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Abstract

Background: In clinical and experimental reasearch, attention is paid to the role of antioxidant defense
systems in the prevention of diabetic complications. Little information is available about regulation of
the endogenous level of antioxidants in the state of chronic oxidative stress in relation to the develop-
ment of diabetes, and particularly about coenzyme Q as one of the most important endogenous anti-
oxidants with an irreplaceable function in mitochondrial bioenergetics.
Purpose: To examine changes in concentrations of two important lipophilic antioxidants, coenzyme Q

9

and ααααα-tocopherol, in rat tissues during the development of experimental diabetes.
Methods: Experimental diabetes in male Wistar rats, was induced by streptozotocin in the dose of 55
mg/kg intravenously. Coenzyme Q

9 
(CoQ

9
) and ααααα-tocopherol (ααααα-toc.) were determined in myocardial

and skeletal muscles and in kidney tissue after 1, 6 and 8 months of diabetes duration by the method
of high-performance liquid chromatography.
Results: Myocardial CoQ

9 
content increased progressively in the course of diabetes development by 14,

29 and 61 %, while in skeletal muscles and kidney, the increases were not dependent on the duration
of diabetes. The content of ααααα-toc. increased in the myocardium after 8 months of diabetes duration,
in kidney tissue and skeletal muscles, it did not change in comparison with control rats.
Conclusions: An increased content of the lipophilic antioxidants coenzyme Q

9 
and ααααα-tocopherol in tis-

sues of diabetic rats is regarded as an adaptation of the antioxidant defense system to chronic oxidative
stress. The exact mechanisms of accumulation of these antioxidants in diabetic tissues could be eluci-
dated by studies investigating their relation to changes in lipid content and to the total of bioenergetic
and antioxidant capacities. (Fig. 3, Ref. 25.)
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In clinical and experimental research, great attention is paid
to the importance of antioxidant defense systems in the pathoge-
nesis of diabetes and in the prevention of diabetic complicati-
ons. Oxidative stress based on the disbalance between the pro-
duction of reactive free radicals and the level of endogenous
antioxidants can be either the primary cause of pancreatic ß-ce-
lls damage and the development of diabetes or it can contribute
to degenerative changes in tissues based on damaged bioenerge-
tic mitochondrial functions leading to the development of cardi-
omyopathies, myopathies, nephropathies, neuropathies (Luft and
Landau, 1995; Wallace et al, 1995). Disturbances in mitochon-
drial oxidative phosphorylation in pancreatic ß-cells based on
oxidative damage of mitochondrial DNA (mtDNA) can affect
their response to the secretion of insulin (Kennedy et al, 1998).
Despite increasing information about the importance of antioxi-

dants, mechanisms of their regulation in diseases associated with
increased oxidative stress, including diabetes mellitus, have not
been sufficiently explained so far and results are often contro-
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versial. Due to ethical reasons, the studies of pathobiochemical
mechanisms of diabetes at the level of organs and tissues can be
conducted mainly on experimental models of diabetes. Based on
literary data as well as on our previous clinical and experimental
studies (Gvozdjáková et al, 1997; Kucharská et al, 2000; �tefek
et al, 2000), we suppose that especially disturbances in the bio-
synthesis of coenzyme Q, its distribution and mainly in the chan-
ges in its function within mitochondria could be important fac-
tors affecting the development of diabetic complications. Coen-
zyme Q (ubiquinone) as part of the respiratory chain has a unique
function in mitochondrial bioenergetics, which as a matter of
fact is damaged in diabetes. It participates in the transport of
electrons in the mitochondrial respiratory chain as well as in the
transport of hydrogen protons in the Q-cycle, producing the pro-
tonmotive gradient necessary for ATP synthesis. Coenzyme Q

occurs in three chemical forms � oxidized, reduced and as a
semiquinone radical (Mitchell, 1991). Mainly in its reduced form,
it has antioxidant properties, and by reaction with α-tocopherol
radical, it contributes to regeneration of vitamin E in membra-
nes and lipoproteins (Kagan et al, 2000; Thomas and Stocker,
2000). Coenzyme Q is the only lipophilic antioxidant which is
synthesized in animal cells, its homologues are species depen-
dent � in rats, the dominant homologue is coenzyme Q

9 
and in

humans it occurs almost entirely in the form of coenzyme Q
10

.
Deficit of coenzyme Q

10 
is associated with the development

of cardiomyopathies and heart failure (Mortensen et al, 1991;
Folkers, 1993; Gvozdjáková et al, 1996; Kucharská et al, 1996).
Decreased levels of coenzyme Q

