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Abstract—An influence of 10-(6'-plastoquinonyl)decyltriphenylphosphonium (SkQ1) on oxidative status and activity of
some antioxidant enzymes in the liver and blood serum from rats was examined during experimental hyperglycemia devel-
oped after injecting protamine sulfate. It was found that SkQ1 lowered glycemic level in rats treated with protamine sulfate.
Moreover, it was also accompanied by restoration of the normal range of biochemiluminescence parameters indicating the
rate of ongoing free radical processes, magnitude of primary products of lipid peroxidation such as diene conjugates, activ-
ity of aconitate hydratase, and level of citrate in rat liver and blood. Hence, it was demonstrated that activity of superoxide
dismutase and catalase, increasing during hyperglycemia, was decreased after administering SkQ1. This might be related to
the ability of SkQ1 to normalize free-radical homeostasis imbalanced during hyperglycemia.
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Hyperglycemia and diabetes mellitus are among the
most urgent problems in modern medicine. It is known
that patients with diabetes have mortality rate from
ischemic heart disease, cerebral stroke, and total mortal-
ity that are significantly higher than in people without
metabolic disturbances [1]. Friedrich Theodor von
Frerichs first described development of pathological
changes in the liver of patients suffering from diabetes
mellitus. Hence, the terms “diabetic hepatosis” and
“fatty hepatosis” were introduced into clinical practice
[2, 3]. Primarily, it is due to glucose toxicity, i.e. a condi-
tion of long-standing hyperglycemia, which contributes
to desensitization of pancreatic B-cells caused by genera-
tion of hexosamines as products of glucose turnover in the
hexosamine shunt [4].

Activation of the hexosamine shunt as well as the
polyol pathway in hyperglycemia can cause augmented

Abbreviations: BCL, biochemiluminescence; LPO, lipid perox-
idation; ROS, reactive oxygen species; SkQ1, 10-(6'-plasto-
quinonyl)decyltriphenylphosphonium; SOD, superoxide dis-
mutase.

* To whom correspondence should be addressed.

generation of free radicals [5]. Moreover, autooxidation
of glucose and its metabolic intermediates [6], nonenzy-
matic or autooxidative protein glycosylation [7], accumu-
lation of triose phosphates resulting in generation of car-
bonyl compounds, and upregulated intensity of oxidative
phosphorylation [8] can also play a role in activating free-
radical oxidation during hyperglycemia. It should be
noted that during chronically upregulated glucose level in
blood, production of superoxide by mitochondria [8] as
well as cytochrome P-450, xanthine oxidase, and protein
kinase C-dependent NADH/NADPH oxidase [7]
becomes enormously increased. Hence, tissue ischemia,
hypoxia, and pseudohypoxia are additional factors con-
tributing to upregulated production of reactive oxidants
in various organs and tissues [9, 10].

Markedly upregulated generation of reactive oxygen
species (ROS) and release of catalytically active Fe?* from
extra- and intracellular stores can contribute to degrada-
tion of Fe-S-clusters in the active site of aconitate
hydratase by free radicals, thereby allowing considering
this enzyme as a crucial target for ROS under developing
oxidative stress [11-13]. Upon downregulation of aconi-
tate hydratase activity, its cognate substrate — citrate —
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can accumulate, and it can then take part in regulating
free-radical oxidation level via chelating variable-valence
metal ions.

Elevated level of ROS observed in hyperglycemia ini-
tiates lipid peroxidation (LPO) within biomembranes [5],
which leads to accumulation of subsequent products.

A multilayered system of oxidative defense of the
organism counters development of oxidative stress [14-
17], wherein superoxide dismutase (SOD) and catalase
hold an important place; as such, enzymes neutralize
upstream primary ROS such as O3 and H,O, that can
participate in reactions resulting in generation of other
more reactive free radicals [18]. However, the intrinsic
reserve of compounds with antioxidant activity often
turns out to be insufficient for neutralizing large amounts
of free radicals generated during hyperglycemia. In con-
nection with this, examination of agents with antioxidant
effect under pathological conditions coupled with oxida-
tive stress is currently considered a high priority.

10-(6’-Plastoquinonyl)decyltriphenylphosphonium
(SkQ1) is a highly efficacious mitochondria-targeted
antioxidant consisting of plastoquinone (Q) providing
antioxidant defense, a penetrating cation (Sk) responsible
for delivering the antioxidant into mitochondria, and a
decane linker. Compounds of SkQ type are regenerable
antioxidants with reiterative action, which can be regen-
erated via complex III of the mitochondrial respiratory
chain, providing repeated antioxidant activity [19].

