J Pharmacol Sci 107, 128 — 137 (2008)

Full Paper

Journal of Pharmacological Sciences
©2008 The Japanese Pharmacological Society

Beneficial Effect of Coenzyme Q10 on Increased Oxidative and Nitrative
Stress and Inflammation and Individual Metabolic Components
Developing in a Rat Model of Metabolic Syndrome

Masaru Kunitomo'*, Yu Yamaguchi', Satomi Kagota', and Kazumasa Otsubo?

!School of Pharmaceutical Sciences, Mukogawa Women's University, Nishinomiya, Hyogo 663-8179, Japan
’Fine Chemicals Division, Asahi Kasei Pharma Corporation, Tokyo 101-8101, Japan

Received December 15, 2007; Accepted April 11, 2008

Abstract. Metabolic syndrome (MetS) is a group of cardiovascular risk factors, including
visceral obesity, glucose intolerance, hypertension, and dyslipidemia. Increased oxidative and
nitrative stress and inflammation and decreased endothelial function occur in an animal model
of metabolic syndrome, SHR/NDmcr-cp (SHR/cp) rats. The present study investigated the
effects of coenzyme Q10 (CoQ10), one of the important antioxidants, on the abnormal oxidative
condition and characteristic components of metabolic syndrome in SHR/cp rats by maintaining
them on a diet supplemented with 0.07% —0.7% CoQ10 for 26 weeks. We determined serum
levels of oxidatively modified low-density lipoprotein (Ox-LDL) and 8-hydroxy-2'-deoxygua-
nosine (8-OHdG) as oxidative stress markers, 3-nitrotyrosine as a nitrative stress marker, 3-
chlorotyrosine as a marker of myeloperoxidase (MPO)-catalyzed oxidation and high-sensitivity
C-reactive protein (hsCRP) as an inflammatory marker. The administration of CoQ10 signifi-
cantly attenuated the increase of oxidative and nitrative stress markers and inflammatory markers
in a dose-dependent manner. CoQ10 prevented the elevated serum insulin levels, although it did
not affect the elevated glucose level and dyslipidemia. CoQ10 also reduced elevated blood
pressure, but did not affect body weight gain. In addition, CoQ10 improved endothelial dysfunc-
tion in the mesenteric arteries. These findings suggest that the antioxidant properties of CoQ10
can be effective for ameliorating cardiovascular risk in MetS.

Keywords: coenzyme Q10, metabolic syndrome model rat, oxidative stress, inflammation,
endothelial dysfunction

Introduction

resistance, visceral fat accumulation, and MetS (6 — 8).
Coenzyme Q10 (CoQ10) is an endogenously synthe-

Metabolic syndrome (MetS) is a clinical feature
characterized by a cluster of classic cardiovascular
risk factors, including hypertension, hyperglycemia, and
dyslipidemia (1). Visceral obesity and insulin resistance
are currently considered primary factors underlying the
development of the syndrome (2, 3). It has been reported
that the proinflammatory state of visceral obesity
induces insulin resistance, leading to clinical and
biochemical manifestations of MetS (4, 5). Furthermore,
systemic oxidative stress is associated with insulin
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sized compound that acts as an electron carrier in the
mitochondrial respiratory chain (9). In addition to its
unique role in mitochondria, CoQ10 functions as an
antioxidant, scavenging free radicals and inhibiting lipid
peroxidation (10, 11). Recent studies have provided
evidence of the potential value of CoQ10 in prophylaxis
and therapy of various disorders related to oxidative
stress. There is promising evidence of the beneficial
effect of CoQ10 in hypertension and heart failure
(12 —14). It has been reported that CoQ10 concentra-
tions and redox status are associated with components
of MetS (15). Thus, it would be important to establish
whether exogenous administration of CoQ10 is effective
for prophylaxis and therapy of MetS.
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SHR/NDmcr-cp/cp (SHR/cp) rats manifest hyper-
tension (derived from SHR), obesity (as a result of a
nonsense mutation in the leptin-receptor gene), glucose
intolerance, and hyperlipidemia (16). They have been
used as an animal model of MetS (16 —18). We have
previously reported that oxidative and nitrative stress,
together with inflammation are systemically elevated
with the development of metabolic disorders charac-
teristic to SHR /cp rats (19).

