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Abstract
BACKGROUND
It is known that under conditions of tissue tolerance to insulin, observed during
type 2 diabetes mellitus (DM2), there is an increased production of reactive
oxygen species. Moreover, the free radicals can initiate lipid peroxidation (LPO)
in lipoprotein particles. The concentration of LPO products can influence the state
of insulin receptors, repressing their hormone connection activity, which is
expressed as a reduction of the glucose consumption by cells. It is possible that
reduction in glucose concentration during administration of 10-(6-
plastoquinonyl) decyltriphenylphosphonium (SkQ1) to rats with DM2 may be
related to the antioxidant properties of this substance.

AIM
To establish the influence of SkQ1 on free-radical homeostasis in the heart and
blood serum of rats with streptozotocin-induced hyperglycemia.

METHODS
To induce hyperglycemia, rats were fed a high-fat diet for 1 mo and then
administered two intra-abdominal injections of streptozotocin with a 7-d interval
at a 30 mg/kg of animal weight dose with citrate buffer equal to pH 4.4. SkQ1
solution was administered intraperitoneally at a 1250 nmol/kg dose per day.
Tissue samples were taken from control animals, animals with experimental
hyperglycemia, rats with streptozotocin-induced glycemia that were
administered SkQ1 solution, animals housed under standard vivarium conditions
that were administered SkQ1, rats that were administered intraperitoneally
citrate buffer equal to pH 4.4 once a week during 2 wk after 1-mo high-fat diet,
and animals that were administered intraperitoneally with appropriate amount
of solution without SkQ1 (98% ethanol diluted eight times with normal saline
solution). To determine the intensity of free radical oxidation and total
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antioxidant activity, we used the biochemiluminescence method. Aconitate
hydratase (AH), superoxide dismutase, and catalase activities were estimated
using the Hitachi U-1900 spectrophotometer supplied with software. The amount
of citrate was determined by means of the Natelson method. Real-time
polymerase chain reaction was carried out using an amplifier ANK-32.

RESULTS
It was found that the mitochondrial-directed antioxidant elicits decrease of
biochemiluminescence parameter values that increase by pathology as well as the
levels of primary products of LPO, such as diene conjugates and carbonyl
compounds, which indicate intensity of free radical oxidation. At the same time,
the activity of AH, considered a crucial target of free radicals, which decreased
during experimental hyperglycemia, increased. Apparently, increasing activity of
AH influenced the speed of citrate utilization, whose concentration decreased
after administering SkQ1 by pathology. Moreover, the previously applied anti-
oxidant during hyperglycemia influenced the rate of antioxidant system
mobilization. Thus, superoxide dismutase and catalase activity, as well as the
level of gene transcript under influence of SkQ1 at pathology, were changing to
the direction of control groups values.

CONCLUSION
According to the results of performed research, SkQ1 can be considered a
promising addition to be included in antioxidant therapy of DM2.

Key words: Diabetes mellitus; Free radical oxidation; Antioxidants; 10-(6-plastoquinonyl)
decyltriphenylphosphonium

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: The results of this research suggest that the mitochondria targeted antioxidant
10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) might be a potential
substance for incorporation into the antioxidant therapy of type 2 diabetes mellitus. The
ability of this compound to lower the intensity of free-radical processes, acting as the key
component of the pathogenesis of the type 2 diabetes mellitus, serves as the basis for this
conclusion. Thus, after the introduction of SkQ1 to the animals with streptozotocin
induced hyperglycemia, the values of the biochemiluminescence parameters reflecting
the free-radical oxidation intensity, the concentration of diene conjugates and carbonyl
products of protein oxidation, aconitate hydratase activity, and citrate content
approached those of control values. At the same time, the activity level of the antioxidant
enzymes superoxide dismutase and catalase approached those of normal values.

Citation: Agarkov AA, Popova TN, Boltysheva YG. Influence of 10-(6-plastoquinonyl)
decyltriphenylphosphonium on free-radical homeostasis in the heart and blood serum of rats
with streptozotocin-induced hyperglycemia. World J Diabetes 2019; 10(12): 546-559
URL: https://www.wjgnet.com/1948-9358/full/v10/i12/546.htm
DOI: https://dx.doi.org/10.4239/wjd.v10.i12.546

INTRODUCTION
Type 2 diabetes mellitus (DM2) is a pandemic metabolic disease and is becoming a
serious problem for health protection due to the global increase of its prevalence.
Endocrinopathic complications, such as nephropathy, retinopathy, brain angiopathy,
myocardial angiopathy, and lower limbs angiopathy, prove to be the major reason for
incapacity, disability, or patient mortality. It is known that diabetic cardiomyopathy
develops in patients with insulin resistance and DM regardless of diagnosed coronary
heart disease or hypertension[1].

