).
The resting tension was adjusted to obtain maximum con-
traction in high-K* solution (128 mM). Guanethidine (5 uM,
to prevent effects due to release of sympathetic transmitters)
and diclofenac (3 uM, to inhibit the production of cyclooxy-
genase products) were present throughout the experiments.

Endothelium-dependent relaxation was induced by ACh
during the contraction induced by 40 mM K* or 30 nM 9,11-
epithio-11,12-methano-thromboxane A, (STA). Each prepa-
ration was first contracted with 40 mM K* or 30 nM STA,.
Then, after a steady-state contraction had been attained, ACh
(10°-10"°* M) was cumulatively applied from low to high con-
centration (for 2 min at each concentration) during the
ongoing contraction. To examine the effects of nitric oxide
synthase (NOS)-inhibition, the tissues were pretreated with
Ne®-nitro-L-arginine (L-NNA; 0.1 mM) for 60 min and this was
present throughout the experiments.

After the control response to ACh had been recorded, poly-
ethylene glycol-superoxide dismutase (PEG-SOD, 100 u-mL™")
together with catalase (400 u-mL™) was applied for 30 min in
Krebs solution, and ACh (10°-10"° M) was again cumulatively
applied during the contraction induced by 40 mM K* in the
presence of PEG-SOD + catalase.

Electrophysiological study

Membrane potentials were measured in smooth muscle cells
using a conventional microelectrode technique, as described
previously (Kusama et al., 2005a; Watanabe et al., 2008). The
effects of L-NNA with or without charybdotoxin (a blocker of
intermediate- and large-conductance Ca*-activated K* chan-
nels) plus apamin (a blocker of small-conductance Ca*-
activated K* channels) (Garland et al., 1995; Marchenko and
Sage, 1996) on the ACh-induced hyperpolarization were



examined as follows. First, ACh (1 uM) was applied for 1 min
followed by a 15-min washout (to allow the response to
recover), and L-NNA was then applied for 30 min. ACh was
again applied followed by a 15-min washout with a solution
containing L-NNA. Charybdotoxin (0.1 uM) plus apamin
(0.1 uM) were subsequently applied for 3 min in the presence
of L-NNA, and ACh was finally applied in the presence of
charybdotoxin plus apamin. This series was performed in one
and the same strip.

Biochemical analyses

Whole blood was used for measuring glucose and HbAlc
concentrations. Blood glucose was measured by the glucose
oxidase method using Antsense II, while HbA1lc was measured
by means of a DCA2000 analyser. The plasma insulin concen-
tration was quantified using a commercially available ELISA
insulin kit. From these values, the homeostasis model assess-
ment of insulin resistance (HOMA-IR) score was calculated:
insulin (WU-mL™") x glucose (mM) being divided by 22.5
(Matthews et al., 1985).

Plasma NOx measurement

Plasma NOx concentrations were measured using a NO analy-
ser, NOA 280, according to a method described previously
(Cash et al., 2001).

Measurement of superoxide production
Changes in superoxide production in endothelium-intact
strips of LAD (7 mm long) were examined using the
superoxide-sensitive chemiluminescent dye 8-amino-5-
chloro-7-phenylpyridol[ 3,4 -d]pyridazine-1,4-(2H,3H)dione
sodium salt (L-012; 100 uM) and a luminometer, as described
previously (Yamamoto etal., 2005; Kikuchi etal., 2008).
When the effect of N®-nitro-L-arginine methyl ester (L-NAME)
was to be examined, the strips were pre-incubated for 30 min
in N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
(HEPES)-buffered solution with or without L-NAME (3 mM).
Superoxide production was also detected by means of the
oxidative fluorescence dye dihydroethidium using a segment
of LAD in optimal cutting temperature (OCT) compound, as
described previously (Kusama et al., 2005a; Kikuchi et al.,
2008). When the effect of L-NAME was to be examined, the
sections were pre-incubated in HEPES-buffered solution with
or without L-NAME (3 mM). Images were obtained using a
confocal-laser-scanning microscope system. The fluorescence
intensity in each image was read from eight randomly
selected regions (10 x 10 pixels) and averaged using digital
image-analyser software.

Measurement of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity

Each LAD strip was homogenized, using a glass homogenizer,
in 50 mM phosphate buffer containing 1 mM ethyleneglycol
bis (2-aminoethylether)-N,N,N’,N’,-tetraacetic acid (EGTA)
and protease inhibitors. The assay was performed in 50 mM
phosphate buffer, pH 7.0, containing 1 mM EGTA, 0.15 M
sucrose, 0.1 mM L-012 and 0.1 mM NADPH as the substrate.
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The NADPH oxidase activities were measured according to a
method described previously (Bayraktutan et al., 1998).