In the present study, we investigated the effect of
exogenous CoQ10 administration on the increase of
oxidative and nitrative stress markers and inflammatory
markers and the individual components of MetS by
using SHR/cp rats. We also examined the effect of
CoQ10 on the vascular endothelial dysfunction develop-
ing in these rats.

Materials and Methods

Materials

Chemicals of analytical reagent grade were purchased
from Nacalai Tesque (Kyoto) and used without further
purification. The oxidized form of CoQ10 was kindly
donated by Asahi Kasei Pharma Co. (Tokyo). ProtEX-
DEAE columns (particle diameter of 5 um, column size:
50 mm x 4.6 mm i.d.), which were used for anion-
exchange high-performance liquid chromatographic
(AE-HPLC) assay, were kindly donated by Mitsubishi
Chemical Co. (Tokyo). Water purified with a Milli Q Jr.
(Millipore, Tokyo) was used to prepare eluents for the
HPLC method.

Animals

The SHR/cp rat is a subline of the spontaneously
hypertensive/NIH-corpulent (SHR/N-cp) rat distributed
by the National Institutes of Health (Bethesda, MD,
USA), which was established under specific pathogen-
free (SPF) conditions by the Disease Model Cooperative
Research Association (Kyoto). Six-week-old male
SHR/cp rats were purchased from Japan SLC, Inc.
(Hamamatsu). The rats were bred with a high-fat diet
consisting of 14% fat, 46% carbohydrate, and 24%
protein (CLEA Rodent Diet Quick Fat; CLEA Japan,
Inc., Tokyo), which is used for an animal model of
type 2 diabetes mellitus and obesity. As shown in
Table 1, the rats were divided into control, 0.07%
CoQ10, 0.2% CoQ10, and 0.7% CoQI10 groups,
which were fed the diet supplemented with 0%, 0.07%,
0.2% and 0.7% CoQ10, respectively, for 26 weeks. At
20 weeks of age, the middle period of the experiment,
the body weight of each group was 617 £ 15, 647 £ 16,
639+ 17, and 663 £ 17 g and the mean food consump-
tion was 23.4, 24.0, 23.5, and 23.8 g, respectively. Thus

the supplementation of CoQ10 to each group was
approximately equivalent to dosages of 0, 26, 74, and
252 mg/kg per day, respectively. Both the diets and
water were given ad libitum during the experimental
period. There were no significant differences among the
diet intakes of the four groups throughout the experi-
ment. All rats were kept in an air-conditioned room
(23 £2°C and 55 £ 10% humidity) under an artificial 12-
h light/dark cycle (07:00 —19:00). The systolic blood
pressure and heart rate were determined at 4-week
intervals with conscious rats from 6 weeks of age by the
indirect tail-cuff method. The measurement of blood
pressure was stopped at 22 weeks of age because the
blood pressure of the SHR/cp rats became too elevated
(over 200 mmHg). The study protocols were performed
according to the Guideline Principles for the Care and
Use of Laboratory Animals approved by The Japanese
Pharmacological Society.

Preparation of serum samples

After overnight fasting of the rats, blood was drawn
from the tail vein of 6-week-old animals and thereafter
at 4-week intervals from 8 weeks of age under light
anesthesia with diethyl ether, and it was drawn from the
abdominal aorta at the end of the experiment (32 weeks
of age) with the animals under anesthesia with
pentobarbital sodium (40 mg/kg, i.p.). The serum was
separated by centrifugation (1,500 x g for 10 min) from
the clotted blood, stored at —80°C and then used for
measurement of various lipids, high-density lipoprotein
(HDL), low-density lipoprotein (LDL), very low-density
lipoprotein (VLDL), subfractions of LDL, glucose,
insulin, 3-nitrotyrosine, 3-chlorotyrosine, 8-hydroxy-2'-
deoxyguanine (8-OHdG), and high-sensitivity C-reactive
protein (hsCRP).

Determination of CoQ10

The serum levels of CoQ10 (Ubiquinol-10 and
ubiquinone-10) were simultaneously determined using
HPLC with electrochemical detection (HPLC-ECD), as
described by Yamashita and Yamamoto (20), except that
extraction in hexane and methanol was replaced by the
use of isopropanol.