The  crucial  target  is  vascular  endothelium,  which  is  affected  by  a  number  of
metabolic, hemodynamic, and immunologic factors that characterize the development
of the disease[2].  It  has been shown in DM2 that the delivery of fatty acids to the
myocardium is intensified and glycolysis is slowed down[3]. At the same time, the
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concentration of reactive oxygen species (ROS) have a damaging effect on the lipids of
cardiomyocyte  membranes  and  contribute  to  the  mitochondrion  mechanism
malfunction and,  as  a  result,  to  the  inhibition of  ATP elaboration.  This  leads  to
calcium  imbalance  in  cardiomyocytes  and  results  in  muscular  relaxation  and
contraction. Hyperglycemia as well contributes to the development and progression
of fibrotic degeneration of cardiomyocytes due to the increased deposition of collagen
in the interstitium[4].

Taking into account the most important factors of free radical oxidation activation
in  the  pathogenesis  of  DM,  as  well  as  in  the  development  of  its  complications,
antioxidant  therapy  should  be  considered  among  the  modern  medical
endocrinopathy treatment technologies. In this context, there is an urgent need for
effective substances that would protect cellular structures from oxidative stress.

Ten-(6'-plastoquinonyl) decyltriphenylphosphonium (SkQ1) is an aromatic cation
(triphenylphosphonium) conjugated with a 10-12 atom aliphatic compound as well as
plastoquinone, which is an active molecular component of this substance[5].

Several  Sk-compounds  with  modified  lipophilic  and  antioxidant  parts  were
synthesized  and  tested  by  varying  the  length  of  the  aliphatic  linker.  All  these
compounds  have  abbreviated  names  derived  from  the  surname  of  Russian
academician Skulachev VP (Sk), the letter to designate ubiquinone (Q), and the letter
or numerical symbol to designate the modification.

When used in nanoconcentrations, this substance participates in the ROS balance
regulation as it has the ability to neutralize free radicals (FR), including OH radicals in
aqueous solutions. This may protect cells from apoptosis and necrosis induced by
ROS[6].

The  goal  of  this  study  was  to  evaluate  the  influence  of  SkQ1  on  biochem-
iluminescence (BCL) parameters, which reflect the free radical processes reactions
rate, the total activity of the antioxidant system (AOS), the level of primary lipid
peroxidation (LPO) products such as diene conjugates (DC), the activity of aconitase,
which is the sensitive target of FR action and citrate content, the degree of protein
oxidative modification, the activity of superoxide dismutase (SOD) and catalase, and
the  level  of  their  genes’  transcripts  in  heart  and  blood  serum  of  the  rats  with
hyperglycemia induced by the administration of streptozotocin (STZ).

MATERIALS AND METHODS

Experimental animals
To conduct the study, laboratory rats were selected of nursery rat males from Federal
State-financed Organization of Health Service “Voronezh Hygiene and Epidemiology
Center”. The animals were divided through stratified randomization by their weight
and  age.  The  rats  used  for  the  study  weighed  200-250  g  and  aged  3-5  mo.  The
experimental  animals  were kept  for  14 d before the start  of  the study under the
following conditions: 12-h light day, temperature 21-25 °C, and food ad libitum. The
experiment was carried out in accordance with European legislation on the protection
of animals (Directive 2010/63/EC).

Hyperglycemia induction in animals
Hyperglycemia was induced by feeding rats a high-fat diet for 1 mo, followed by two
intra-abdominal injections of STZ with a 7-d interval at a 30 mg/kg of animal weight
dose with citrate buffer equal to pH 4.4[7].

Hyperglycemia in rats was verified by measuring glucose level in the blood serum
using a glucose oxidase test. The blood was collected twice with a day-interval from
caudal vein after the second administration of STZ and 1-d food deprivation. The
reagent  kit  used  for  the  study  was  purchased  from  Vital  Diagnosticum,  Saint-
Petersburg, Russia.

At 2 wk after STZ administration, drugged animals were devitalized for further
research. The laboratory rats were divided into four groups: Group 1 (n = 20), animals
housed under standard vivarium conditions (control group); group 2 (n = 20), animals
with STZ injection-induced hyperglycemia;  group 3 (n  =  12),  animals  with STZ-
induced glycemia that were administered SkQ1 solution intraperitoneally at a 1250
nmol/kg dose per day, starting from the second week; and group 4 (n = 8), animals
housed under standard vivarium conditions that were administered with SkQ1 at a
1250 nmol/kg dose per day, during the second week of conducting the experiment.
Group 2 also included rats (n  = 8) that were administered intraperitoneally with
appropriate aliquot quantity of citrate buffer equal to pH 4.4 once a week during 2 wk
after 1-mo high-fat diet. Group 3 included animals (n = 8) that were administered
intraperitoneally with appropriate amount of solution without SkQ1 (98% ethanol
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diluted eight times with normal saline solution).

Preparation of materials for the study
To obtain tissue homogenate, heart tissue sample was homogenized in triple amount
of cooled medium (0.1 mol/L Tris-HCl buffer (pH 7.8) containing 1 mmol/L EDTA,
1% beta-mercaptoethanol) and centrifuged for 10000 g for 15 min. The serum was
obtained from venous blood collected in test tubes without anticoagulant. For this
purpose,  the  blood  was  thermostated  at  a  temperature  of  37  °C  until  phase
immiscibility,  and supernatant  fluid was centrifuged for  4000 g  for  10  min.  The
obtained serum was used for further examination.

