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Abstract—We studied the effect of mitochondria-targeted antioxidant 10-(6′-plastoquinonyl)decyltriphenylphosphonium
(SkQ1) on the antioxidant activity of the glutathione system and NADPH-generating enzymes in liver and blood serum of
rats with hyperglycemia induced by protamine sulfate. It was found that intraperitoneal injection of SkQ1 prevented both
decrease in reduced glutathione level and increase in activity of glutathione system enzymes – glutathione peroxidase, glutathione reductase, and glutathione transferase. Activity of NADPH-generating enzymes – glucose-6-phosphate dehydrogenase and NADP-isocitrate dehydrogenase – was also attenuated by SkQ1. Probably, in this model of hyperglycemia,
decreased level of reactive oxygen species in mitochondria led to the decreased burden on the glutathione antioxidant system and NADPH-generating enzymes. Thus, SkQ1 appears to be a promising compound for the treatment and/or prevention of the adverse effects of hyperglycemia.
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The last two decades of research on diabetes mellitus
(DM) have shown a sharp increase in the prevalence of
this endocrinopathy [1]. According to the International
Diabetes Federation, almost 250 million people currently suffer from this disease, and by 2030 this figure could
exceed 366 million [1]. Among patients with DM, 70%
have type 2 diabetes mellitus (DM2), which is the fifth
leading cause of death in the world [2]. DM2 decompensation can lead to the development of such severe liver
malfunctions as fatty liver infiltration and subsequent
ketoacidosis [3].
It is known that chronic hyperglycemia, being the
main objective indication of DM2, is closely connected to
the development of oxidative stress [4, 5] accompanied by
excessive generation of free radicals [6]. These highly
reactive compounds directly damage blood vessels, tisAbbreviations: DM, diabetes mellitus; DM2, type 2 diabetes
mellitus; G6PDH, glucose-6-phosphate dehydrogenase; GP,
glutathione peroxidase; GR, glutathione reductase; GSH,
reduced glutathione; GT, glutathione transferase; NADPIDH, NADP-isocitrate dehydrogenase; SkQ1, 10-(6′-plastoquinonyl)decyltriphenylphosphonium.
* To whom correspondence should be addressed.

sues, and organs. In cells, free radicals contribute to the
activation of transcription factor NF-κB, cause apoptosis, impaired insulin secretion, and thrombogenic vascular wall transformation [7].
The glutathione peroxidase/glutathione reductase
(GP/GR) antioxidative system, preventing adverse effects
of oxidative stress, plays an important role in protection
of the organism against damaging effects of free radicals.
The antioxidant properties of reduced glutathione (GSH)
are determined by its direct interaction with free radicals
and hydroperoxides [8]. It should be noted that GSH
formed in the glutathione reductase reaction acts as the
acceptor of hydroxyl radical; it also inhibits lipid peroxidation at the stage of chain branching. Glutathione peroxidase is the key enzyme neutralizing reactive oxygen
species and peroxidation products [9]. Glutathione
reductase increases GSH level without increasing its synthesis [9]. Due to the conversion of reduced glutathione
to the oxidized form, the glutathione system is centrally
involved in maintaining thiol–disulfide balance in tissues,
which is essential for such vital processes as the activity of
membrane structures, cytoskeleton, cell division, and the
regulation of the activity of peptide hormones [10].
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Glutathione transferase (GT) is an important component of antioxidant protection. It detoxifies products of
lipid peroxidation generated in endoplasmic reticulum
during metabolism of xenobiotics [11].
Activity of the GP/GR system is limited by the concentration of NADPH used for reduction of glutathione
by GR. The pentose phosphate pathway is one of the core
suppliers of reducing equivalents for the GP/GR system.
The key enzyme of this pathway, glucose-6-phosphate
dehydrogenase (G6PDH), catalyzes the conversion of
glucose-6-phosphate to gluconolactone-6-phosphate.
Certain data suggest that there can be an alternative
source of NADPH – the reaction of oxidative decarboxylation of isocitrate to 2-oxoglutarate catalyzed by NADPisocitrate dehydrogenase (NADP-IDH) [6].