Determination of oxidatively modified LDL

An anion-exchange HPLC method was used to
measure the oxidatively modified LDL (Ox-LDL) in the
serum, according to a previously described method (21,
22). Serum LDL was separated by stepwise elution into
three subfractions: LDL1, LDL2, and LDL3. The
cholesterol level of each subfraction was detected using
an enzymatic post-column reaction and evaluated as a
relative value to the total cholesterol levels in LDL. The
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degree of oxidative modification of serum LDL was
assessed by the decrease in LDLI1 and the increase in
LDL2 and LDL3. Thus, LDL1, 2, and 3 refer to normal,
mildly modified, and severely modified fractions,
respectively.

Determination of 8-OHdG

The HPLC-ECD method was used to measure 8-
OHJdG in the serum, according to a method described
by Longetal. (23). Briefly, an aliquot of serum was
extracted by addition of methanol. After centrifugation
at 7000 x g for 10 min, the supernatant was dried under
a stream of nitrogen gas. The residues were dissolved in
the mobile phase solution in this HPLC method. The
dissolved sample was centrifuged again at 7,000 x g for
10 min, and an aliquot of the supernatant was injected
into the HPLC-ECD system. The voltage of the guard
cell was set at 500 mV, and those of the first and second
electrodes of the analytical cell set at 150 and 300 mV,
respectively. The analytical column was a Cosmosil
SC18-AR-II (particle diameter, 5 um; column size,
150 x4.6 mm 1.D.) equipped with a guard column
(10 x4.6 mm L.D.), and the mobile phase was 20 mM
sodium phosphate buffer, pH 4.7, including 10% (v/v)
methanol. The flow rate was 1 mL/min and the column
temperature was set at 25°C. Quantitation of 8-OHdG
was performed by comparison of the peak area with that
of authentic 8-OHdG.

Determination of 3-nitrotyrosine and 3-chlorotyrosine

The HPLC-ECD method was used to measure 3-
nitrotyrosine and 3-chlorotyrosine in the total serum
proteins, according to a previously described method
(22). Briefly, the lipid in an aliquot of serum was
extracted with ethanol/ether (3:1, v/v), and the residue
containing total protein was hydrolyzed with 6 M
hydrochloric acid for 12 h at 110°C. After removal of
hydrochloric acid from the hydrolysate, the residue was
dissolved in distilled water, and an aliquot of the
supernatant was injected into the HPLC-ECD system.
The voltage of the guard cell was set at 800 mV and
those of the first and second electrodes of the analytical
cell were set at 550 and at 750 mV, respectively. The
analytical column was the Cosmosil 5C18-AR-II
equipped with the guard column described above and
the mobile phase was 20 mM sodium phosphate buffer,
pH 3.0, including 5% (v/v) methanol. The flow rate was
I mL/min and the column temperature was set at 20°C.
Quantitation of 3-nitrotyrosine and 3-chlorotyrosine
was performed by comparison of the peak areas with
those of authentic 3-nitrotyrosine and 3-chlorotyrosine,
respectively.

Relaxation studies

At the end of the experiment (32 weeks of age), the
mesenteric artery was removed and immediately placed
in Krebs-Henseleit solution (118.4 mM NaCl, 4.7 mM
KCl, 2.5 mM CacCl,, 1.2 mM KH,POs, 1.2 mM MgSO,,
25.0 mM NaHCO;, and 11.1 mM glucose). The vessels
were cut into 3-mm rings, and the rings were mounted
isometrically at an optimal resting tension of 0.3 g in a
10-mL organ bath filled with the solution (37°C, pH 7.4)
described above. The bath solution was continuously
aerated with a gas mixture of 95% O, and 5% CO..
Isometric tension change was measured with a force-
displacement transducer (Model t-7; NEC San-Ei,
Tokyo) coupled to a dual channel chart recorder (Model
8K21, NEC San-Ei). The rings were preconstricted
with phenylephrine (1-3 M) to generate approxi-
mately 80% of the maximal contraction. Once a stable
contraction was obtained, acetylcholine was cumula-
tively added to the bath. The relaxation response
obtained was expressed as a percentage of the maximal
relaxation developed by papaverine (100 uM).

