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a b s t r a c t

CoQ10 shares a biosynthetic pathway with cholesterol therefore it can be a potential target of the widely
available lipid-lowering agents such as statins. Statins are the most widely prescribed cholesterol-low-
ering drugs with the ability to inhibit HMG-CoA (3-hydroxy-3-methylglutaryl-coenzyme A) reductase.
Preclinical and clinical safety data have shown that statins do not cause serious adverse effects in hu-
mans. However, their long-term administration is associated with a variety of myopatic complaints. The
aim of this study was to investigate whether CoQ10 supplementation of animals under high fat diet
(HFD) treated with statins is able to bypass the mitochondrial metabolic defects or not?

Animals were divided into 7 groups and fed with either regular (RD) or HFD during experiments. The
first group considered as regular control and fed with a RD. Groups 2–7 including HFD control, CoQ10
(10 mg/kg), simvastatin (30 mg/kg), atorvastatin (30 mg/kg), simvastatinþCoQ10 or atorvastatinþCoQ10
treated orally for 30 days and fed with HFD. At the end of treatments, the animals were killed and blood
samples were collected for biochemical examinations. The rat liver mitochondria were isolated and
several mitochondrial indices including succinate dehydrogenase activity (SDA), ATP levels, mitochon-
drial membrane potential (MMP) and mitochondrial permeability transition pore (MPP) were de-
termined.

We found that triglyceride (Tg), cholesterol (Chol) and low-density lipoprotein (LDL) were augmented
with HFD compared to RD and treatment with statins remarkably lowered the Tg, Chol and LDL levels.
Mitochondrial parameters including, SDA, ATP levels, MMP and MPP were reduced with statin treatment
and improved by co-administration with CoQ10.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Statins including atorvastatin, pravastatin, fluvastatin, lovasta-
tin, pitavastatin and simvastatin are the most widely prescribed
lipid-lowering drugs with the ability to inhibit HMG-CoA re-
ductase, and lower serum cholesterol (Farmer, 1998; Grundy, 1988;
Marks et al., 2003). On the other hand, statins have HMG-CoA
reductase inhibitor properties (Desager and Horsmans, 1996; Lea
and McTavish, 1997; Plosker et al., 2000) thereby they are also able
to reduce coenzyme Q10 production (Folkers et al., 1990; Ghir-
landa et al., 1993; Laaksonen et al., 1994; Nawarskas, 2005).
Therefore, statins administration is associated with CoQ10

diminution in plasma and muscles of experimental animals and
human (Ghirlanda et al., 1993; Laaksonen et al., 1994; Mortensen
et al., 1997).

Coenzyme Q10 (CoQ10), a naturally occurring quinine and a
lipid soluble compound is present in blood and all cellular mem-
branes of human (Crane, 2001; Villalba et al., 1995) with highest
concentrations in heart, kidney and liver (Aberg et al., 1992). The
major regulatory step of CoQ10 biosynthesis is HMG-CoA (3-hy-
droxy-3-methyl-glutaryl-CoA) reductase, an enzyme common to
the cholesterol synthetic pathway (Ranganathan et al., 1981).
HMG-CoA reductase is a transmembrane protein and the rate-
controlling enzyme of the metabolic pathway that produces cho-
lesterol and the other compounds, such as CoQ10. In humans this
enzyme is thus the target of the widely available cholesterol-
lowering drugs such as statins. CoQ10 is predominately found
within the inner mitochondrial membrane (Turunen et al., 2004).
It accepts electrons from mitochondrial complexes and also from
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β-oxidation of fatty acids (Ernster and Dallner, 1995; Forsmark-
Andree et al., 1997). At the same time it transfers protons to the
outside of the mitochondrial membrane (Mitchell, 1975).

In this study effects of CoQ10 supplementation during statin
therapy to recover the mitochondrial metabolic defects in rats
were examined.

2. Materials and methods

2.1. Chemicals

Compounds were obtained from following suppliers: atorvas-
tatin and simvastatin were kindly provided by Kharazmi Phar-
maceutical Co., Iran. All the other reagents including CoQ10, MTT,
Rhodamine 123 were purchased from Sigma-Aldrich, Germany.

2.2. Animals

Male Sprague-Dawley rats (200–250 g) were obtained from the
Center of Comparative and Experimental Medicine, Shiraz Uni-
versity of Medical Sciences, Shiraz, Iran. The rats were housed
environmentally (t¼25 °C) and air humidity controlled room
(60%) and kept on a standard laboratory diet and were maintained
on a 12-h light–dark cycle for one week before the start of the
experiments. They were allowed to feed standard laboratory chow
and tap water ad libitum. The animals were treated according to
the guideline of the Ethics Committee of Shiraz University of
Medical Sciences.