Chronic diseases are often accompanied by a lengthy
oxidative stress, which leads to the depletion of the
antioxidant system. This explains increased interest in
research on compounds capable of regulating free radical
homeostasis in the organism. It is known that increased
level of mitochondrial reactive oxygen species plays an
important role in the pathogenesis of DM2 [12].
According to some evidence, mitochondrial functions are
impaired, and mitochondria are damaged and produce
less ATP in patients with DM2 [13, 14]. Thus, attempts
have been made to treat DM2 and hyperglycemia by suppressing the generation of excessive amounts of free radicals in mitochondria [15].
10-(6′-Plastoquinonyl)decyltriphenylphosphonium
(SkQ1) is a plastoquinone connected by a hydrocarbon
linker to a lipophilic cation [16]. This compound is a
highly effective mitochondria-targeted antioxidant [17].
In vitro, SkQ1 prevents apoptosis at nanomolar concentrations [18], and in vivo it effectively prevents and treats
a number of diseases associated with oxidative stress and
aging [19, 20]. SkQ1 effectively prevented oxidative
stress, production of reactive oxygen species, and
decrease in amount of mitochondrial respiratory chain
proteins in a murine model of DM2 caused by high fat
diet [21].
The purpose of this study was to evaluate the contents of reduced glutathione, activity of glutathione system enzymes (GR, GP, GT), as well as enzymes supplying NADPH (G6PDH and NADP-IDH) in rat liver and
blood serum in hyperglycemia induced by administration
of protamine sulfate, and to study SkQ1 effect on these
processes.

MATERIALS AND METHODS
Induction of hyperglycemia in rats. Male white laboratory rats (Rattus rattus L.) weighing 150-200 g were used
in the studies. All experimental procedures were consistent with the requirements of international norms for
humane treatment of animals reflected in the sanitary
BIOCHEMISTRY (Moscow) Vol. 80 No. 12 2015
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rules for the selection and maintenance of experimentalbiological clinics (vivaria).
Hyperglycemia was induced by intramuscular injection of protamine sulfate (10 mg/kg of body weight) for
3 weeks in 0.5 ml of 0.9% NaCl, three times per day [22].
Three weeks after the beginning of hyperglycemia induction, narcotized animals were euthanized and used for further studies. In experiments, the animals were divided into
three groups: group 1 (n = 12) – control animals; group 2
(n = 12) – rats with hyperglycemia induced by protamine
sulfate administration; group 3 (n = 12) – animals with
hyperglycemia treated by SkQ1 (SkQ1 solution was
administered intraperitoneally in a dose of 1250 nmol/kg
per day, one time per day, starting from the second week).
Biochemical tests. Blood samples were taken from
the tail vein on the 15th, 17th, and 19th days of the experiment. The content of glucose in rat blood serum was
measured by the glucose oxidase method using the
Glucose-12-vital reagent kit (Vital-Diagnostics, Russia).
The basic principle of the method is that glucose oxidasemediated β-glucose oxidation by air oxygen leads to the
formation of an equimolar amount of hydrogen peroxide.
When affected by peroxidase, hydrogen peroxide oxidizes
chromogenic substrates forming a colored product. The
color intensity of this product is proportional to glucose
concentration in the sample.
To obtain tissue homogenate, samples of liver tissue
were homogenized in a 4-fold volume of a cold extraction
buffer (0.1 M Tris-HCl, pH 7.8, 1 mM EDTA, 1% βmercaptoethanol). The resulting extract was filtered
through a layer of kapron with square cells (0.1 mm) and
then centrifuged at 10,000g for 10 min to separate unbroken tissue elements. The supernatant was used for further
studies.
Venous blood was collected into a clean glass test
tube without anticoagulant and placed for 0.5 h into a
thermostat at 37°C; after phase separation, the supernatant was collected and centrifuged at 4000g for 10 min.
The resulting serum was used for further study.
GSH concentration was determined spectrophotometrically at 412 nm using Ellman’s reagent [23]. The
sulfhydryl group of reduced glutathione reacts with 5,5dithio-bis-(2-nitrobenzoic) acid (Ellman’s reagent) with
the formation of equimolar amounts of yellow-colored
thionitrophenyl anion with absorption maximum at
412 nm.
