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Abstract. 1,2,4-trioxolanes were obtained by the ozonation of fish oil with a mixture of oxygen and ozone to study their
physicochemical properties. The biological activity of 1,2,4-trioxolanes with betulin from birch bark extract in fish oil
was evaluated under hypoxia and immobilization stress in rats. 1,2,4-trioxolanes composition led to LPO indexes nor-
malization (malondialdehyde, Schiff bases, diene and triene conjugates), the activation of NADP/H and NAD/H-de-
pendent enzymes (GR, G6PDH, LDH, AIDH), as well as SOD and catalase, under stress in rats. Thus, we estimated
1,2,4-trioxolanes with betulin in fish oil to regulate oxidative and energy metabolism under hypoxia and immobilization
stress in rats. The findings show that studied composition can be useful to prevent and treat the diseases caused by

oxidative stress.
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Introduction

Oxidative stress (OS) is one of the main pro-
cesses related to many diseases (e.g., athero-
sclerosis, cancer, cardiovascular diseases, neu-
rological diseases, infertility, renal disease, di-
abetes and obesity, burns, etc.) (Alahmar, 2018;
Honda et al., 2019; Kattoor et al., 2017;
Madamanchi et al., 2005; Pizzino et al., 2017,
Sies et al., 2017; Sinha & Dabla, 2015). OS can
be due to great physical stress, emotional stress
and physical inactivity too. OS is defined as a
ROS level increase and the damage caused by
ROS. It is due to the imbalance between ROS
production and removal. Two main strategies
were used to treat the diseases associated with
OS: the approaches of OS increase using proox-
idants and those of OS decrease using antioxi-
dants. An initial strategy of therapeutic prooxi-
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dants combats the viruses and bacteria by in-
creasing oxidative challengers through host de-
fense. At a later stage the activation of antioxi-
dant enzyme system minimizes tissue damage.
Similarly, in cancer there is tumor initiation,
promotion and progression, with vastly differ-
ent roles of oxidants and antioxidants. In all
cases, the antioxidant enzymes especially
NADP/H and NAD/H-dependent enzymes
(GH, G6PDH, LDH, AIDH), as well as SOD
and catalase, play an important role in regulat-
ing OS level. Hypoxia also induces oxidative
stress through increased ROS production by ox-
ygen-dependent enzymes such as cytochrome ¢
oxidase, nicotinamide adenine dinucleotide
phosphate oxidase, and uncoupled endothelial
nitric oxide synthase (Farias et al., 2016). Thus,
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modern pharmacological approaches to treat
diseases associated with OS consider the ther-
apy which normalize the balance and imbalance
of endogenous and exogenous antioxidants and
oxidants. The latter ones include hydrogen per-
oxide, singlet molecular oxygen, or ozonides,
which act as second messengers in physiologi-
cal redox signaling (Sies et al., 2017; Vassalle
et al.,2020).

Ozonides are produced by the ozonation of
alkenes (Criegee, 1975). The production of a
1,2,4-trioxolane compound is highly dependent
on both the structure of alkene being ozonized,
and on the reaction condition. 1,2,4-trioxolanes
are the compounds with five-membered ring
fragments containing three atoms of oxygen in
positions 1, 2, and 4. Many alkenes will not pro-
duce 1,2,4-trioxolanes as a major product, re-
gardless of reaction conditions. The term 0zo-
nide has some ambiguity, as the term ozonide
can be referred to either the 1,2,4-trioxolane
structure, or to extremely complicated mixture
of compounds produced by the ozonation of
natural oils waxes, or rubbers. These compli-
cated mixtures are typically hydro-peroxides
and their polymers, with some ozonides and di-
peroxides (Fig. 1). 1,2,4-trioxolanes are com-
monly synthesized by ozonolysis of unsaturated
compounds, as well as by ozonolysis of O-me-
thyl ketone oximes in the presence of carbonyl
compounds, which was proposed by Griesbaum
(Griesbaum, 1997). In this paper the term 1,2,4-
trioxolane will be referred to the secondary o0zo-
nides only.

1,2,4-trioxolanes show different kinds of
pharmacological activity: anti-HIV, burn re-
pairing, scar inhibitor, anticancer, antiproto-
zoal, anti-leishmaniasis, antimalarial, antibac-
terial, antifungal, anti-arthritis, and many other
effects (Koech, 2008; Ugazio et al., 2020).