Evaluation methods of the intensity of free radical oxidation
The  free-radical  oxidation  and  total  antioxidant  status  processes  intensity  was
measured by  applying  the  Fe2+-induced biochemical  luminescence  method.  The
principle of the method is based on catalytic degradation of peroxide by transition
valence  metal  ions  (Fe2+)  in  accordance  with  the  Fenton  reaction.  Catalytic
degradation leads to the formation of FR that enter free-radical oxidation initiation
process in the examined biotic substrate. Recombination of RO2 radicals results in
unstable tetroxide formation that causes liberation of light quantum when it degrades.
Biochemicoluminescence kinetic curve was recorded for 30 seconds using BCL-07
with  software  (Medozons  OOO,  Nizhny  Novgorod,  Russia),  and  the  following
parameters were measured: Chemicoluminescence light sum (S) and flash intensity
(Imax) that characterized free-radical oxidation intensity and slope of curve magnitude
(tgα2) depicting total antioxidant status.

The  medium  for  estimating  BCL  intensity  contained  0.4  mL  of  0.02  mol/L
potassium phosphate buffer (pH 7.5); 0.4 mL of 0.01 mol/L FeSO4, and 0.2 mL of 2%
H2O2  solution that  had been added immediately prior  to  measurement.  The test
material had been added in an amount of 0.1 mL prior to measurement.

The amount of DC was measured by means of spectrophotometric method at 233
nm[32].

The oxidative modification of proteins valuation method is based on the interaction
between oxidized amino acid residues and 2.4-dinitrophenylhydrazine (2.4-DNPH)
that forms 2.4-DNPHs[10]. Protein load was identified by the biuret test.

The concentration of DC was analyzed spectrophotometrically at 233 nm[8].
For the analysis of protein oxidative modification (POM), we used the method

based on the interaction between oxidized amino acid residues and 2.4-DNPH using
the Hitachi U-1900 spectrophotometer (Hitachi High-Technologies, Tokyo, Japan)[9].

Enzyme analysis
Aconitate  hydratase  (AH)  activity  was  estimated  using  the  Hitachi  U-1900
spectrophotometer supplied with software at 233 nm in the medium that contained
0.05 mmol/L of Tris-HC1-buffer (pH 7.8) and 4 mmol/L of sodium citrate (PanReac,
Barcelona, Spain)[10].

The amount of citrate was determined by means of the Natelson method[11].
SOD activity was determined by the nitroblue tetrazolium recovery rate inhibition

in the non-enzymatic system of phenazine methosulfate (PMS) and NADH.
The incubation medium, with a total volume of 3 mL, contained 0.1 M phosphate

buffer (pH 7.8), 0.33 mmol/L EDTA, 0.41 mmol/L NBT, 0.01 mmol/L PMS, and 0.8
mmol/L NADH. The activity was measured spectrophotometrically according to the
extinction augmentation after 5 min using the Hitachi U-1900 spectrophotometer at
540 nm[12].

Catalase activity was determined at a wavelength of 410 nm using the method
based on the  ability  of  hydrogen peroxide  to  form stable  colored complex  with
ammonium molybdate[13].

The  amount  of  the  enzyme  that  was  required  for  the  conversion  of  1  mM  of
substrate per min at 25 °C was defined as the enzyme unit (E). Biuret method was
used to determine the protein content.

Total RNA extraction
Total RNA was isolated from heart tissues and blood cells of experimental animals
using Extran RNA reagent kit (Syntol Company, Moscow, Russia). The severity of
RNA degradation was determined via 1% denaturing agarose gel electrophoresis. The
amount of RNA was determined by measuring the absorption at a wavelength of 260
nm using a Hitachi U-1900 spectrophotometer.

A process of reverse transcription
M-MuLV Reverse Transcriptase (Fermentas, Vilnius, Lithuania) was used to carry out
reverse transcription. DNA, or complementary mRNA, was obtained via Oligo(dT) 18
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Primer. The reaction was carried out at 40 °C for 1 h with the following inactivation of
reverse transcriptase at 70 °C per 15 min. Ready-to-use сDNA was used for real-time
amplification.

A real-time PCR amplification
The primers selected via a database of a web-based system Universal Probe Library
(Universal Probe Library Assay Design Center) were applied to amplify the region of
a gene.

PCR amplification was based on reagent kits containing the SYBR Green I (Syntol
Company).  Real-time  PCR  was  carried  out  using  an  amplifier  ANK-32  (Syntol
Company) according to the following pattern: Per 5 min at 95 °C, then 40 cycles: 95 °C
15 s, 60 °C 15 s, 72 °C 30 s. The next step was to analyze the threshold cycle value
obtained by PCR amplification. Among other scientific experiments, there was also a
negative control for: (1) An impurity of foreign DNA set components; and (2) A purity
level of sample preparation for the amplification. Negative control consisted of a
separate test tube at each process of amplification with an equal amount of water
instead of DNA test sample.