GP activity was measured using the coupled enzymatic reaction in the following spectrophotometric medium: 50 mM potassium phosphate buffer, pH 7.4, 1 mM
EDTA, 0.12 mM NADPH, 0.85 mM GSH, 0.37 mM
H2O2, 1 U/ml GR. The control sample contained no
GSH.
GR activity was measured in spectrophotometric
medium containing 50 mM potassium phosphate buffer,
pH 7.4, 1 mM EDTA, 0.16 mM NADPH, 0.8 mM oxidized glutathione.
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GT activity was measured in the following medium:
0.1 M potassium phosphate buffer, pH 7.4, 1 mM EDTA,
1 mM 1-Cl-2,4-dinitrobenzene, 5 mM GSH.
G6PDH activity was measured using 50 mM TrisHCl buffer, pH 7.8, containing 3 mM glucose-6-phosphate, 0.25 mM NADP, 1 mM MnCl2.
NADP-IDH activity was measured in the following
medium: 50 mM Tris-HCl buffer (pH 7.6-7.8), 1.5 mM
isocitrate, 2 mM MnCl2, 0.25 mM NADP, 0.1 mM
EDTA. The reaction was initiated by the addition of the
enzyme preparation.
Activities of the enzymes GP, GR, GT, G6PDH, and
NADP-IDH were determined spectrophotometrically at
340 nm using a Hitachi U-1900 instrument (Hitachi
High-Technologies, Japan).
One unit of enzymatic activity (U) was taken as the
amount of enzyme catalyzing the formation of 1 µmol of
reaction product or transformation of 1 µmol of substrate
per min at 25°C. Total protein was determined by the
biuret method.
Analysis of results. Experiments were repeated at least
12 times (biological repetitiveness) and two times (analytical repetitiveness). Experimental results were compared
to control. The data were processed using the Student’s ttest calculating the mean and standard deviation; the differences were considered significant at p  0.05.

RESULTS AND DISCUSSION
Previously, we have shown that SkQ1 prevents
increase in blood glucose level caused by administration
of protamine sulfate [24]. In the current study, we analyzed biochemical changes in liver and blood serum
occurring in this model.
Injection of protamine sulfate caused 1.4-fold reduction in GSH content in liver and 1.8-fold reduction in
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blood serum relative to control values (Fig. 1). This might
be related to a significant increase in expenditure of this
metabolite under intensified free radical oxidation in
DM. In addition, there could be another cause of the
decrease in glutathione concentration: reduction in the
activity of the pentose phosphate pathway in DM, resulting in decreased availability of NADPH needed for the
regeneration of reduced glutathione [25]. Violation of
glucose metabolism triggers the development of free radical oxidation in DM. Hyperglycemia activates numerous
cellular signaling mechanisms: enhancement of the polyol pathway of glucose metabolism, which depletes cytosolic NADPH level and subsequently GSH, increase in glucose autoxidation accompanied by the formation of
advanced glycation end products (AGEs), which damage
proteins, violate their functions, and activate AGEreceptors using reactive oxygen species as secondary messengers leading to protein kinase C activation, followed
by the enhancement of hyperglycemia and tissue hypoxia
[26].
Administration of SkQ1 prevented the reduction in
glutathione content in rat liver and blood serum that is
observed in hyperglycemia caused by protamine sulfate
injection (Fig. 1). This can be explained by the decrease
in the intensity of free radical oxidation in animals treated with this compound. It is known that mitochondriatargeted antioxidants of the SkQ family can “break” the
chain reactions of free radical formation, preventing the
decrease in reduced glutathione level in cells [17], thereby protecting cells from oxidative stress [27].
Hyperglycemia induced by administration of protamine sulfate also resulted in significant activation of
enzymatic reactions of the glutathione system: GR, GP,
and GT (Figs. 2-4, respectively). The stimulation of the
glutathione system was probably caused by excessive formation of reactive oxygen species during the development
of hyperglycemia. Amplification of free radical processes
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Fig. 1. Glutathione content in liver (a) and blood serum (b) of rats of the control group (1), animals with hyperglycemia induced by administration of protamine sulfate (2 ), and animals with the pathology treated by SkQ1 (3). The figure shows mean values and standard deviations.