10 
can be associated with the

development of myopathies in diabetic patients. Since skeletal
muscles have an important role in glucose metabolism, a decre-

         month            month

Fig. 1. Concentrations of coenzyme Q9 and α−α−α−α−α−tocopherol in myocard of the rats after 1, 6 and 8 months of diabetes duration. Legend:
statistical significance *p<0.05, **p<0.005.

        month        month

Fig. 2. Concentrations of coenzyme Q9 and ααααα-tocopherol in skeletal muscle of the rats after 1, 6 and 8 months of diabetes duration. Legend:
statistical significance *p<0.05.
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ase in the amount of CoQ
10 

might lead to impairing of muscle
tissue function and consequently to insulin resistance (Eriksson
et al, 1999). An increased production of free radicals and a defi-
cit in antioxidants, mainly that of CoQ

10
, probably participate in

the development of nephropathies (Gazdíková et al., 2000). The
aim of the presented work was to establish whether changes in
the antioxidant status were depend also on the duration of diabe-
tes. We investigated the content of coenzyme Q

9 
and α-tocophe-

rol in the myocardium, skeletal muscles and kidney tissue of rats
after 1, 6 and 8 months of experimental diabetes induced by strep-
tozotocin.

Methods

Male Wistar rats, 8�9 weeks old, weight 200�230 g, were
used in experiments. The animals were fed with standard diet
and tap water ad libitum. Experimental diabetes was induced by
a single intravenous dose of streptozotocin (Sigma, USA) 55
mg/kg of the body weight. All animals with plasma glucose >20
mmol/l were considered diabetic and were included into the stu-
dy. Tissue samples from the myocardium, skeletal muscle and
kidney were taken after 1, 6 and 8 months of diabetes duration.
After homogenization and extraction by a mixture of hexane �
ethanol with addition of butylhydroxytoluene and sodium dode-
cyl sulphate, we determined concentrations of CoQ

9 
and α-toco-

pherol by a modified method of high-performance liquid chro-
matography (HPLC) with spectrophotometric detection (Takada
et al, 1982; Lang et al, 1986; Kucharská et al, 1996) using exter-
nal standards (Sigma, USA). Concentrations of compounds were
calculated in nmol/g of wet weight. The experimental groups
consisted of 6�16 animals and were compared with healthy rats
in the same age range. The results were evaluated using Stu-
dent�s t-test for unpaired data; p<0.05 was considered statisti-
cally significant.

Results

In diabetic rats, the myocardial CoQ
9 
content increased prog-

ressively in dependence on diabetes duration: after 1 month by
14 %, after 6 months by 29 % and after 8 months by 61 %; all
changes were statistically significant in comparison with con-
trols (Fig. 1). In skeletal muscle and kidney tissue the content of
CoQ

9 
increased significantly from the first month of diabetes and

the levels maintained elevated up to the 8th month (Figs 2 and
3). Myocardial α-tocopherol in diabetic rats did not change after
1 and 6 months of diabetes duration and was significantly incre-
ased after 8 months (Fig. 1). On the other hand α-tocopherol
concentration in kidney tissue increased significantly after 1
month and the concentrations kept unchanged after 6 and 8
months (Fig. 3). In skeletal muscle no significant changes were
found in the content of α-tocopherol (Fig. 2).

Discussion

It is generally accepted that reactive oxygen species partici-
pate in the development of chronic diabetic complications. The-
re are still unresolved questions of the functional capacity of
antioxidant systems in diabetes and mainly that of the mecha-
nisms of their regulation in the state of chronic oxidative stress.
Conclusions of clinical studies are virtually in agreement, parti-
cularly that increased oxidative stress and decreased antioxidant
capacity contribute to the progression of complications in diabe-
tes. Results of experimental studies are often controversial, pro-
bably in consequence of different experimental models, dura-
tion of diabetes as well as in result of antioxidants or antioxidant
enzymes examined. In our study, we found that during the deve-
lopment of diabetes, the changes in the amount of antioxidants
were time dependent and there were also differences between
the levels of coenzyme Q