Biochemical analysis

Serum total cholesterol levels were determined by a
fluoro-enzymatic method as described previously (24).
HDL, LDL, and VLDL levels were determined by an
AE-HPLC method as described previously (25).
Triglyceride, free fatty acid, and glucose levels were
evaluated by Triglyceride E test Wako, NEFA C test
Wako, and Glucose C II test Wako (Wako Pure
Chemical Industries, Osaka), respectively. Serum insulin
levels were measured with a Rat Insulin ELISA Kit
(Morinaga Institute of Biological Science, Inc.,
Kanagawa). Serum hsCRP levels were measured with a
Rat C-Reactive Protein ELISA Kit (Alpha Diagnostic
International, San Antonio, TX, USA). Protein levels in
non-lipid serum were measured by using a BCA protein
assay kit (Pierce, Rockford, IL, USA).

Statistics

The results are each expressed as the mean = S.E.M.
Individual concentration—response curves for acetyl-
choline were characterized to determine the pECsy and
Rmax, Which were calculated using GraphPad Prism
software (Ver.4; San Diego, CA, USA). Statistical
analyses were performed by analysis of variance
(ANOVA) followed by the Bonferroni multiple
comparison test and Bonferroni-Dunn test (Stat View
software, Ver. 5.0; SAS, Cary, NC, USA). A difference
was considered significant when P<0.05.
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Results

Changes in body weight and serum CoQ10 levels

Table 1 shows the body weight of each group on the
initial and final days of the experiment, at 6 and
32 weeks of age, respectively. There were no significant
differences in body weight among the groups throughout
the experiments.

As shown in Table 2, serum levels of CoQ10, mostly
ubiquinol, were markedly increased by administration
of CoQI10 in a dose-related manner throughout the
experiment; a marked increase after the two-week
administration followed by a gradual increase until the
end of experiments.

Effect of CoQ10 on heart rate and blood pressure

As shown in Fig. 1, the initial systolic blood pressure
was similar for all groups. The systolic blood pressure in
the control group became elevated quite rapidly with
age. The blood pressures of the CoQ10-treated groups
were significantly lower than that of the control group
after 18 weeks of age. There were no significant
differences in the heart rate among all groups.

Effect of CoQ10 on serum insulin and glucose levels

The serum glucose and insulin levels of SHR/cp rats
were markedly higher than those of normal Wistar
Kyoto rats (19). CoQ10 administration did not affect the
serum glucose levels in the control group throughout the
experimental period (Fig. 2A). In contrast, the CoQ10-
treated groups showed a significant decrease in the
serum insulin levels compared to the control group in a
dose-related manner after 16 weeks of age and the
suppressive effects continued until the end of the
experiment (Fig. 2B).

Effect of CoQ10 on serum lipid levels

The lipid and lipoprotein levels of SHR/cp rats were
markedly higher than those of Wistar Kyoto rats, except
for HDL-cholesterol (19). Figure 3 shows the changes in
the serum total cholesterol (Fig.3A) and triglyceride
(Fig. 3B) levels in each group. CoQ10 administration
did not affect these levels throughout the experimental
period. Similarly, CoQ10 administration did not affect
the increased levels of free fatty acids, LDL-cholesterol
and VLDL-cholesterol, and the decreased levels of
HDL-cholesterol in the control group (data not shown).

Table 1. Grouping and changes in body weight
Body weight (g)
Group Diet No. of rats
Initial Final

Control Quick Fat 6 185+7 843 +£20
0.07% CoQ10 Quick Fat supplemented with 0.07% CoQ10 6 184+8 852 +22
0.2% CoQ10 Quick Fat supplemented with 0.2% CoQ10 6 183+7 844 +24
0.7% CoQ10 Quick Fat supplemented with 0.7% CoQ10 6 184+9 877+25

Each value represents the mean + S.E.M. for 6 rats. CoQ10, coenzyme Q10.