The goal of this study was to evaluate the influence of
SkQ1 on biochemiluminescence (BCL) parameters
responsible for the rate of ongoing free radical processes,
level of primary LPO products such as diene conjugates,
activity of SOD, catalase, and aconitate hydratase, and
content of citrate in liver and blood of rats with protamine
sulfate-induced hyperglycemia.

MATERIALS AND METHODS

During the study, male white laboratory rats (Rattus
rattus L.) of body weight 150-200 g were used. All experi-
mental procedures done were in accordance with the
principles of international guidelines on humane treat-
ment of animals stated in sanitary regulations on selection
and management of experimental and biological clinics
(animal facilities).

Hyperglycemia was induced by administering prot-
amine sulfate intramuscularly for three weeks at dose
10 mg/kg body weight, dissolved in 0.5 ml of 0.9% saline
(three times per day) [20]. It is known that insulin togeth-
er with heparin exhibits a stronger hypoglycemic effect
[21, 22]. In contrast, binding of endogenous heparin by
protamine sulfate enhances the diabetogenic effect, e.g.
of alloxan and blood serum-derived diabetogenic factor
[23], whereas resistance to hypoglycemic action both of
endogenous and exogenous insulin develops in healthy
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rats upon binding of the entire endogenous heparin in the
blood flow by protamine sulfate [24]. Under these cir-
cumstances, insulin resistance can be effectively abol-
ished by administering heparin [25].

Three weeks after the onset of inducing hyper-
glycemia, anesthetized animals were sacrificed for further
examination. The experimental rats were divided into
three groups: group 1 (n = 12) — the animals were housed
under standard conditions; group 2 (n = 12) — rats with
protamine sulfate-induced hyperglycemia; group 3 (n =
12) — animals with hyperglycemia administered with
SkQ1 solution intraperitoneally at dose 1250 nmol/kg,
once per day, starting from the second week.

Tissue homogenate was prepared by taking a sample
of liver tissue to be homogenized in a 4x volume of cooled
isolation medium (0.1 M Tris-HCI buffer, pH 7.8, con-
taining 1 mM EDTA, 1% B-mercaptoethanol) and cen-
trifuged at 10,000g for 15 min. Serum was obtained from
venous blood.

Development of hyperglycemia was verified by
measuring the amount of glucose in the blood serum by
using reagents purchased from Vital Diagnosticum
(Russia).

Intensity of free-radical oxidation and total antioxi-
dant activity were measured by applying a Fe**-induced
biochemiluminescence based on catalytic degradation of
peroxide by metal ions with variable valence (Fe®*)
according to the Fenton reaction. Emerging free radicals
then initiate free-radical oxidation in the examined bio-
logical substrate. Recombination of RO, radicals results
in generation of unstable tetroxide, which then degrades
and emits photons. A BCL kinetic curve was recorded for
30 s on a BCL-07 instrument (Medozons Ltd., Russia)
supplied with software for measuring the following
parameters: chemiluminescence light sum (S) and flash
intensity (I,,,) (characterizing intensity of free-radical
oxidation) and tangent of slope of BCL time-dependence
(tana,) (depicting total antioxidant activity).

Medium for BCL measurements contained 0.4 ml
0.02 M potassium-phosphate buffer (pH 7.5), 0.4 ml
0.01 M FeSO,4, and 0.2 ml 2% H,0, solution (added
immediately before measurements). Before the proce-
dure, 0.1 ml of the examined sample was added.

The amount of diene conjugate was measured spec-
trophotometrically implying that during the LPO at the
stage of free radical generation a system of conjugated
double bonds is formed in molecules of polyunsaturated
fatty acids, which is accompanied by appearance of a
maximum in the absorption spectrum at 233 nm [26].

Activity of aconitate hydratase was measured at
233 nm using a Hitachi U-1900 spectrophotometer
(Hitachi High-Technologies, Japan) suppled with
installed software in medium containing 0.05 M Tris-HCI,
pH 7.8, and 4 mM citrate [27]. The enzyme unit (U) was
defined as the amount of the enzyme necessary for con-
verting 1 umol of substrate per min at 25°C. The concen-
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tration of citrate was measured according to Natelson’s
method [28].