[NOJ; measurement

The intracellular concentration of NO ([NO]Ji) within endot-
helial cells was estimated from the change in the fluorescence
intensity of the nitric-oxide-sensitive dye diaminofluorescein-
2 (DAF-2), as described previously (Yamamoto et al., 2005). In
brief, endothelium-intact strips were exposed to membrane-
permeable DAF-2 diacetate (10 uM) in Krebs solution, then
washed with Krebs solution for 10 min. DAF-2 was excited at
490 nm at 30-s intervals and the DAF-2 fluorescence intensity
within endothelial cells at any given time after the applica-
tion of ACh (F) was normalized with respect to the fluores-
cence intensity measured just before the application of ACh
(Fp) in the same experiment. Thus, changes in [NOJ; are
expressed as F/F,. The mean fluorescence intensities obtained
from five endothelial cells in each strip were averaged and this
value (one value per strip) was used for the later analysis.

Immunohistochemical staining

A frozen segment of LAD embedded in OCT compound was
cut at 6 um thickness on a cryostat, then mounted on MAS-
coated glass slides. The sections were incubated overnight at
4°C with anti-endothelial NO synthase (eNOS) monoclonal
antibody (1:30 dilution), goat anti-p22P"* polyclonal anti-
body (1:50 dilution), rabbit anti-angiotensin II (Ang II) serum
(1:100 dilution) or rabbit anti-angiotensin type 1 receptor
(AT;R) polyclonal antibody (1:100 dilution) as the primary
antibody. After the sections had been rinsed with phosphate-
buffered saline (PBS), they were incubated for 1 h at room
temperature with the second antibody (Alexa Fluor 488 anti-
goat, anti-rabbit or anti-mouse IgG antibody; 1:5000 dilution
in each case), followed by a wash with PBS. The fluorescence
of Alexa Fluor 488 was then detected by confocal-laser-
scanning microscopy, under identical conditions in each case.
The fluorescence intensity of each image was read from eight
randomly selected regions (10 x 10 pixels) and averaged using
digital image analyser software (LSMS5 PASCAL).

Frozen sections of LAD from LETO and OLETF rats were also
stained with haematoxylin and eosin for morphometric
analysis. Light-microscope images were recorded using a
digital camera, and the wall thickness and number of smooth
muscle cell nuclei across the wall were then measured using
Scion Image software.

Western blot analysis

LAD strips were homogenized in sample buffer [62.5 mM
Tris-HCl (pH 6.8), 10% glycerol and 2% sodium dodecyl
sulfate (SDS)]. Western blotting was carried out according to a
method described previously (Itoh et al., 2003). An antibody
against p47°"* (1:200 dilution), gp91°"* (1:200 dilution) or
SOD (1:2000 dilution) was used as the primary antibody. The
signals from the immunoreactive bands were detected by
means of an enhanced chemiluminescence-detection system.
The density of the protein was measured by densitometric
scanning, as described previously (Itoh et al., 2003).
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Solutions

The composition of the Krebs solution was as follows (mM):
137.4 Na*, 5.9 K*, 1.2 Mg?, 2.6 Ca*, 15.5 HCOj3", 1.2 H,POy,
134 CI" and 11.5 glucose. It was bubbled with 95% oxygen
and 5% carbon dioxide (pH 7.3-7.4). The HEPES-buffered
solution contained 99 mM NaCl, 4.7 mM KCI, 1.9 mM CacCl,,
1.2 mM MgSO,, 20 mM HEPES, 1.03 mM K,HPO,, 25 mM
NaHCOs; and 11.1 mM glucose, and its pH was 7.4. The PBS
solution contained 2.9 mM NaH,PO,, 9 mM Na,HPO, and
137 mM NacCl, and its pH was 7.2-7 4.

Drugs and materials

The drugs used were as follows: ACh-HCI, Daiichi-Sankyo Co.
(Tokyo, Japan); L-NNA, charybdotoxin and apamin, Peptides
Institute Inc. (Osaka, Japan); PEG-SOD and diclofenac
sodium, Sigma Chemical Co. (St. Louis, MO, USA); L-012 and
catalase (from bovine liver), Wako Pure Chemical Ind. (Osaka,
Japan); guanethidine, Tokyo Kasei (Tokyo, Japan); DAF-2 diac-
etate, Daiichi Pure Chemicals (Tokyo, Japan); dihydroet-
hidium, Molecular Probes (Eugene, OR, USA); L-NAME,
Dojindo Lab. (Kumamoto, Japan); sevoflurane, Maruishi Phar-
maceutical Co. (Osaka, Japan). Pravastatin sodium was kindly
provided by Daiichi-Sankyo Co., and STA, by Ono Pharma-
ceutical Co. (Osaka, Japan).