Table 2. Serum CoQ10 (ubiquinol and ubiquinone) levels in SHR /cp rats administered exogenous CoQ10
Age Total Ubiquinol Ubiquinone
Group
(weeks) M
Control 8 23+2 23+2 N.D.
32 N.D. N.D. N.D.
0.07% CoQ10 8 515127 491 £25 24+£3
32 470+ 62 445+ 61 24+2
0.2% CoQ10 8 707 £ 88 677+ 84 30£4
32 1020 £ 233 986 232 34+4
0.7% CoQ10 8 1012+ 39 971 £38 41£2
32 1213 £42 1167 £41 46£3

Exogenous ubiquinone was administered to SHR/cp rats from 6 weeks of age. Each value represents the
mean £ S.E.M. for 6 rats. CoQ10, coenzyme Q10; N.D., not detected.
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Effect of CoQ10 on biomarker levels of oxidative stress
Ox-LDL and 8-OHdG were measured as biomarkers
of oxidative stress. Figure 4 shows the relative levels of
LDL subfractions, LDL1, LDL2, and LDL3 (Fig. 4: A,
B, and C, respectively). In the control group, the levels
of LDL1 significantly decreased while those of LDL2

sents the mean = S.E.M. of seven

Age (weeks) rats.

and LDL3, especially severely modified LDL3, signifi-
cantly increased. CoQ10 administration significantly
reversed the LDL1 and LDL3 levels in a dose-related
manner. The alteration of LDL2 levels was not sufficient
but similar to that of LDL3 levels.

SHR /cp rats display higher 8-OHdG levels compared
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Fig. 4. Effects of CoQ10 on the ratios of LDL subfractions, LDL1 (A), LDL2 (B), and LDL3 (C) in SHR/cp rats. The LDL
subfractions were separated by an anion-exchange HPLC method with stepwise elution, as described in Materials and Methods.
The control, 0.07% CoQ10, 0.2% CoQ10, and 0.7% CoQ10 groups were fed the diet containing 0%, 0.07%, 0.2%, and 0.7%
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Fig. 5. Effects of CoQ10 on 8-hydroxy-2'-deoxyguanine (8-OHdG)
levels in the serum of SHR /cp rats. The control, 0.07% CoQ10, 0.2%
CoQ10, and 0.7% CoQ10 groups were fed the diet containing 0%,
0.07%, 0.2%, and 0.7% CoQ10, respectively. Each point represents
the mean + S.E.M. of seven rats. Significant difference from the
control group,*P<0.05.

to Wistar Kyoto rats from 6 weeks of age (19). As
shown in Fig. 5, CoQ10 administration dose-dependently
decreased the serum 8-OHdG levels in the control group
throughout the experimental period.

Effect of CoQ10 on serum 3-nitrotyrosine and 3-chloro-
tyrosine levels

Figure 6 shows the levels of 3-nitrotyrosine (Fig. 6A)
and 3-chlorotyrosine (Fig. 6B), a specific biomarker of
peroxynitrite and myeloperoxidase (MPO)-catalyzed
oxidation, respectively, in the serum total proteins.
Although all groups showed normal levels of 3-nitro-

low-grade systemic inflammation, are shown in Fig. 7.
The serum hsCRP level in the control group markedly
increased after 16 weeks of age, reached a peak at
20 weeks of age, and gradually returned to the initial
levels at the end of the experiment. The increased levels
at 16 and 20 weeks of age were significantly suppressed
by CoQ10 administration.

Effect of CoQ10 on endothelium-dependent relaxation
of mesenteric artery

The relaxation in response to acetylcholine in the
aorta of SHR/cp rats is markedly impaired compared
with that in normal Wistar-Kyoto rats, as previously
described (18). Figure 8 shows the acetylcholine-
induced endothelium-dependent relaxation in the
mesenteric artery from the control and 0.7% CoQ10
groups at the end of the experiment. The acetylcholine-
induced relaxation response was not sufficient in the
control group, but was approximately 100% in the 0.7%
CoQ10 group, which was equivalent to the endothelial
function of the normal rats.
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Fig. 6. Effects of CoQ10 on 3-nitrotyrosine (A) and 3-chlorotyrosine (B) levels in the serum protein of SHR/cp rats. The
control, 0.07% CoQ10, 0.2% CoQ10, and 0.7% CoQ10 groups were fed the diet containing 0%, 0.07%, 0.2%, and 0.7% CoQ10,
respectively. Each point represents the mean + S.E.M. of seven rats. Significant difference from the control group, *P<0.05.
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Fig.7. Effects of CoQl0 on serum high-sensitivity C-reactive
protein (hsCRP) levels of SHR/cp rats. The control, 0.07% CoQ10,
0.2% CoQ10, and 0.7% CoQ10 groups were fed the diet containing
0%, 0.07%, 0.2%, and 0.7% CoQI10, respectively. Each point
represents the mean = S.E.M. of seven rats. Significant difference
from the control group, *P<0.05.