Activity of SOD was determined by inhibition of the
rate of nitroblue tetrazolium (NBT) reduction in a
nonenzymatic system consisting of phenazine methosul-
fate (PMS) and NADH. The incubation medium (3 ml)
contained 0.1 M phosphate buffer, pH 7.8, 0.33 mM
EDTA, 0.41 mM NBT, 0.01 mM PMS, and 0.8 mM
NADH. Enzymatic activity was measured spectrophoto-
metrically by the increase in optical density at 540 nm
during 5 min using the Hitachi U-1900 spectrophotome-
ter [29].

Activity of catalase was measured at 410 nm by the
method based on formation of stable stained complex of
hydrogen peroxide with ammonium molybdate [30].

During the study, the following chemicals were
applied: protamine sulfate, Tris-HCI, citrate, NBT, PMS,
and NADH from Sigma (USA); EDTA from Reanal
(Hungary); all other chemicals of “chemically pure” or
“analytically pure” grade were purchased from Russian
manufacturers. SkQ1 was synthesized according to the
previous protocol [19].

Experiments were done at least in 12 biological and
two analytical replicates. Experimental results were com-
pared with control group. The data were processed by
applying Student’s #-test and calculating means and stan-
dard deviation. Significance level was set at p < 0.05 [31].

RESULTS AND DISCUSSION

It was found that SkQI administered to rats with
hyperglycemia lowered glycemic level, which was initially
upregulated 2.7-fold (Fig. 1). For instance, SkQ1 admin-
istered on day 19 elicited decrease in blood glucose level by
2-fold (Fig. 1). There are the data showing that upregulat-
ed production of free radicals during elevated glycemic
level activates the major stress-sensing factors (protein
kinase C (PKC), nuclear transcription factor kB (NF-
kB), mitogen-activated protein kinase (p38MAPK))
aggravating insulin resistance and lowering compensatory
abilities of pancreatic islets [32]. Perhaps, a decrease in
glucose concentration in rats after administering SkQ1
with induced hyperglycemia may is related to its antioxi-
dant properties, which removes free radicals and subse-
quently decreases activity of PKC, NF-kxB [33], and
expression of inducible NO-synthase, eventually avoiding
upregulated NO production and subsequent production
of peroxynitrite, a powerful prooxidant that triggers apop-
tosis in pancreatic 3-cells [18].

Moreover, it was demonstrated that during develop-
ment of protamine sulfate-induced hyperglycemia the
magnitude of BCL light sum (S) in rat liver was increased
2.6-fold, in blood serum by 2.4-fold, with maximum flash
intensity (I,,,,,) by 2.1- and 2.0-fold, respectively, compared
to the control group (table), evidencing increased intensity
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Fig. 1. Concentration of glucose in rats from control group (7),
animals with protamine sulfate-induced hyperglycemia, untreated
(2) and SkQ1-treated (3), measured on day 15, 17, and 19 from the
beginning of the experiment (significant differences are shown at
p <0.05; * compared to control group, ** compared to group with
experimental hyperglycemia; hereinafter for Figs. 1-6).

of free-radical oxidation. Hence, oxidative stress can result
from various mechanisms: enhanced production of reac-
tive oxidants generated under oxidation of both carbohy-
drates per se and those making complexes with different
proteins, as well as due to autooxidation of fatty acids with-
in triglycerides, phospholipids, and cholesterol esters; dis-
turbed activity of enzymes from polyol glucose metabo-
lism, mitochondrial oxidation, turnover of prostaglandins
and leukotrienes, reduced activity of glyoxalase, etc. [4].

During pathological conditions, enhancement of
compensatory mechanisms aimed at lowering in vivo level
of free-radical oxidation can be judged by evaluating the
magnitude of tana, characterizing total antioxidant activ-
ity. It was found that tana, increased by 2.1- and 2.2-fold
in the liver and blood serum from rats with hyper-
glycemia, respectively, compared to the control group
(table).

When SkQ1 was administered to rats with hyper-
glycemia, it was observed to lower the magnitude of S-
value by 1.6- and 2.3-fold in the liver and blood serum,
respectively, compared to its magnitude in type 2 diabetes
mellitus. In addition, it was accompanied by decrease in
magnitude of I,,, by 1.9- and 1.8-fold in the liver and
blood serum, respectively (table). These data can be
interpreted from the viewpoint of antioxidant properties
exhibited by SkQ1 [34]. Apart from that, use of SkQ1 was
demonstrated to decrease the magnitude of tano., by 1.6-
and 1.7-fold in the liver and blood serum, respectively, in
treated vs. untreated animals with hyperglycemia (table).
It is known that SkQI influences LPO by lowering the
intensity of free radical processes, thereby normalizing or
partially compensating downregulated antioxidant
enzymes [34].