Ozonation of vegetable oils and fats contain-
ing unsaturated fat acids proceeds in the same
way. Initially, primary ozonides (1,2,3-triox-
olanes) are formed. Then, 1,2,3-trioxolanes
change into more stable secondary ozonides —
1,2,4-trioxolanes. The ozonation products of
vegetable oils are the subject of intensive re-
search as a potential active pharmaceutical in-
gredient (API) for creating broad-spectrum
drugs (Ugazio et al., 2020). Historically, 1,2,4-
trioxolanes of oils and fats have not been used.
The attention of researchers has been focused
on the use of gaseous ozone or ozone solutions
in saline or dimethyl sulfoxide, which exhibit
bactericidal, antiviral, antifungal properties in
clinical practice when applied topically (Smith
etal.,2017). These effects are due to strong ox-
idizing properties of ozone causing the destruc-
tion of bacterial cell walls and the cytoplasmic
membrane, and the increase in permeability and
penetration of ozone into bacterial cells. In ad-
dition, ozone is also able to stimulate the innate
immune system to counteract microorganisms.
In fact, in the presence of ozone, lipoproteins of
microorganisms produce lipid oxidation prod-
ucts able to induce higher amounts of H2O2 by
phagocytes, resulting in better bacteriostatic
and bactericidal activity. Unlike short-lived
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(1,2,4-trioxolane)

Fig. 1. Scheme of alkene ozonation (Criegee, 1975)
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gaseous ozone and its solutions in water or
DMSO, lipophilic membrane-soluble 1,2,4-tri-
oxolanes as the ozonation products of oils have
a wider pharmacological spectrum of activity
including a systemic action. Moreover, inflam-
matory, restorative effects, the stimulation of
the immune system, and a positive effect on the
gastrointestinal tract have been proven (Mar-
tinez-Sanchez, 2021; Zamora Rodriguez et al.,
2007).

The new delivery routes (not only topical,
but also oral or rectal) of 1,2,4-trioxolanes ena-
ble to achieve new effects due to other mecha-
nisms of their action. The anti-inflammatory ef-
fect of trioxolanes in ozonized krill oil is due to
the inhibition of nitric oxide (NO) production
and the suppression of mRNA and protein ex-
pression of inducible nitric oxide synthase
(INOS) and cyclooxygenase-2 (COX-2) in
RAW 264.7 macrophages stimulated with lipo-
polysaccharides. Ozonized krill oil also re-
duced mRNA expression of inflammatory cyto-
kines such as interleukin (IL)-1B, IL-6, and tu-
mor necrosis factor (TNF)-a in macrophages
RAW 264.7, suppressed the phosphorylation of
p38 MAPK and N-terminal c-Jun kinases
(JNK) (Kim et al., 2018).The oils with dis-
solved 1,2,4-trioxolanes also have an anti-in-
flammatory effect (Zamora Rodriguez et al.,
2007). In this regard, fish oil being a source of
phospholipids, eicosapentaenoic acid (EPA)
and decosahexaenoic acid (DHA) is of interest.
EPA and DHA have an array of health benefits
such as antioxidant, anti-inflammatory, neuro-
protective and lipid metabolism correction. An
important effect of oral or rectal administration
of 1,2,4-trioxolanes in oils is the activation of
antioxidant defense enzymes. A significant in-
crease in the activity of SOD, glutathione pe-
roxidase and catalase made it possible to pro-
vide gastroprotective effects in the treatment of
ethanol-induced ulcers and other gastric and in-
testinal mucosa damage (Zamora Rodriguez et
al., 2007).

In this work we characterized 1,2,4-triox-
olanes obtained from fish oil as potential API,
and designed the composition formulation. We
studied the effect of pharmaceutical composi-
tions of 1,2,4-trioxolanes and betulin in fish oil
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on the activation of antioxidant defense en-
zymes and the normalization of energy and li-
pid metabolism under hypoxia and immobiliza-
tion stress in rats.

Betulin contained in birch bark extract was
chosen as an antioxidant protecting fish oil
against oxidation (Fig. 2). Moreover, betulin
exhibits well-pronounced anti-inflammatory,
wound healing, hepatoprotective, hypoli-
pidemic and other properties (Tuli et al., 2021).
In a lipophilic medium, it exhibits the properties
of a fish oil antioxidant preventing it from oxi-
dation (Melnikova et al., 2022).

Fig. 2. Structural formula of betulin

Materials and Methods

Materials and reagents

The characteristics of fish oil (MEG-3 1812
TG, Series No: PC00004320, Peru): color ac-
cording to Gardner — 5; free fatty acid — 0.10%;
acid value — 0.2 mg KOH/g; p-anisidine value
— 6; peroxide value (at the time of issue) — 0
meq/kg; humidity 0.0%; cold test: stays clean at
0 °C for 3 h; the overall oxidation value is 6;
unsaponifiable matter — 1.1%; absorption (233
nm) — 0.3; oligomers — 0.9%.

Betulin (C30Hs002), 99.5% purity (HPLC), was
obtained from Sigma-Aldrich (CAS 473-98-3).

Deionized water obtained at the Elix 3 water
purification system with a Progard cartridge
(Millipore, France), resistivity less than 0.2 pS
with pH 5.5 at 20 £ 10 °C, was used without
prior cleaning and any processing.

Sodium hydroxide (analytical grade, GOST
4328-77), iodine monochloride, 95+%, 100g
(Sigma-Aldrich 208221), potassium iodide
(chemically pure, GOST 4232-74), sodium thi-
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osulfate (analytical grade, GOST 27068-86),
starch (analytical grade, GOST 10163-76), gla-
cial acetic acid (chemically pure, GOST 61-75),
phenolphthalein, p-anisidine (IMP GOST, TU
104-94-9), diethyl ether (analytical grade, TU
2600-001-43852015-10), chloroform (GOST
20015-88), alcohol 96%, trimethylpentane
(GOST 12433-83).