Differences at p  0.05: * relative to the control group; ** relative to the group with experimental hyperglycemia.
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Fig. 2. Activity of glutathione reductase in rats of the control group (1), rats with hyperglycemia induced by administration of protamine sulfate
(2), and rats with the pathology treated by SkQ1 (3). a) Specific activity of the enzyme in liver; b) specific activity of the enzyme in blood serum;
c) activity of the enzyme expressed in U/g liver wet weight; d) activity of the enzyme expressed U/ml blood serum. The figure shows mean values and standard deviations. Differences at p  0.05: * relative to the control group; ** relative to the group with experimental hyperglycemia.
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Fig. 3. Activity of glutathione peroxidase. Designations as in Fig. 2.
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Fig. 4. Activity of glutathione transferase. Designations as in Fig. 2.
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Fig. 5. Activity of NADP-isocitrate dehydrogenase. Designations as in Fig. 2.
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Fig. 6. Activity of glucose-6-phosphate dehydrogenase. Designations as in Fig. 2.

is likely to result from the activation of the polyol shunt,
in which aldose reductase catalyzes the transformation of
glucose into sorbitol. This process involves consumption
of a large amount of NADPH required for reduction of
glutathione. Sorbitol dehydrogenase catalyzes transformation of sorbitol into fructose, which is accompanied by
an increase in NADPH/NADP ratio. This condition is
called “reductive stress” or “hyperglycemic pseudohypoxia”, because similar changes occur in the development of tissue hypoxia [28].
Administration of SkQ1 was accompanied by a significant decrease in the activity of the enzymes of the glutathione system in rats with experimental hyperglycemia
induced by protamine sulfate (Figs. 2-4). It is logical to
assume that these effects of SkQ1 are directly related to its
antioxidant properties, which contributed to reducing the
burden on the studied enzymes.
Increase in the activity of NADP-IDH in rat liver
and blood serum is observed in hyperglycemia induced by
protamine sulfate (Fig. 5). This enzyme is one of the
NADPH suppliers for the glutathione system, which
apparently has adaptive character reflecting the need to
provide reducing equivalents for this system under oxidative stress. SkQ1 prevented the increase in NADP-IDH
activity (Fig. 5). This might be related to the ability of the
antioxidant to decrease excessive production of reactive
oxygen species inhibiting the activity of the key enzymes
BIOCHEMISTRY (Moscow) Vol. 80 No. 12 2015

of the Krebs cycle [16], which is accompanied by change
in activity of the studied enzyme in the direction of control values.
It is known that the activity of G6PDH significantly
decreases in many tissues in experimental DM2. This
phenomenon might be due to several causes. The level of
glucose in blood in known to play an important role in the
regulation of G6PDH activity [29]. Hyperglycemia might
inhibit this enzyme activity due to increased activity of
adenylate cyclase leading to cAMP accumulation and
activation of protein kinase A (PKA), which phosphorylates and inhibits G6PDH. Another mechanism of
G6PDH regulation involves enhancement of protein glycation in hyperglycemia, which leads to a sharp decrease
in G6PDH activity [30]. Protamine sulfate caused significant reduction in G6PDH activity compared to control
(Fig. 6). In the case of animals with pathology, administration of SkQ1 also changed the activity of this enzyme
towards control values (Fig. 6).
Apparently, SkQ1-mediated normalization of free
radical homeostasis of an organism suffering from DM2
resulted in the recovery of the activity of the pentose
phosphate pathway, which was reflected in increased
G6PDH activity.
According to the results of our study, the use of
mitochondria-targeted antioxidant SkQ1 in rats with
hyperglycemia caused by protamine sulfate leads to
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decrease in the activity of glutathione system enzymes,
and the increase in GSH content in tissues when compared to these parameters in the pathology. Apparently,
the antioxidant effect of the protector due to the suppression of free radicals in mitochondria reduces pressure on the antioxidant system, leading to decrease in
activation of its glutathione part and reduction in
NADPH required for the functioning of this system.
Thus, the use of mitochondria-targeted antioxidants to
prevent and eliminate the negative effects of oxidative
stress caused by hyperglycemia seems to be very promising.
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