It was found that upon protamine sulfate-induced
hyperglycemia, level of diene conjugates referred to toxic
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Biochemiluminescence parameters measured in the liver and blood serum from rats of control group, untreated and
SkQ1-injected animals with protamine sulfate-induced hyperglycemia

Protamine sulfate-induced Protamine sulfate-induced hyper-
Biochemiluminescence Control group hyperglycemia, untreated rats glycemia, SkQ1-treated rats
parameters
liver blood serum liver blood serum liver blood serum
L, mV 4201x1.8| 2519+£1.1 86.66 £ 2.9* 51.15 £ 1.9* 46.73 £ 2.1** 28.12 £ 1.1%+*
S, mV:s 92.31+3.4|307.71 £ 12.1 | 236.07 £9.2* | 739.76 £ 23.2*% 145.45 = 5.4** 315.47 £ 9.6%*
tano 8.12+0.2 | 13.33+04 16.65 + 0.5* 29.47 £ 1.2* 9.93 £ 0.28** 16.95 + 0.4**

Note: Significant differences are shown at p < 0.05; * compared to control group; ** compared to group with experimental hyperglycemia.

metabolites damaging lipoproteins, proteins, enzymes,
and nucleic acids was elevated. In particular, the level of
diene conjugates increased by 4.1- and 1.6-fold in the
liver (Fig. 2a) and blood serum (Fig. 2b), respectively,
compared to the control group. It cannot be ruled out that
increased level of diene conjugates is one of the factors
involved in the pathogenesis of microangiopathies [4, 14].

After administration of SkQ1, the level of detectable
primary products of LPO was decreased 2.2- (Fig. 2a) and
1.4-fold (Fig. 2b) in the liver and blood serum, respec-
tively, compared to untreated animals with hyper-
glycemia, thereby showing the suppressive effect of SkQ1
on LPO processes. The activity of respiratory chain com-
plexes stayed at a rather high level in the presence of
SkQ1, which might be due to its ability to normalize ROS
production inhibiting activity of the key enzymes in the
Krebs cycle [34]. The intensity of LPO largely depends on
the level of metals with variable valence, particularly,
Fe?*, which can increase during degradation of Fe-S clus-
ter in aconitate hydratase by free radicals [11-13].

It was found that during protamine sulfate-induced
hyperglycemia, specific activity (U/mg protein) of aconi-
tate hydratase, a marker of oxidative stress, decreased by
1.9- and 2.8-fold in rat liver and blood serum (Figs. 3a
and 3b), respectively. Alternatively, the value of the liver
enzyme activity, expressed in U/g liver wet weight,
decreased 1.5-fold (Fig. 3¢), and the value of the serum
enzyme activity, expressed in U/ml blood serum,
decreased 2.1-fold (Fig. 3d). Accumulation of free radi-
cals under hyperglycemia contributed to destruction of
the active site in the enzyme and loss of its activity [35,
36]. Administration of SkQI to rats with hyperglycemia
revealed that specific activity of aconitate hydratase was
upregulated by 1.4- and 1.9-fold in the liver and blood
serum, respectively (Figs. 3a and 3b). The value of the
liver enzyme activity, expressed in U/g liver wet weight,
increased 1.1-fold (Fig. 3c), and the value of the blood
serum enzyme activity, expressed in U/ml, increased 2.0-
fold (Fig. 3d). It seems that degree of free radical injury in
molecules of aconitate hydratase was due to antioxidant
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properties exhibited by SkQ1, which, subsequently, influ-
enced its activity.

Along with decreased aconitate hydratase activity
observed during hyperglycemia, the amount of the low
molecular weight antioxidant citrate, its cognate sub-
strate, was upregulated, apparently due to its impaired
utilization [37]. Animals with experimental protamine
sulfate-induced hyperglycemia were found to have citrate
upregulated by 2.3- (Fig. 4a) and 2.7-fold in liver and
blood serum (Fig. 4b), respectively. Administration of
SkQ1 at the examined dose resulted in 2-fold decrease in
amount of citrate in liver (Fig. 4a) and 1.7-fold decrease
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Fig. 2. Concentration of diene conjugates in liver (a) and blood
serum (b) in rats from control group (7), animals with protamine
sulfate-induced hyperglycemia untreated (2) and SkQ1-treated (3).
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in blood serum (Fig. 4b) compared to untreated animals.
Injection of SkQ1 probably led to enhanced antioxidant
potential, and the amount of citrate tended to normalize.