Dihydroethidium was dissolved in dimethylsulphoxide to
make a stock solution. All other drugs were dissolved in ultra-
pure Milli-Q water (Japan Millipore Corp., Tokyo, Japan). The
stock solutions were stored at —80°C and diluted in Krebs or
HEPES-buffered solution.

Tail-cuff plethysmograph (BP-98A), Softron (Tokyo, Japan);
Antsense II, Horiba Ltd. (Kyoto, Japan); DCA2000 analyser,
Siemens Medical Solutions Diagnostics (Tokyo, Japan); ELISA
insulin kit, Shibayagi (Gunma, Japan); NOA 280, Sievers
Instrument Inc. (Boulder, CO, USA); luminometer (Multi-
biolumat LB 9505C), Berthold (Bad Wildbad, Germany); OCT
compound, Tissue Tek (SAKURA Finetechnical, Tokyo, Japan);
confocal-laser-scanning microscope system (LSM5 PASCAL),
Carl Zeiss (Jena, Germany); digital image-analyser software,
Scion Image software (Scion Corp., Frederick, MD, USA); MAS-
coated glass slides, Matsunami Glass (Kishiwada, Japan); anti-
eNOS monoclonal antibody, BD Biosciences (San Jose, CA,
USA); goat anti-p22P'* polyclonal antibody and rabbit anti-
AT R polyclonal antibody, Santa Cruz Biotechnology (Santa
Cruz, CA, USA); rabbit anti-Ang II serum, Peninsula Labora-

tories (Belmont, CA, USA); Alexa Fluor 488 anti-goat, anti-
rabbit or anti-mouse IgG antibody; Molecular Probes (Eugene,
OR, USA); digital camera, Olympus (Tokyo, Japan); antibody
against p47P"°*, Santa Cruz Biotechnology; gp91°"**, BD Trans-
duction Laboratories (Franklin Lakes, NJ, USA) or SOD, Stress-
gen (Ann Arbor, MI, USA); enhanced chemiluminescence-
detection system, SuperSignal West Pico (Pierce, Rockford, IL,
USA).

Statistical analysis

All results are expressed as mean * SEM, with n values repre-
senting the number of rats used (each rat provided only one
segment for a given experiment). A one-way or two-way
ANOVA, with post hoc comparisons made using the Scheffé
procedure or Student’s unpaired t-test, was used for the sta-
tistical analysis. The level of significance was set at P < 0.05.

Results

General features of OLETF rat

As shown in Table 1, body weight was significantly higher in
OLETF rats than in LETO rats but systolic blood pressure did
not differ between these two groups. The concentrations of
fasting blood glucose, HbAlc and serum insulin, and the
HOMA-IR score, were all higher in OLETF rats than in LETO
rats. The integrated blood glucose concentration within the
first 2 h after oral glucose administration (estimated from the
area under the curve, AUCgucse) Was significantly higher in
OLETF rats than in LETO rats. The plasma NOx (NO, + NO;")
concentration was not significantly different between the two
groups. Following in vivo administration of pravastatin to
OLETF rats, the blood glucose and serum insulin concentra-
tions were normalized (to levels not different from those in
control LETO rats) and the blood HbAlc level and HOMA-IR
score were each significantly reduced (compared with those in
pravastatin-untreated OLETF rats; P < 0.05). Neither body
weight nor AUCgyucse Was altered by this pravastatin treatment
(Table 1).

Superoxide production and NAD(P)H oxidase
Superoxide production (estimated from L-012 chemilumines-
cence intensity) in endothelium-intact LAD was significantly

Table 1 General features of the rat groups, LETO, OLETF and pravastatin-treated OLETF (OLETF + PRV)

LETO (n) OLETF (n) OLETF + PRV (n)
Body weight (g) 523 = 8(17) 634 + 16** (17) 639 = 17** (11)
Systolic blood pressure (mm Hg) 144 = 2 (5) 154 = 3 (5) 154 = 4 (5)
Blood glucose (mM) 8.5+ 0.5 (17) 12.4 + 0.9 (17) 9.9 + 0.6 (11)
HbATc (%) 2.9 = 0.0(17) 5.2 = 0.3** (17) 4.1 = 0.3% (11)
Insulin (ng-mL™") 23 +06(11) 6.6 + 1.1** (9) 4.4 + 0.9 (9)
HOMA-IR score 19.6 = 5.0 (11) 81.0 * 12.6** (9) 48.7 * 6.3** (9)
Plasma NOXx (uM) 35.0 = 4.7 (9) 34.6 = 2.9 (9) 36.1 = 4.1 (9)
AUCgiucose (MM-2 h) 768 = 67 (4) 1976 + 331** (4) 1519 = 139** (4)