Reagents used in the research
During the  study,  the  following chemicals  were  applied:  STZ,  Tris-HCl,  citrate,
nitroblue  tetrazolium,  PMS,  NADH (Sigma,  St  Louis,  MO,  United States),  SkQ1
synthesized according to the following method[5], EDTA (Reanal, Budapest, Hungary),
and other chemicals of “chemically pure” or “analytically pure” grade purchased
from Russian manufacturers.

Outcome analysis
Experiments were done in at least 8-20 biological and two analytical replicates. The
results were compared with the control. The data were statistically analyzed using a
software package STATISTICA 6.0 with numerical variables – arithmetical mean (M),
mean error (m), and statistical significance level (P). Normal distribution data were
compared by applying Student's  t-test  for  Bonferroni  correction in  independent
samples[14]. Significance level was set at aP ≤ 0.0167 and bP ≤ 0.0167.

RESULTS
The study showed that SkQ1 administration lowered glycemic level by 2.5 times,
which was initially upregulated 2.7 times relative to the control (Table 1). The glucose
level of the animals of the fourth experimental group was not significantly different
from the stated value. Moreover, glucose concentration was within the stated value in
rats of the second experimental group having been administered citrate buffer and of
the third group having been administered an aliquot of 12% ethanol.

It is also established that S of BCL value increased by 2.2 times in rats’ hearts under
pathological conditions and in blood serum by 2.1 times. Imax BCL increased by 2.5 and
2.0, respectively, compared to the control group, demonstrating increased intensity of
free radical oxidation. It is known that the processes of glucose autoxidation and its
metabolic intermediates, glycosylation of protein and end-product accumulation of its
modification,  sorbitol  exchange mobilization,  glucose utilization via  hexosamine
pathway, and protein kinase C (PKC) activation may be free radical oxidation sources
in DM2[15].

The values of BCL tgα2 increased in rats’ hearts with pathology by 2.1 times and in
blood  serum  by  2.3  times  (Table  2),  indicating  compensatory  mechanisms
implementation and general antioxidant potential organism mobilization during the
development of experimental hyperglycemia.

The administration of SkQ1 led to the S of BCL values decrease in rats’ hearts by 1.3
times and in blood serum by 1.6 times and Imax BCL by 1.5 and 1.6, respectively (Table
2). BCL tgα2 parameter decreased in rats’ hearts by 1.5 times and in blood serum by
1.4 times (Table 2).

No  statistically  significant  BCL  parameters  changes  in  rats  of  the  fourth
experimental group and the animals belonging to the second experimental group that
have  been  administered  citrate  buffer  and  to  the  third  group  that  have  been
administered aliquot of  12% ethanol compared with control  have been observed
(Table 2).

The data received as a result of a research conducted upon the mitochondrial-
directed  antioxidant  and  its  effect  on  biochemical  luminescence  parameters
correspond with the results of the assessment of DC level and POM products. It has
been shown that the level of DC in the heart and blood serum of animals of the third
group has  declined  1.4  and 1.7  times,  correspondingly,  in  comparison  with  the
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Table 1  Glucose concentration in rats’ blood

Glucose concentration in rats’ blood, mmol/L

The 9th d after STZ administration The 11th d after STZ administration

Control group 5.09 ± 0.081 5.41 ± 0.088

Animals with experimental hyperglycemia induced by streptozotocin 10.01 ± 0.166a 14.6 ± 0.241a

SkQ1 is administered to animals with pathology 6.04 ± 0.099b 5.87 ± 0.096b

SkQ1 is administered to animals at control group 5.1 ± 0.083 5.30 ± 0.086

aP ≤ 0.0167 compared with control;
bP ≤ 0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl) decyltriphenylphosphonium; STZ: Streptozotocin.

pathology (Table 2). It was found that the concentration of primary products of LPO
in the heart and blood serum of rats from the second group increased 2.4 and 3.3
times, correspondingly (Table 2). The progression of hyperglycemia with animals
injected with STZ went along with the increase in POM products content: 2.7 times in
the heart and 6.3 times in blood serum in comparison with the control group. After
the  injection  of  rats  with  pathology  with  SkQ1  carbonyl  compounds,  the  level
decreased 1.5 times in the heart and 2.0 times in blood serum in contrast with the
pathology (Table 2).

DC and carbonyl compounds content in the heart and blood serum of rats under
the standard mode of the vivarium and injected with SkQ1 and of animals from the
second experimental group injected with citrate buffer and the third group that were
administered with  aliquot  of  ethanol  with  mass  fraction  of  12% did  not  change
significantly in comparison with the control level (Table 2).

It is known that FR may have aconitase as a target of action. Decline in activity of
aconitase is interrelated with the accumulation of citrate that, in turn, is an effective
low molecular weight antioxidant due to its chelating properties in relation to ions
Fe2+[16].

It has been established that in case of hyperglycemia, specific activity of aconitase
declines 1.9 times in the heart and 2.3 times in blood serum of rats in comparison with
the  control  level  (Figure  1).  The  slowdown  in  activity  of  aconitase  within  the
pathology  is  clearly  connected  with  intensification  of  ROS  formation  and  the
induction in the development of oxidative stress. It was found that FR participate
directly in the oxidation and inactivation of the aconitase iron-sulfur cluster. The long-
term exposure of FR leads to the dismantlement of [4Fe-4S] cluster, carbonylation, and
degradation of the enzyme.