2.3. Experimental design

Animals were divided into 7 groups (n¼6) and fed with either
regular (RD) or high fat diet (HFD; 90% RDþ10% fat) during ex-
periments. The first group considered as regular control and fed
with a RD. Groups 2–7 including HFD control, CoQ10 (10 mg/kg),
simvastatin (30 mg/kg), atorvastatin (30 mg/kg), simvastatin
(30 mg/kg)þCoQ10 (10 mg/kg) or atorvastatin (30 mg/kg)þCoQ10
(10 mg/kg) treated orally for 30 days and fed with HFD during
experiments. At the end of the treatments, the animals were killed
and blood samples were collected for biochemical examinations.
The rat liver mitochondria were isolated and several mitochondrial
indices were measured.

2.4. Biochemical parameters determination

Animal blood samples were collected in the glass tube con-
taining an anticoagulant substance (heparin). The biochemical
parameters including triglyceride (Tg), cholesterol (Chol), low-
density lipoprotein (LDL) and high density lipoprotein (HDL) were
measured by automated hematology analyzer (KX-21N™).

2.5. Preparation of mitochondria

Rats were anaesthetized by injection of 60 mg/kg thiopental
and the liver was removed with small scissor and minced in a cold
manitol solution containing 0.225 M D-manitol, 75 mM sucrose
and 0.2 mM ethylenediaminetetraacetic acid (EDTA). Approxi-
mately 30 g of the minced liver was gently homogenized in a glass
homogenizer with a Teflon pestle and then centrifuged at 700g for
10 min at 4 °C to remove nuclei, unbroken cells and other non-
subcellular tissues. The supernatant was centrifuged at 7000g for
20 min. The dark packed lower layer (heavy mitochondrial frac-
tion) was resuspended in the manitol solution and recentrifuged
twice at 7000g for 20 min. The heavy mitochondrial sediments
were suspended in Tris solution containing 0.05 M Tris–HCl buffer

(pH 7.4) 0.25 M sucrose, 20 mM KCl, 2.0 mM MgCl2 and 1.0 mM
Na2H PO4 at 4 °C before assay.

2.6. MTT assay

In our study the quantitative colorimetric method for de-
termination of cell viability by 3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was modified for rat liver
mitochondria suspension in tubes (succinate dehydrogenase ac-
tivity; SDA) (Ghazi-Khansari et al., 2006; Mohammadi-Bardbori
and Ghazi-Khansari, 2007).

2.7. Mitochondrial membrane potential (MMP) assay

Rhodamine 123 was used to assess perturbations in MMP. The
mitochondrial fractions were added into the reaction mixture
containing 150 mM sucrose, 4 mM MgCl2, 5 mM potassium phos-
phate, 30 mM KOH–HEPES (pH 7.4) in a total volume of 1 ml at
37 °C for 5 min. The reaction was initiated by adding 10 ml of 26 mM
Rhodamine 123 and fluorescence was measured with excitation at
507 nm and emission at 527 nm (Zhang et al., 2008).

2.8. The mitochondrial permeability transition pore (MPTP) assay

The activation of the MPTP was determined and confirmed by
adding 250 mM Ca2þ to isolated rat mitochondria. Opening of the
MPTP causes mitochondrial swelling, which is measured spectro-
photometrically as a decrease in the absorbance at 540 nm as
described previously (Haworth and Hunter, 1979). Isolated rat liver
mitochondria were re-suspended in the swelling buffer consisting
of 125 mM sucrose, 50 mM KCl, 5 mM HEPES, 2 mM KH2PO4 and
1 mM MgCl2. Absorbance was monitored at 540 nm for 1 h. After
25 min, Ca2þ at concentration of 250 mM was added.

2.9. ATP determination by HPLC

Samples (0.5 ml) of aliquot isolated mitochondria were added
to .025 ml of 3 M perchloric acid kept on ice, and stored at �70 °C
until further analysis by means of HPLC. Before measurement of
ATP, perchloric acid was neutralized with KOH and samples were
centrifuged before injection to the HPLC. The ATP levels were
analyzed using an in-line solid-phase extraction column coupled
to a reverse-phase LC-18 column, as previously described (Jones,
1981). In brief, the samples were injected onto the extraction
column and separated on the analytical LC-18 column. The se-
paration was performed using a mobile phase consisting of
KH2PO4 0.1 M (pH 6). ATP was detected using wavelengths of
254 nm. Finally, the amount of ATP was normalized to cellular
protein content determined as below.

2.10. Protein concentration

Mitochondrial protein concentrations were determined using
the method developed by Bradford (1976). Briefly, 100 ml of mi-
tochondrial suspensions were added to a 96 well plate and gently
mixed with Bradford reagent. After 5 min the absorbance was
measured at 595 nm.

2.11. Statistical analysis

In this study the sample size was calculated based on a simple
method of sample size calculation so called resource equation
method (Charan and Kantharia, 2013). All values were expressed
as Mean7S.E.M of 6 animals. For comparison between more than
two experimental groups, one-way ANOVA followed by Tukey
multiple comparison tests were used. For comparison between
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