Discussion

Oxidative stress, overproduction of reactive oxygen
species, has a critical role in the pathogenesis of
endothelial dysfunction and atherosclerosis (26 —29).
We have previously demonstrated that systemic oxida-
tive stress and nitrative stress as well as inflammation
increase with the development of MetS-like components
in SHR/cp rats (19), which display abdominal obesity,
hypertension, hyperglycemia, insulin-resistance, and
hyperlipidemia (16, 18). Several clinical studies have
provided evidence that systemic oxidative stress, as
measured by urinary S8-epi-prostaglandin F,, (6) or

20
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-4 0.7% CoQ10

100 L L L
10 9 8 7 6

Acetylcholine (-log M)

Fig. 8. Effects of CoQ10 on endothelium-dependent relaxations in
response to acetylcholine in the mesenteric artery of SHR/cp rats.
The relaxation response was expressed as a percentage of the
maximal relaxation caused by papaverine (100 xM). The control and
0.7% CoQ10 groups were fed the diet containing 0% and 0.7%
CoQ10, respectively. Statistical analysis was performed using the
analysis of variance (ANOVA) followed by the Bonferroni-Dunn test
for the pECso and Ruax values. Significant difference from the control
group, *P<0.05.

plasma Ox-LDL (7, 8), is associated with MetS. To
prevent the oxidative damage to the vascular endo-
thelium that is observed in the early stage of atheroscle-
rosis (14, 30), the antioxidant CoQ10 is considered to
be a promising therapeutic agent. However, there have
been no studies on the effect of CoQ10 on the pathologic
condition of MetS. In the present study, we demon-
strated for the first time that long-term CoQ10 admin-
istration can prevent increased oxidative and nitrative
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stress, as indicated by higher levels of Ox-LDL and 8-
OHAdG in the serum and of 3-nitrotyrosine in serum
proteins, respectively, and the increased inflammation
with activation of MPO, as indicated by higher serum
levels of hsCRP and 3-chlorotyrosine in the SHR /cp rats
displaying MetS-like components. In addition, we found
that the elevated serum insulin levels and high blood
pressure were suppressed by CoQ10 intake. These
improvement effects were clearly and dose-dependently
manifested after treatment with CoQ10 for 10 weeks.
Furthermore, we found that CoQ10 ameliorates endo-
thelial dysfunction in the mesenteric arteries of the
rats. However, CoQ10 administration did not affect the
abnormal weight gain, dyslipidemia (elevated levels of
total cholesterol, triglycerides, free fatty acids, LDL- and
VLDL-cholesterol, and reduced HDL-cholesterol), and
hyperglycemia developing in the serum of the SHR/cp
rats.

When the oxidized form of CoQ10 (ubiquinone) was
orally administered to SHR/cp rats, CoQ10 in the serum
was mostly present in the reduced form, ubiquinol, after
2 weeks. It has been reported that a high dose of CoQ10
at 150 mg/kg per day increases the CoQ10 content in
the liver, kidney, heart, skeletal muscle, brain, and
mitochondria of these tissues of rats (31). Therefore,
the dosages of CoQ10 used in the present study, 25—
250 mg/kg per day, seem to show a sufficient anti-
oxidant effect in various tissues. Indeed, we found that
the oxidative and nitrative stress markers were reduced
in a dose-related manner, although it took about
10 weeks for CoQ10 administration to display a signifi-
cant effect. These findings indicate that CoQ10 levels
seem to increase rapidly in the serum but slowly in the
tissues.