As a result of SkQ1 exposure, the specific activity of the given enzyme increased 1.4
times in the heart and 1.8 times in blood serum in comparison with the data received
from experimental hyperglycemia (Figure 1). It appears that the administration of
protector in the bodies of animals with pathology facilitated a decline in the level of
ROS and, as a result, a decrease in the damage degree of the molecule of the enzyme
and a change in aconitase activity towards control.

Along with the development of the examined pathology, citrate content increased
2.1 times in the heart and 2.5 times in blood serum (Table 2).  Presumably, it  was
mediated by the inhibition of aconitase. In turn, citrate accumulation could be an
adaptive process with the development of oxidative stress at pathology, due to the
fact that citric acid chelates iron ions and decreases the Fenton’s reaction rate. As a
result, the possibility of hydroxyl radical formation declines.

It was found that the injection of SkQ1 leads to the decline of citrate content by 1.5
times  in  the  heart  and  by  1.3  times  in  blood  serum  (Table  2).  Presumably,  the
antioxidant effect provided by SkQ1 was manifested by the decline in the level of
oxidative stress and by damage degree of the aconitase molecule. As a result, the
activity of the given enzyme increased and led to the increase in citrate utilization
rate.

The administration of SkQ1 to the animals of the fourth experimental group did not
cause any statistically significant changes in aconitase activity and in heart and blood
serum citrate levels in comparison with the control group. The administration of
citrate buffer to the animals of the second group and of 12% ethyl solution to the third
group did not cause such changes either.

The experiments showed that pathological conditions caused the increase in SOD
and catalase specific activities in comparison with the control group of the animals.
They were increased by 2.5 times in the heart and by 2.2 and 2.3 times in the blood
serum, respectively (Figure 2 and Figure 3 respectively). It was noted that SOD gene
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Table 2  Parameters reflecting the level of free radical processes and general antioxidant system activity

Parameters

Experiment conditions

Control group

Animals with
experimental
hyperglycemia
induced by
streptozotocin

SkQ1 is administered
to animals with
pathology

SkQ1 is administered
to animals at control
group

Biochemicoluminescence measurements

Light sum, mV × c Heart 485.01 ± 7.912 1062.76 ± 17.124a 818.76 ± 13.611b 478.33 ± 7.971

Blood serum 307.70 ± 5.141 654.14 ± 10.114a 410.53 ± 6.713b 302.33 ± 5.012

Maximum flash
intensity, mV

Heart 51.53 ± 0.851 126.93 ± 1.987a 83.10 ± 1.374b 47.33 ± 0.779

Blood serum 25.20 ± 0.412 52.23 ± 0.864a 33.67 ± 0.559b 22.15 ± 0.362

Angle tangent of slope
of kinetic curve of
biochemicoluminescen
ce pathway

Heart 7.10 ± 0.101 14.94 ± 0.241a 10.10 ± 0.165b 7.05 ± 0.112

Blood serum 13.33 ± 0.223 30.43 ± 0.498a 21.71 ± 0.359b 12.93 ± 0.183

Content of conjugated
dienes, μmol/mL

Heart 17.70 ± 0.281 41.90 ± 0.687a 29.76 ± 0.492b 17.22 ± 0.267

Blood serum 7.55 ± 0.122 24.83 ± 0.401a 15.00 ± 0.247b 7.33 ± 0.113

Level of carbonyl
compounds,
nmol/L/mg of protein

Heart 0.072 ± 0.001 0.199 ± 0.003a 0.136 ± 0.002b 0.070 ± 0.001

Blood serum 0.021 ± 0.0003 0.154 ± 0.002a 0.076 ± 0.001b 0.019 ± 0.0003

Citrate content,
nmol/L

Heart 0.201 ± 0.003 0.43 ± 0.007a 0.28 ± 0.004b 0.204 ± 0.003

Blood serum 0.57 ± 0.0097 1.45 ± 0.021 1.07 ± 0.016b 0.59 ± 0.0093

aP ≤ 0.0167 compared with control;
bP ≤ 0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl) decyltriphenylphosphonium.

transcript and catalase gene transcript blood cell levels increased by 2.5 and by 1.6
times,  respectively,  and  their  heart  levels  increased  by  2.3  and  by  4.0  times,
respectively (Figure 4). These enzyme activity changes in the case of hyperglycemia
can probably be considered as a compensatory reaction to intensifying free-radical
processes.

The administration of SkQ1 to the animals caused a decrease in SOD and catalase
activities in comparison with pathological conditions. It was found that the impact of
SkQ1 leads  to  the  decrease  in  SOD and catalase  heart  and blood serum specific
activities in comparison with the second group of animals. Thus, SOD heart and blood
serum specific activities were decreased by 1.4 times and by 1.6 times, respectively
(Figure 2), and catalase heart and blood serum activities were decreased by 1.5 and 1.4
times, respectively (Figure 3).