During the study, it was found that animals with prot-
amine sulfate-induced hyperglycemia had upregulated
SOD specific activity in liver and blood serum by 2.6- and
1.9-fold, respectively (Figs. 5a and 5b) compared to the
control group. Enzyme activity in liver and blood serum
expressed in U/g liver wet weight and U/ml blood serum
increased 2- (Fig. 5¢) and 1.5-fold (Fig. 5d), respectively.
It seems that upregulated production of superoxide anion
by mitochondria observed under chronic hyperglycemia
[7, 8] results in compensatory enhancement of SOD activ-
ity. There are cytoplasmic, extracellular, and mitochondr-
ial isoforms of superoxide dismutase containing heme
metal ions such as Zn?* and Cu?* (cytoplasmic and extra-
cellular SOD), whereas the latter contains Mn?* [38]. It is
supposed that extracellular SOD functions to defend
endothelial cells in the entire body. The protective action
of cytoplasmic SOD is related to detoxication of not only
superoxide anion radical, but hydroxyl radical as well. In
particular, it was shown that after administration of agents
containing SOD and catalase, extracellular SOD dis-
played a more pronounced effect in lowering ROS than
the intracellular isoform [39]. Apparently, apart from the
extracellular SOD, the serum pool of the enzyme can con-
sist of other isoforms that are released from cells after their
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death. It is known that during development of diabetes
mellitus, apoptotic processes become activated [40].

After administration of SkQ1 to animals with hyper-
glycemia, it was noted that specific activity of SOD
decreased 1.7- and 1.5-fold, respectively (Figs. 5a and
5b). Enzyme activity expressed in U/g liver wet weight
increased 1.6-fold (Fig. 5c), and in U/ml blood serum by
1.4-fold (Fig. 5d). It is known that SkQ1 can exhibit
antioxidant properties due to containing plastoquinone.
Moreover, SkQ1 is a lipophilic molecule capable of pene-
trating into cells [32]. Probably, it contributed to lowering
burden on SOD, which was accompanied by return of its
activity to the normal range.

It was found that development of protamine sulfate-
induced hyperglycemia in rats was accompanied by
increased specific activity of catalase in both liver and
blood serum by 2.7-fold (Figs. 6a and 6b) compared to
the control group. Enzyme activity expressed in U/g liver
wet weight and U/ml blood serum was increased 2.3- and
2.1-fold, respectively (Figs. 6¢ and 6d).

Administration of SkQ1 was noted to decrease spe-
cific activity of catalase in liver and blood serum by 2.2-
and 1.6-fold, respectively (Figs. 6a and 6b). In addition,
enzyme activity expressed in U/g liver wet weight and
U/ml blood serum was reduced 1.9- and 1.7-fold, respec-
tively (Figs. 6¢ and 6d).

The data suggest that the antioxidant potential
exhibited in SkQ1-treated animals positively impacted
free radical homeostasis in the body thus resulting in
decreased stimulation of the antioxidant system in the
cells and, in particular, catalase.

Thus, administration of SkQ1 to rats with protamine
sulfate-induced hyperglycemia lowers the level of free-rad-
ical oxidation, which is reflected by downregulated BCL
parameters such as S and I, denoting the rate of free rad-
ical processes, concentration of the primary LPO prod-
ucts — diene conjugates, activity of aconitate hydratase — a
target for ROS, and concentration of citrate as well as
restored activity of antioxidant enzymes towards the nor-
mal range. Apparently, it can be related to the antioxidant
effect exhibited by SkQ1. Decreased concentration of glu-
cose observed after administering SkQ1 to animals with
hyperglycemia might be coupled with its influence on
activity of some factors contributing to enhanced free rad-
ical processes and aggravated insulin resistance.

The authors are grateful to Prof. Skulachev Vladimir
Petrovich, Director of the Belozersky Institute of
Physico-Chemical Biology, for interest in our study and
valuable comments during preparation of the manuscript.
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