Ox-LDL, an oxidative stress marker is also widely
regarded as a critical factor in the atherogenic process
(32). Circulating Ox-LDL is also consistently associated
with the pro-inflammatory cytokine tumor necrosis
factor @ and CRP (33). 8-OHdG is also a reliable
marker for the assessment of oxidative DNA damage
and vascular oxidative stress (34). Increased oxidative
stress is correlated with enhanced systemic inflam-
mation (35). In the present study, we found that CoQ10
administration decreases both Ox-LDL and 8-OHdG
levels in the serum. This finding may be linked to the
alleviation of inflammation and endothelial dysfunction.
Indeed, CoQ10 administration diminished the increased
level of hsCRP, a sensitive systemic marker of inflam-
mation, in the serum of SHR/cp rats after 16 weeks of
age, although the effect was transient. Elevated levels
of hsCRP are known to be an important prognostic
predictor of coronary risk (36). In SHR/cp rats,
therefore, oxidative stress may affect hsCRP levels and

promote vascular inflammatory processes.

MPO is an abundant hemoprotein that is released by
activated neutrophils, monocytes, and tissue-associated
macrophages after inflammatory stimulation. MPO
catalyzes a reaction between chloride and hydrogen
peroxide to produce hypochlorous acid, which reacts
with tyrosine residues of proteins to form 3-chloro-
tyrosine (37). In vivo, MPO can also produce 3-nitro-
tyrosine (38), which is widely recognized as an inflam-
mation-associated marker that is formed by nitration of
protein tyrosine residues with peroxynitrite (ONOQO")
generated during inflammation. A variety of inflamma-
tory cells produce nitric oxide (NO) and superoxide
(07), yielding ONOO™ (39). Thus, the increased 3-
chlorotyrosine and 3-nitrotyrosine levels in the serum of
SHR/cp rats are considered to result from MPO
activation and/or ONOO~ production via an inflam-
matory response. Taken together, our findings suggest
that the antioxidative effect of CoQ10 can act against
a series of inflammatory processes that develop in
SHR /cp rats displaying a MetS-like pathologic condition.

These findings suggest that the antioxidative and
antiinflammatory effects of CoQ10 can help prevent the
development of atherosclerosis. Unfortunately, rats are
generally resistant to the development of atherosclerosis
(40, 41). As expected, we could not histologically
observe atherosclerotic injury in the aorta and arteries of
SHR/cp rats. Alternatively, we found that CoQ10
administration ameliorates the reduced endothelium-
dependent relaxation induced by acetylcholine in the
mesenteric arterial ring preparation of SHR/cp rats.
Inflammation and oxidative stress have been demon-
strated to be associated with endothelial dysfunction in
subjects with MetS (42) and animal models of disease
(29, 43). We have also previously reported that endo-
thelium-dependent relaxations are impaired in the aorta
of SHR/cp rats due to peroxynitrite generated in the
vessel walls (18, 44). We think that NADPH oxidase-
derived superoxide, probably produced due to stimula-
tion of AT, receptors, reacts with NO to form peroxy-
nitrite, which decreases active NO and damages endo-
thelial cells, leading to attenuation of endothelium-
dependent relaxation. These findings indicate that
CoQ10 can reverse endothelial dysfunction by prevent-
ing oxidative and nitrative stress and inflammation.

Endothelial dysfunction and increased oxidative stress
are characteristics of patients with essential hyper-
tension. As superoxide anion reduces NO bioavailability
and acts as a vasoconstrictor (45, 46), endothelial dys-
function can lead to increased peripheral resistance and
high blood pressure. Thus, our findings that CoQ10
prevents vascular endothelial dysfunction seem to be
linked to its hypotensive effect in SHR/cp rats. Further-
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more, insulin resistance and the consequent hyper-
insulinemia, important components of MetS, are
associated with endothelial dysfunction (47), probably
due to increasing oxidative stress (48, 49). The physio-
logical properties of insulin that cause enhancement of
renal sodium reabsorption and stimulate sympathetic
nervous system activity are believed to play a major role
in the development of hypertension (50), although the
underlying mechanisms in the setting of insulin
resistance remain obscure (51). Therefore, the hypoten-
sive effect of CoQ10 observed in SHR/cp rats may be
associated with its alleviation of hyperinsulinemia
together with endothelial dysfunction.

In conclusion, we demonstrated that administration
of CoQ10 notably suppresses oxidative and nitrative
stress, inflammation, hypertension, and hyperinsulinemia
developing in SHR/cp rats, a model of MetS. These
findings suggest that the antioxidant properties of
CoQ10 can be effective for ameliorating cardiovascular
risk in MetS.
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