The  identified  studied  enzyme activity  is  connected  with  the  decrease  in  the
number of their gene transcripts. Thus, the concentration of SOD1 and CAT gene
products decreased by 1.5 and 1.3 times in the blood cells and by 1.4 and 1.3 times in
the  heart  (Figure  4).  Apparently,  the  reduction  of  free  radical  formation  and,
consequently, the reduction of oxidative stress, caused indirectly by SkQ1 antioxidant
effect, were accompanied by decreased pressure on AOS, which was reflected in the
approximation of SOD and catalase activities to the control values.

In comparison with the first group, the rats of the fourth experimental group, the
rats of the second experimental group, to which citrate buffer was administered, and
the rats of the third group, to which the aliquot of 12% ethyl alcohol solution was
administered, did not have any statistically significant changes in SOD and catalase
activities as well as in SOD and CAT gene transcript levels.

DISCUSSION
It  is  known  that  the  inclusion  of  high  fat  content  in  rat  diet  contributes  to  the
occurrence of animal tolerance to insulin[17]. Small dose administration of STZ leads to
the moderate decline in insulin production, which is similar to a later stage of DM2[18].
Thus,  the  administration of  STZ causes  a  significant  basal  increase  in  the  blood
glucose level. It also causes glucose tolerance, increase in the glycated hemoglobin
level, significant reduction of insulin concentration, and resistance.

It should be noted that under conditions of tissue tolerance to insulin, observed
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Figure 1

Figure 1  The aconitatehydratase specific activity, E/mg protein in the rats' hearts and the blood serum during the development of experimental
hyperglycemia. A: The aconitatehydratase specific activity, E/mg protein in the rats' hearts during the development of experimental hyperglycemia; B: The
aconitatehydratase specific activity, E/mg protein in the blood serum during the development of experimental hyperglycemia. 1: Control group; 2: Animals with
experimental hyperglycemia induced by streptozotocin; 3: 10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) is administered to animals at pathology; 4: SkQ1
is administered to animals at control group. aP ≤ 0.0167 compared with control; bP ≤ 0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl)
decyltriphenylphosphonium.

during  DM2,  there  is  an  increase  in  superoxide  production  by  mitochondria[19],
cytochrome P450, xanthine oxidase, and PKC-dependent NADPH oxidase activation.
Moreover, the FR, which are generated during glucose autoxidation or glycosylation
end products, can initiate LPO in lipoprotein particles[20]. The concentration of LPO
products through an increase in hydrophilic hydrocarbon tails contents, in turn, can
lead  to  formation  of  membrane  pores  and  membrane  stiffening  through
downregulation of unsaturated fatty acids, and thus it can influence state of insulin
receptors,  repressing their  hormone connection activity,  which is  expressed as a
reduction of  the glucose consumption by cells[21].  It  is  possible  that  reduction in
glucose concentration during administration of SkQ1 to rats with DM2 may be related
to the realization of antioxidant properties of this substance[22].

It  is  well  known that  during  several  pathological  states,  including  DM,  LPO
activation  occurs  and  can  lead  to  a  number  of  defects,  structural  changes  in
membranes, and cell  metabolic disturbance in particular.  At the same time, ROS,
including LPO products, act as the main POM inducers[23].

The use of SkQ1 may contribute to an inhibition of accumulation of LPO molecular
products and a normalization of the structural condition of lymphocytes' membranes
and their apoptosis level during oxidative stress[24].

Reviewing past literature, it is well known that through administration of SkQ1, the
rate of development of such diseases as cataract, retinopathy, glaucoma, osteoporosis,
hypothermia, and renal ischemia decreases[25]. Furthermore, in animal experiments,
SkQ1 efficiency of correction of the several neurodegenerative states was shown[26].
The effect  of  SkQ1 led to acceleration of  the end of  the inflammatory phase,  the
formation of granulation tissue, vascularization, and epithelization of a wounded
area[27].  Moreover,  it  was  shown that  in  OXYS rats  of  an  experimental  model  of
accelerated aging, which is a famous animal model of human age-related macular
degeneration, SkQ1 reduces clinical features of retinopathy[28].

According  to  the  results  obtained,  it  was  found  that  administration  of  the
antioxidant compound is accompanied by reduction in concentration of primary LPO
products in both blood serum and heart closer to its control values.

During  the  experiment,  it  was  found that  an  increase  in  activity  of  SOD and
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Figure 2

Figure 2  The superoxide dismutase specific activity, E/mg protein in the rats' hearts, and the blood serum during the development of experimental
hyperglycemia. A: The superoxide dismutase (SOD) specific activity, E/mg protein in the rats' hearts during the development of experimental hyperglycemia; B: The
SOD specific activity, E/mg protein in the blood serum during the development of experimental hyperglycemia. 1: Control group; 2: Animals with experimental
hyperglycemia mellitus induced by streptozotocin; 3: 10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) is administered to animals at pathology; 4: SkQ1 is
administered to animals at control group. aP ≤ 0.0167 compared with control; bP ≤ 0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl)
decyltriphenylphosphonium.

catalase in rats of the DM2 group may be related to induction of the synthesis of these
enzymes under conditions of the oxidative stress formed in pathology.