(n) indicates the number of animals used. Values are mean = SEM. ANOVA: *P < 0.05, **P < 0.01 versus LETO; TP < 0.05 versus OLETF.
AUCqiucose, area under the curve within 2 h after oral glucose administration; LETO, Long-Evans Tokushima Otsuka rats; OLETF, Otsuka Long-Evans Tokushima Fatty
rats; HbATc, glycated haemoglobin A1c; HOMA-IR, homeostasis model assessment of insulin resistance; NOx, nitrite/nitrate.
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L-012 and the effect of N®-nitro-L-arginine methyl ester (L-NAME) (3 mM). LETO Long-Evans Tokushima Otsuka rat; OLETF Otsuka Long-Evans
Tokushima Fatty rat; OLETF + PRV, pravastatin-treated OLETF rat. Each column is the mean of data from four different preparations (from four
different animals) with SEM. *P < 0.05 versus LETO. #P < 0.05 versus OLETF. 1P < 0.01 versus L-NAME (-). (Ba) Fluorescence intensity of the
superoxide-sensitive dye dihydroethidium. SMC, smooth muscle cell; EC, endothelial cell. (Bb) Effect of L-NAME. Each column is the mean of
data from five different sections (each from a different animal) with SEM. *P < 0.05 versus LETO. #P < 0.05 versus OLETF. P < 0.01 versus

L-NAME (-).

higher in OLETF rats than in both LETO and pravastatin-
treated OLETF rats (Figure 1A). Superoxide production was
detected, by measuring ethidium fluorescence, in both the
endothelial and medial regions of the vascular wall in all
three groups of rats, and a significantly elevated level was
found only in the endothelial region in OLETF rats (vs. both
LETO and pravastatin-treated OLETF rats; Figure 1B). In each
of the experiments where superoxide was measured, L-NAME
(3 mM, an inhibitor of NOS-dependent superoxide produc-
tion) (Xia et al., 1998; Mata-Greenwood et al., 2006) attenu-
ated the increased superoxide production seen in OLETF rats

(for L-012 chemiluminescence, Figure 1A; for ethidium fluo-
rescence, Figure 1B).

The immunoreactive fluorescence against the NAD(P)H
oxidase component p22P"°* protein was distributed in both
endothelial and medial regions in all three groups of rats
(Figure 2A). The intensity in each region was higher in OLETF
rats than in LETO rats, and the increased fluorescence in the
endothelial region was significantly reduced by pravastatin
treatment. The protein expressions of two other NAD(P)H
oxidase components (p47°** and gp91*"**) were also higher in
OLETF rats than in LETO rats, and these were normalized by

British Journal of Pharmacology (2009) 158 621-632
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Figure 2
coronary artery. Immunofluorescence staining against p22°" (a), eNOS (b) and AT;R (c) in preparations from a Long-Evans Tokushima Otsuka
(LETO) rat (left column), an Otsuka Long-Evans Tokushima Fatty (OLETF) rat (middle column) and a pravastatin-treated OLETF (OLETF + PRV)
rat (right column). EC, endothelial cell; IEL, internal elastic lamina. Arrowheads indicate endothelial cells. Similar observations were made in
other sections obtained from five preparations, each from a different animal, in each group. (a4-c4) Summary of data from each group. Data
are shown as mean = SEM. *P < 0.05 versus LETO. *P < 0.05 versus LETO. #P < 0.05 versus OLETF.

pravastatin treatment (Figure 3A). The protein expression of
the anti-oxidant Cu/Zn-SOD was similar among the three
groups of rats (Figure 3B). The activity of NADPH oxidase was
significantly higher in OLETF rats than in LETO rats, and it
was normalized by pravastatin treatment (Figure 3C).

eNOS expression and NO production

Immunoreactivity against eNOS protein was detected (as fluo-
rescence) only in the endothelial region in the three groups of
rats, and it was significantly greater in OLETF rats than in
either LETO or pravastatin-treated OLETF rats (Figure 2B). The
NO production (estimated from the DAF-2 fluoresence)
induced by ACh (10 uM) in the endothelial cells of LAD was
similar among the three groups of rats (n = 4, P > 0.05;
Figure 4).