9 
and α-tocopherol. Myocardial con-

centration of α-tocopherol did not change after 1 and 6 months,

           month           month

Fig. 3. Concentrations of coenzyme Q9 and ααααα-tocopherol in kidney of the rats after 1, 6 and 8 months of diabetes duration. Legend: statistical
significance *p<0.01, ***p<0.0001.
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and it increased significantly only after 8 months of diabetes
duration in comparison with control rats. On the other hand, α-
tocopherol increased in kidney tissue after 1 month, and other
changes were not significant. In skeletal muscle, the content of
α-tocopherol was unchanged. In spite of increased concentrati-
ons of α-tocopherol after 8 months of diabetes duration, myo-
cardial tissue exhibited an increased sensitivity to oxidative da-
mage, as found in our previous study (�tefek et al, 2000). Ac-
cording to some authors (Thomas and Stocker, 2000), there can
be a manifested prooxidant effect of high concentrations of α-
tocopherol and a deficit in reduced CoQ. Increased concentrati-
ons of α-tocopherol were found also in isolated myocardial and
liver mitochondria of diabetic rats, simultaneously with increa-
sed lipoperoxidation as a manifestation of oxidative stress (Ku-
charská et al, 2000). More important changes in diabetes deve-
lopment occur probably in the metabolism of coenzyme Q, which
is the only lipophilic antioxidant synthesized in animal cells.
Therefore the content of CoQ is dependent not only on exogeno-
us intake and distribution within organism but also on its endo-
genous biosynthesis and degradation. In the myocardium of dia-
betic rats, the content of coenzyme Q

9 
increased after 1 month

significantly and this increase remained practically on the same
level after 6 and 8 months of diabetes duration. We suppose that
the increased content of CoQ

9 
may manifest the adaptation of

antioxidant defense systems in diabetes, while different changes
in different organs can be caused by different antioxidant capa-
cities and abilities of adaptation. Increased activities of antioxi-
dant enzymes and the level of antioxidants in models of experi-
mental diabetes were reported also by other authors (Jain and
Levine, 1995; Volkovová et al, 1997; �tefek et al, 2000). Adaptive
changes are operative also in other regulative mechanisms, e.g.
in the development of diabetic cardiomyopathy, an increased to-
lerance to calcium overload was found (Ziegelhoffer et al, 1997).
To date, little attention has been paid to the role of coenzyme Q
in diabetes. Clinical studies examined only coenzyme Q

10 
levels

in blood of diabetic patients or the effects of coenzyme Q
10 

sup-
plementation (Andersen et al, 1997; Gvozdjáková et al, 1998;
Eriksson et al, 1999; Tomasetti et al, 1999). In our previous stu-
dy (Kucharská et al, 2000), we found decreased concentrations
of CoQ

9 
in isolated myocardial and liver mitochondria of rats

after 8 weeks of diabetes duration, and we assumed that it may
be the one of the reasons of disturbances in oxidative phospho-
rylation occurring in diabetes. The increased content of CoQ

9

and α-tocopherol in tissues of diabetic rats found in this work
may represent an adaptation to chronic oxidative stress rather
than a manifestation of increased antioxidant activity. This as-
sumption is supported by previous findings (�tefek et al, 2000)
when in an 8-month model of diabetes, simultaneously with the
increased content of myocardial antioxidants, there was an in-
crease in lipoperoxidation in myocardial tissue. Supplementa-
tion of diabetic rats with synthetic antioxidant stobadine norma-
lized the level of antioxidants, which can be regarded as a mani-
festation of normalized oxidative status of the diabetic heart. Si-
milarly as α-tocopherol, coenzyme Q has a prooxidant effect, as
can be shown in pathological conditions (Nohl et al, 2000). Since

α-tocopherol and coenzyme Q belong to lipophilic antioxidants,
we can suppose that their accumulation in diabetic tissues is asso-
ciated with lipolysis and increased storage of lipophilic substan-
ces in tissues, mainly in the liver. These assumptions have not
been sufficiently confirmed yet. In the rat liver, after 8 weeks of
diabetes duration, no increased levels of cholesterol and triglyce-
rides were found (Ulièná et al, 1996). Other authors (Jain and
Levine, 1995) do not suppose that accumulation of vitamin E in
heart ventricles of diabetic rats is associated with lipolysis, since
insulin treatment did not lower the vitamin E level. Sukalski et al
(1993) found no changes of α-tocopherol level in kidney mito-
chondria of diabetic rats. There are no references about coenzyme
Q in tissues in experimental models of diabetes. Studies investi-
gating the level of antioxidants in relation to changes in lipid con-
tent and to the total antioxidant capacity of tissues may contribute
to elucidation of mechanisms involved in the regulation of antio-
xidant levels in diabetes. Prospective reasearch in the area of dia-
betes will include studies on disturbances in the function of mito-
chondria, where coenzyme Q directly affects their bioenergetic
and antioxidant capacities. Clinical evidence of mitochondrial da-
mage based on oxidative stress allows to classify diabetes melli-
tus also as a mitochondrial disease in the new developing area of
mitochondrial medicine.
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