Thus, according to the data provided by the literature, the regions reacting with
nuclear factor kappa B (NF-kB) were discovered in the coding regions of all three SOD
genes[29].  NF-kB is a redox-sensitive transcription factor and acts as a regulator of
genes, playing a role of the actual defendant to injurious effects on a cell. It should be
noted that H2O2, generated in the reaction that is catalyzed by Cu, Zn-SOD on the
endosomal surface, can cause oxidation-reduction NF-κB activation. NF-κB activation
leads to an increase in Cu, Zn-SOD expression[30].

It is evident that an increase in the dismutation rate of a superoxide anion radical
leads to the accumulation of  hydrogen peroxide.  It  is  known that the amount of
catalase is controlled by the presence of substrate[31].

It is stated that superoxide anion radicals activate various signaling systems. It
includes Keap1 - Nrf2, which is responsible for the induction of a significant number
of genes, including antioxidant enzyme genes[32]. Besides, c-jun N-terminal kinase,
which  is  the  main  inducer  activity  of  forkhead  homeobox  type  O  (FOXO)
transcription factors, can be activated during hyperglycemia that contributes to the
development of oxidative stress. FOXO can also be considered as messengers during
the development of oxidative stress, since their activity is regulated by H2O2  and
depends on the state of the cell[33].

It is known that protection against oxidative stress of human cardiac fibroblasts
after  myocardial  infarction  is  mediated  by  expression  of  antioxidant  enzymes
regulated by FOXO, such as SOD, catalase, and peroxidase[34]. In addition, FOXO3a, a
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Figure 3

Figure 3  The catalase specific activity, E/mg protein in the rats' hearts, and the blood serum during the development of experimental hyperglycemia. A:
The catalase specific activity, E/mg protein in the rats' hearts during the development of experimental hyperglycemia; B: The catalase specific activity, E/mg protein in
the blood serum during the development of experimental hyperglycemia. 1: Control group; 2: Animals with experimental hyperglycemia induced by streptozotocin; 3:
10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) is administered to animals at pathology; 4: SkQ1 is administered to animals at control group. aP ≤ 0.0167
compared with control; bP ≤ 0.0167 compared with pathology. SkQ1: 10-(6-plastoquinonyl) decyltriphenylphosphonium.

member of the FOXO family,  induces catalase gene expression in human cells[35].
Moreover, it activates the expression of Mn-SOD by regulating the SOD2 gene after
exposure to resting cells with hydrogen peroxide[36].

The increase in the activity and level  of  transcripts  of  the studied antioxidant
enzymes in pathology probably could be related to the considered molecular genetic
mechanisms of the redox regulation of gene expression activity under conditions of
excessive generation of ROS. A decrease in the intensity of free radical oxidation
under the influence of SkQ1 led to a change in the studied parameters towards control
values.

In conclusion, the results of this research suggest that the mitochondria targeted
antioxidant  SkQ1  might  be  a  perspective  substance  for  incorporation  into  the
antioxidant therapy of DM2. The experimentally revealed ability of this compound to
lower the intensity of  free-radical  processes,  acting as the key component of  the
pathogenesis of the DM2, may serve as the reason for this conclusion. Thus, after the
introduction of SkQ1 to the animals with STZ induced hyperglycemia, the values of
the BCL parameters reflecting the free radical oxidation intensity, the concentration of
DC and carbonyl products of  protein oxidation,  AH activity,  and citrate content
changed  towards  the  control  values.  At  the  same time,  the  activity  level  of  the
antioxidant enzymes SOD and catalase changed to the direction of normal values.
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Figure 4

Figure 4  The relative level of the superoxide dismutase and catalase genes transcripts in the rats' hearts and the blood cells during the development of
experimental hyperglycemia. A: The relative level of the superoxide dismutase genes transcripts in the rats' hearts and the blood cells during the development of
experimental hyperglycemia; B: The relative level of the catalase genes transcripts in the rats' hearts and the blood cells during the development of experimental
hyperglycemia. 1: Control group; 2: Animals with experimental hyperglycemia induced by streptozotocin; 3: 10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1)
is administered to animals at pathology; 4: SkQ1 is administered to animals at control group. aP ≤ 0.0167 compared with control; bP ≤ 0.0167 compared with
pathology. SkQ1: 10-(6-plastoquinonyl) decyltriphenylphosphonium.

ARTICLE HIGHLIGHTS
Research methods
All  treatments  of  the  experiment  were  consistent  with  the  requirements  of  the  European
legislation on the protection of animals (Directive 2010/63/EU).