Ang Il and AT R expressions
Immunoreactive fluorescence signals against Ang Il and AT;R
were detected in both the endothelial and medial regions of
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Immunostaining for p22P", endothelial NO synthase (eNOS) and angiotensin type 1 receptor (AT;R) in left anterior descending

the LAD vascular wall in all three groups of rats. No significant
differences in the protein expressions of Ang II (see below)
and AT,R (Figure 2C) in the endothelial and medial regions
were detected between LETO rats and OLETF rats, with or
without pravastatin treatment. In arbitrary units, the fluores-
cence intensities against Ang Il in the endothelial region were
50x09n=5),5.6£1.2n=5)and 5.4 £ 1.0 m=5) in LETO
rats, OLETF rats and pravastatin-treated OLETF rats, respec-
tively (P> 0.05 in each case), while those in the medial region
were 7.9 = 1.3, 8.6 = 1.9 and 7.7 = 1.1 respectively (P > 0.05
in each case).

Contractions induced by STA, and high K*

Neither vascular wall thickness nor the number of smooth
muscle cells across the wall in LAD was significantly different
between LETO and OLETF rats (Figure 5A). High-K* (80 mM)
and STA, (30nM) each induced a contraction in
endothelium-intact strips, and for each agent the maximum
tensions were similar between LETO rats and OLETF rats
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from a different animal) with SEM. *P < 0.05, **P < 0.01 versus LETO. #P < 0.05 versus OLETF.

regardless of whether or not pravastatin had been adminis-
tered (Figure 5B and C). The NOS inhibitor L-NNA (0.1 mM)
enhanced the contraction induced by 30nM STA; in
endothelium-intact strips, the magnitude of the enhance-
ment being similar among the three groups of rats discussed
previously (Figure SC).

ACh-induced relaxation

ACh (10°-10° M) induced a concentration-dependent relax-
ation of the contraction induced by 40mM K' in
endothelium-intact LAD strips that was similar between LETO
rats and OLETF rats regardless of whether or not pravastatin
had been administered (in each case, P > 0.05 by two-way-
repeated ANOVA; Figure 6A). The pD2 (-log ECso) values were
6.80 = 0.10, 6.89 * 0.16 and 6.98 + 0.28 in LETO rats, OLETF
rats and pravastatin-treated OLETF rats, respectively (P > 0.5
by one-way ANOVA), and those for En.x were 0.386 = 0.036,
0.578 £ 0.083 and 0.637 = 0.090 (P> 0.05 by one-way ANOVA)
respectively.

PEG-SOD (100 u-mL™") plus catalase (400 u-mL™") signifi-
cantly enhanced the ACh-induced relaxation of the high-K*
contraction in OLETF rats (n = 5, P < 0.05) but not in either
LETO or pravastatin-treated OLETF rats (in each case, n =35, P

> 0.1). ACh (10°-10"° M) did not induce a relaxation of the
high K*-contraction in endothelium-denuded strips from
either LETO or OLETF rats (data not shown).

ACh (10°-10°M) induced a concentration-dependent
relaxation of the contraction induced by STA, (30 nM) in
endothelium-intact strips that was similar among the three
groups of rats (Figure 6B). No ACh-induced relaxation of the
STA,-contraction was observed in endothelium-denuded strips
from either LETO or OLETF rats (data not shown).

Because L-NNA (0.1 mM) enhanced the contraction
induced by STA, (30 nM) (Figure 5C), the concentration of
STA, was reduced to 5 nM in the presence of L-NNA so as to
match, as closely as possible, the amplitude of the STA,-
induced contraction obtained before application of L-NNA. In
the presence of L-NNA, ACh (10°-10°M) induced a
concentration-dependent relaxation of the contraction
induced by STA, (5 nM) in endothelium-intact strips that was
similar among the three groups of rats (Figure 6C).

ACh-induced smooth muscle cell hyperpolarization

The resting membrane potential of smooth muscle cells in
endothelium-intact LAD strips from LETO rats was —46.4 =
2.4 mV (n=6), and ACh (1 uM) induced a hyperpolarization

British Journal of Pharmacology (2009) 158 621-632
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Figure 4 ACh-induced nitric oxide (NO) production in endothelial
cells in left anterior descending coronary artery. Intracellular concen-
trations of NO ([NOJ;), as estimated from fluorescence-intensity
changes in the NO-sensitive dye DAF-2. [NOJ; is expressed as the ratio
of F (fluorescence intensity at a given time after ACh-application) to
Fo (just before ACh-application). ACh (10 uM) was applied as indi-
cated by the bar. Data are the mean from four different preparations
(each from a different animal) with SEM. No significant differences
were observed among the three groups of rats. LETO, Long-Evans
Tokushima Otsuka; OLETF, Otsuka Long-Evans Tokushima Fatty,
OLETF + PRV, pravastatin-treated OLETF.