The laboratory rats were divided into four groups: Group 1 (n = 20), animals housed under
standard vivarium conditions (control group); group 2 (n = 20), animals with streptozotocin
(STZ) injection-induced hyperglycemia; group 3 (n = 12), animals with STZ-induced glycemia
that were administered with 10-(6-plastoquinonyl) decyltriphenylphosphonium (SkQ1) solution
intraperitoneally at a 1250 nmol/kg dose per day, starting from the second week; and group 4 (n
= 8), animals housed under standard vivarium conditions that were administered with SkQ1 at a
1250 nmol/kg dose per day, during the second week of conducting the experiment. Group 2 also
included rats (n = 8) that were administered intraperitoneally with appropriate aliquot quantity
of citrate buffer equal to pH 4.4 once a week during 2 wk after 1-mo high-fat diet. Group 3
included animals (n = 8) that were administered intraperitoneally with appropriate amount of
solution without  SkQ1 (98% ethanol  diluted eight  times with normal  saline solution).  The
experimental unit was a single animal. Rats were kept in laboratory, and they were divided
through stratified randomization by their weight and age.

Hyperglycemia was induced by feeding rats a high-fat diet for 1 mo. STZ was administered
intra-abdominally at a 30 mg/kg of animal weight dose with citrate buffer equal to pH 4.4.
Hyperglycemia was verified by measuring the glucose level in the blood serum with a glucose
oxidase test. SkQ1 solution was administered intraperitoneally at a 1250 nmol/kg dose per day.
Appropriate  aliquot  quantity  of  citrate  buffer  equal  to  pH  4.4  was  administered
intraperitoneally.
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To conduct the study, laboratory rats were selected of nursery rat males from Federal State-
financed Organization of Health Service “Voronezh Hygiene and Epidemiology Center”. The
rats used for the study weighed 200-250 g and aged 3-5 mo. Rats were kept at 12-h light day,
room temperature, and access to water and food ad libitum for 2 wk before the study. Type of
housing – plastic. Bedding material – sawdust. Number of cage companions - two rats per cage.
The total  number of  animals used in experiment – 76 rats.  The number of  animals in each
experimental group: Group 1 (n = 20 + 8); group 2 (n = 20 + 8); group 3 (n = 12); and group 4 (n =
8).

The number of  animals  was necessary for  obtaining statistically  significant  results.  The
animals were divided through stratified randomization by their weight and age. The rats used
for the study weighed 200-250 g and aged 3-5 mo.

The  order  in  which  the  animals  in  the  different  experimental  groups  were  treated  and
assessed:  Group 2  compared with  group 1;  group 3  compared with  group 2;  and group 4
compared with group 1. Weight gain, increased water intake, and slowness in rats of the second
group were seen. SkQ1 administration lowered glycemic level by 2.5 times, which was initially
upregulated 2.7 times relative to the control.  The glucose level of the animals of the fourth
experimental group was not significantly different from the stated value. Moreover, glucose
concentration was within the stated value in rats of the second experimental group, having been
administered citrate buffer and of the third group, having been administered aliquot of 12%
ethanol. The unit of analysis was group of animals.

Experiments were done at least in 8-20 biological and two analytical replicates. The results
were compared with the control. The data were statistically analyzed using software package
STATISTICA  6.0  with  numerical  variables  –  arithmetical  mean  (M),  mean  error  (m),  and
statistical significance level (P). Normal distribution data were compared by applying Student's
t-test for Bonferroni correction in independent samples. Significance level was set at aP ≤ 0.0167
and bP ≤ 0.0167.

Research results
It  was  found  that  influence  of  the  mitochondrial-directed  antioxidant  elicits  decrease  of
biochemiluminescence (BCL) parameters values that increase by pathology as well as the level of
primary products of lipid peroxidation such as diene conjugates and carbonyl compounds,
which indicate intensity of free radical oxidation. At the same time, the activity of aconitate
hydratase (AH), considered as a crucial target of FR, which was decreasing during experimental
hyperglycemia, increased. Apparently, increasing activity of AH influenced the speed of citrate
utilization,  whose  concentration  was  decreasing  after  administering  SkQ1  by  pathology.
Moreover, the previously applied anti-oxidant administration during hyperglycemia influenced
the rate of antioxidant system mobilization. Thus, superoxide dismutase and catalase activity as
well as the level of gene transcript under influence of SkQ1 at pathology were changing towards
control groups values.

Research conclusions
The results of this research suggest that the mitochondria targeted antioxidant SkQ1 might be a
perspective substance for incorporation into the antioxidant therapy of type 2 diabetes mellitus
(DM2). The experimentally revealed ability of this compound to lower the intensity of free-
radical processes, acting as the key component of the pathogenesis of the DM2, may serve as the
reason for this conclusion. Thus, after the introduction of SkQ1 to the animals with STZ induced
hyperglycemia, the values of the BCL parameters reflecting the free radical oxidation intensity,
the concentration of  diene conjugates  and carbonyl  products  of  protein oxidation,  the AH
activity, and citrate content changed towards the control values. At the same time, the activity
level of the antioxidant enzyme SOD and catalase changed to the direction of normal values.

Research perspectives
The  effects  of  SkQ1 on  the  stage  of  compensatory  response  occurrence  in  pathology  may
contribute to decrease of the degree of oxidative stress, normalization of antioxidant system
functioning, and blocking of the development of decompensation, characterized by the inhibition
of protective systems.

Thus,  the  mitochondria  targeted  antioxidant  SkQ1  might  be  considered  a  perspective
substance for incorporation into the antioxidant therapy of DM2.
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