(16.5 = 1.6 mV, n = 6) (Figure 7A). No ACh-induced hyperpo-
larization was observed in endothelium-denuded strips from
LETO rats (-2.0 = 2.6 mV, n = 3). In endothelium-intact strips
from LETO rats, L-NNA (0.1 mM) did not modify either the
resting membrane potential (-47.6 *= 4.5, n = 3) or the ACh-
induced hyperpolarization (17.5 = 1.9 mV, n = 3; P > 0.05
before L-NNA application). In the presence of L-NNA, charyb-
dotoxin (0.1 uM) + apamin (0.1 uM) did not affect the resting
membrane potential (-49.4 = 5.6 mV) but blocked the ACh-
induced hyperpolarization (—4.3 = 2.6 mV, n = 3; Figure 7A).

The resting membrane potential of smooth muscle cells in
endothelium-intact strips from OLETF rats was -45.1 =
2.3 mV (n=35), and ACh (1 uM) induced a hyperpolarization
(21.6 = 2.8 mV, n = 5), these values being not significantly
different from those obtained in LETO rats (P > 0.05 in each
case; Figure 7). In the presence of L-NNA, ACh (1 uM) still
induced a hyperpolarization (23.5 £ 0.3 mV, n = 3), and
charybdotoxin (0.1 uM) + apamin (0.1 uM) blocked it (-2.8 =
1.6 mV, n = 3; Figure 7B).

Discussion and conclusions

OLETF rats at 28 weeks of age were obese and mildly hyper-
glycaemic, with a relatively high serum insulin concentration
in the fasting state (vs. age-matched LETO rats), as originally
found by Kawano et al. (1992). In such rats, superoxide pro-
duction was increased in LAD. However, the following
endothelium-dependent responses were not significantly
altered: (i) the ACh-induced relaxation of the high-K* contrac-
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tion; (ii) the enhancement of the STA,-contraction induced by
the NO synthase inhibitor L-NNA; and (iii) the production of
NO induced by ACh. These results indicate that both the
spontaneous and the ACh-stimulated NO-release functions
are normal in the LAD of OLETF rats. In addition, we are the
first to demonstrate that the ACh-induced endothelium-
dependent smooth muscle cell hyperpolarization and relax-
ation observed in the presence of L-NNA + diclofenac (i.e. the
EDHF function) are also normal in this artery in OLETF rats.

Endothelial function and vascular superoxide production

Accumulating evidence indicates that the increased vascular
superoxide production present in diabetic animals may lead
to a dysfunction of endothelium-derived NO through the
formation of peroxynitrite (inactivation of NO) and the
induction of ‘eNOS uncoupling’ (via oxidation of the eNOS
co-factor tetrahydrobiopterin) (Véasquez-Vivar etal., 1998;
Fleming and Busse, 2003; Cai et al., 2005; Forstermann and
Miinzel, 2006). It has been suggested that activation of
NAD(P)H oxidase is the most prominent mechanism under-
lying such an increase in vascular superoxide production in
vitro as well as in vivo (Griendling ef al., 1994; Rajagopalan
etal.,, 1996; Kim etal., 2002). Further, it is thought that
enhanced activity of the renin-angiotensin system and/or an
increase in the expression of AT,R protein may play a signifi-
cant causal role in this effect on NAD(P)H oxidase, leading
ultimately to the development of atherosclerosis and cardio-
vascular diseases (Nickenig and Murphy, 1996; Harrison,
1997; Nickenig et al., 1997). We found that in LAD obtained
from OLETF rats at the early hyperglycaemic stage: (i) super-
oxide production was increased in endothelial cells (but not
in smooth muscle cells); (ii) the protein expressions of the
NAD(P)H oxidase components p22P"°*, p47°hx and gp91Phox,
but not of either the amount of local Ang II or the expression
of AT;R protein, were increased; (iii) the activity of NADPH
oxidase itself was increased; (iv) the protein expression of the
anti-oxidant enzyme Cu/Zn-SOD was not altered; and (v) a
very high concentration of L-NAME [an inhibitor of superox-
ide production via ‘uncoupled eNOS' (Xia etal.,, 1998;
Mata-Greenwood et al., 2006)] attenuated the endothelial
superoxide production. In addition, we had previously found
that the selective NAD(P)H oxidase inhibitor apocynin (but
not the mitochondrial respiratory chain uncoupler rotenone)
completely blocked the elevated superoxide production
observed in aortae isolated from OLETF rats at the same stage
(Kikuchi et al., 2008). Collectively, the above results indicate
that in OLETF rats at the early hyperglycaemic stage: (i) there
is enhanced NAD(P)H oxidase activity within endothelial
cells in the LAD and this causes a small increase in superoxide
production, which (ii) induces ‘eNOS uncoupling’, leading to
a larger increase in superoxide production. These steps are not
related to any change in either the amount of local Ang II or
ATiR protein expression in this artery. We also found that
unlike the endothelial cells, the smooth muscle cells showed
no increase in superoxide production, although p22Phox
protein expression was enhanced. This suggests that in addi-
tion to an increased NAD(P)H oxidase activity, certain other
changes (such as the formation of ‘uncoupled eNOS’ within
the endothelial cells) are needed for an increase in superoxide
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activities. (A) Summaries of left anterior descending coronary artery (LAD) wall thickness (a1) and number of smooth muscle cells across the
wall (a2) in Long-Evans Tokushima Otsuka (LETO) rats and Otsuka Long-Evans Tokushima Fatty (OLETF) rats. Summary of data obtained for
absolute tension induced by 80 mM K* (B) and effect of the nitric oxide synthase inhibitor N“-nitro-L-arginine (L-NNA) on STA; (30 nM)-
induced contractions in endothelium-intact strips of LAD (C). LETO: LETO rats; OLETF: OLETF rats; OLETF + PRV: pravastatin-treated OLETF rats.
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Figure 6 ACh-induced relaxation of the contractions induced by high K" and 9,11-epithio-11,12-methano-thromboxane A, (STA).
Concentration-response relationships for ACh-induced relaxations in endothelium-intact strips of left anterior descending coronary artery from
Long-Evans Tokushima Otsuka (LETO) rats, Otsuka Long-Evans Tokushima Fatty (OLETF) rats and pravastatin-treated OLETF rats (OLETF + PRV)
in the presence of the cyclooxygenase inhibitor diclofenac, (A) on the contraction induced by 40 mM K, (B) on the contraction induced by
30 nM STA;, (C) on the contraction induced by 5 nM STA; in the presence of N®-nitro-L-arginine (0.1 mM). Means of 3-5 strips, each from
a different animal, in each group, with SEM shown by vertical bar.

production to occur in the smooth muscle cells in the LAD of  function in humans (Balletshofer et al., 2000; Quifiones et al.,
OLETF rats at the early hyperglycaemic stage. 2004; Prior et al., 2005). In the present experiments, we used

It is thought that in several animal models of type 1 or type  the 28-week-old OLETF rat as our model. This model exhibits
2 diabetes, the elevated blood glucose level leads to an  mild hyperglycaemia with a high blood insulin concentra-
increase in vascular superoxide production, thereby causinga  tion, and so it is unclear whether the increased superoxide
dysfunction of endothelium-derived NO in conduit arteries  production we observed was secondary to the hyperglycaemia
(De Vriese et al., 2000). It has recently been suggested that or to the insulin resistance. This remains to be clarified in
insulin resistance correlates with coronary endothelial dys-  future work.
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Figure 7 Effects of N°-nitro-L-arginine (L-NNA) and blockers of Ca*"-activated K*-channels on ACh-induced smooth muscle cell hyperpolar-
ization. The experiments were performed in the presence of the cyclooxygenase inhibitor diclofenac. Representative tracings of the effects of
L-NNA (0.1 mM), in the presence or absence of charybdotoxin (0.1 uM) + apamin (0.1 pM), on ACh-induced smooth muscle cell hyperpo-
larization in left anterior descending coronary artery from Long-Evans Tokushima Otsuka rat (A) and Otsuka Long-Evans Tokushima Fatty

rat (B).

Endothelium-derived NO and EDHF are each important
for the regulation by the endothelium of vasomotor func-
tion in coronary arteries (Kugiyama et al., 1997; De Vriese
etal., 2000). It might be anticipated that an enhanced
vascular superoxide production would cause a dysfunction
of endothelium-derived NO (Vasquez-Vivar etal.,, 1998;
Fleming and Busse, 2003; Cai et al., 2005; Férstermann and
Miinzel, 2006). However, we found that in OLETF rats at the
early hyperglycaemic stage, both ACh-induced endothelial
NO production and the contraction-regulating function of
NO were normal in the LAD despite an increased superoxide
production. This does not accord with findings previously
made in aortae from type 2 diabetic animals, including
OLETF rats (Sakamoto et al., 1998; Kagota et al., 2000; Kim
et al., 2002; Minami et al., 2002). These results may reflect
differences in the development of endothelial dysfunction
among different vascular regions during the early hypergly-
caemic stage of diabetes under conditions of increased vas-
cular superoxide production. We also found that under
these conditions, eNOS protein expression in LAD was
increased in the OLETF rat (a result consistent with a pre-
vious finding; Jesmin et al., 2002) and, moreover, that com-
bined application of PEG-SOD (the membrane-permeable
SOD) plus catalase (to break down the H,O, produced by
PEG-SOD) enhanced the ACh-induced NO-mediated relax-
ation in OLETF rats, but not in either LETO or pravastatin-
treated OLETF rats. These results suggest that a portion of
the increased eNOS that is not ‘uncoupled’ helps to main-
tain the function of endothelium-derived NO in LAD in
OLETF rats at the early hyperglycaemic stage.

In the presence of L-NNA + diclofenac, the ACh-induced
endothelium-dependent smooth muscle cell hyperpolariza-
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tion in LAD was the same in our OLETF rats as in the control
LETO rats. The hyperpolarization was inhibited by the com-
bined application of the intermediate-conductance Kc,-
channel inhibitor charybdotoxin and the small-conductance
Kci-channel inhibitor apamin (agents that are well-
established inhibitors of EDHF) (Félétou and Vanhoutte,
2000). Moreover, the ACh-induced, endothelium-dependent
relaxation observed in the presence of L-NNA + diclofenac
was not different between OLETF rats and LETO rats. These
results indicate that in LAD, the function of EDHF is also
retained in OLETF rats at the early hyperglycaemic stage. The
above results are in contrast to findings made in mesenteric
arteries obtained from OLETF rats at this stage (Minami et al.,
2002). We previously found in rabbits that under conditions
of increased endothelial superoxide production, the modula-
tion of ACh-induced endothelium-dependent hyperpolariza-
tion differs between aortic valves (Kusama et al., 2005a) and
middle cerebral arteries (Watanabe et al., 2008). Thus, taken as
a whole, the results available at present suggest that the
ability of superoxide to down-regulate the function of EDHF
may differ among different types of vascular beds in animals
at the early hyperglycaemic stage of diabetes.

Effects of pravastatin on vascular superoxide production

In this study, pravastatin was administered in vivo to OLETF
rats for 8 weeks starting at 20 weeks of age, and this treat-
ment significantly reduced the fasting blood HbAlc concen-
tration. Because there was only a slight (and not significant)
decrease in the serum insulin concentration, the HOMA-IR
score was significantly decreased. These results indicate that
pravastatin induces a partial recovery of the decrease in



sensitivity to insulin shown by the target organs in OLETF
rats, when it is administered once hyperglycaemia has
already developed. Under such conditions, endothelial
superoxide production in LAD was normalized, together
with reductions not only in the protein expressions of
NAD(P)H oxidase components (p22P"°*, p47°t* and gp91°he¥)
but also in NADPH oxidase activity. In addition, pravastatin
reduced the eNOS protein expression in this artery to the
normal level, it was an unexpected result because various
HMG-CoA reductase inhibitors have been found to increase
eNOS protein or mRNA expression in endothelial cells
(Laufs and Liao, 1998; Wagner et al., 2000). Further, pravas-
tatin inhibited the development of ‘eNOS uncoupling’ [as
estimated from the action of L-NAME (an inhibitor of super-
oxide production by ‘uncoupled eNOS’)] in the LAD of
OLETF rats. Interestingly, ‘eNOS uncoupling’ has been found
to be more profound when eNOS protein is overexpressed
under conditions of increased vascular superoxide produc-
tion in Apo-E-knockout mice (Takaya et al., 2007). Collec-
tively, the above results suggest that in OLETF rats at the
early hyperglycaemic stage, pravastatin normalizes not only
the raised eNOS protein expression, but also ‘eNOS uncou-
pling’ in the LAD, possibly by inhibiting NAD(P)H oxidase.
A recent clinical study in Japan indicated that pravastatin
reduces the risk of coronary heart disease in patients who
have hypercholesterolaemia but no history of coronary
heart disease or stroke (Nakamura et al., 2006). The useful-
ness of HMG-CoA reductase inhibitors for the secondary
prevention of cardiovascular diseases has also been demon-
strated in diabetic patients with (Pyordld etal., 1997) and
without (Sacks et al., 2002) hypercholesterolaemia. Thus, it
seems likely that in coronary arteries in type 2 diabetes, the
inhibition of vascular superoxide production induced by
pravastatin may make a significant contribution to the nor-
malization of endothelial functions that is seen with this
agent (Sacks etal., 2002) and thereby help to reduce the
adverse cardiovascular events associated with this disease
state.

We conclude that because superoxide production is
increased and ‘eNOS uncoupling’ has developed, the endot-
helial cells are in a pathophysiological state in the LAD of
OLETF rats at the early hyperglycaemic stage (although the
function of NO is not critically modified, possibly because of
additional NO derived from the enhanced expression of
eNOS). It may be that the existence of such a state in the
endothelial cells increases the likelihood of endothelial dys-
function developing in the future. Because pravastatin can
evidently inhibit all these changes in endothelial cells, we
suggest that this agent may prevent or retard the develop-
ment of endothelial dysfunction in coronary arteries in type 2
diabetes by inhibiting endothelial superoxide production.
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