Synthesis of 1,2,4-trioxolanes

1,2,4-trioxolanes were obtained by ozoniz-
ing sesame oil and fish oil using an oxygen con-
centrator «HG5» (Shenyang Canta Medical
TECH. Co., Ltd, China, in the mode of 5 L/min,
0.04-0.08 MPa, 220V, 50 Hz), an ozone gener-
ator UOTA-60-01 (Medozon LLC, Moscow,
Russia). The range of ozone concentration val-
ues in the oxygen-ozone mixture at the unit out-
let was from 0 to 80 mg/L, the flow rate of the
ozone-oxygen mixture being 0.0-1.0 L/min. We
used an ozonation column 1 meter high, 0.1 m
in diameter, equipped with a glass filter bed at
the base. The volume of fish oil or sesame oil
did not exceed 300 ml (Fig. 3). The ozonation
product was a viscous light-yellow gel.

Equipment

FTIR Analysis. FTIR spectra in the range
of 400-4000 cm™' were registered by an IR
Prestige-21 FTIR spectrometer (Shimadzu,
Kyoto, Japan) equipped with a KBr beam

—— Output of unsorbed ozone

splitter. A pellet from a well-dried KBr was
prepared by standard cold pressing. The res-
olution was 0.5 cm™!, and the number of
scans was 45.

UV Analysis

UV spectra were obtained by UV-1800 (Shi-
madzu, Kyoto, Japan). PBS was used as a sol-
vent. The wavelength range depended on the
analyzed substance.

NMR

13C and 'H NMR spectra were recorded at
100 and 400 MHz, respectively, on a Jeol INM
ECX-400 spectrometer (Jeol Ltd., Tokyo, Ja-
pan) using CDCl; (50 mg/0.6 mL) as the sol-
vent at 25 °C. As reference signals for the scale
correction of chemical shifts, we used the sig-
nals of residual protons of the solvent (6 =
=7.26 ppm) and carbon atoms of CDCl3 (8 =
= 77.16 ppm) for the 'H and '*C nuclei, respec-
tively.

GC-MS

Low-boiling products were identified and
quantitative analyses were performed through
GC-MS using a Shimadzu GC-2010 instrument
equipped with a GCMS-QP2020 mass spec-
trometer, FID and VB-1701 capillary column
(length, 30 m, inner diameter, 0.32 mm, film
thickness, 0.5 pm; VICI, Poulsbo, WA, USA).
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150- of gas flow rate
300 [|°¢© and ozone
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Fig. 3. Principal scheme of fish oil ozonation
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Helium was used as a carrier gas. Injector and
detector temperatures were 250 °C, the oven
temperature was programmed from 100 °C
(5 min hold) to 250°C (50 min hold) at a rate of
10 °C/min.

Gel permeation chromatography

Quantitative analysis of high-boiling com-
ponents of ozonized fish oil and its molecular
weights were determined by gel permeation
chromatography (GPC) on a Khromos LC-310
liquid chromatograph (Khromos, Russia)
equipped with a special HPLC pump, a system
of chromatographic column placed in a thermo-
stat, a refractometric detector, and a hardware—
software module. For analysis, there was used a
system consisting of two consecutive Phenom-
enex Phenogel 00H-0441-K0 columns (300 x
7.8 mm, Phenomenex, United States) packed
with styrene-divinyl benzene (particle size 5
um, pore diameter 50 A). To protect the col-
umns from impurities, we used a Phenomenex
Guards 03B-2088-K0 precolumn (with particle
sizes of 5 um). The columns were preliminarily
thermostated at 25 °C. The elution was per-
formed with tetrahydrofuran supplied at a rate
of 1.0 mL/min. The quantitative determination
of the components was carried out by absolute
calibration method using glycerol trioleate as a
standard. Polystyrene standards with fixed mo-
lecular weights were used to determine the mo-
lecular weights of the components of ozonized
fish oil.

The fatty acid composition was determined
using a method based on the conversion of fatty
acid glycerides into methyl esters (FAME) and
its subsequent gas chromatographic analysis.
The glycerides were converted into FAMEs in
accordance with ISO 5509. Chromatographic
analysis was carried out using the method de-
scribed earlier. The concentration of FAMEs
was determined by absolute calibration of me-
thyl stearate.

lodometric titration

Ozonides were determined by iodometric ti-
tration using starch as an indicator. A sample of
the analyte was placed in two flasks with a ca-
pacity of 250 ml. The sample mass was deter-
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mined by the difference between the weights of
flasks with and without the sample. Analytical
scales with an accuracy of 0.0002 g were used
for weighing. 10 ml of glacial acetic acid and 2
ml of a 50% aqueous solution of potassium io-
dide were added to the samples. The samples
were kept in the dark for 20 min and then ti-
trated with a standard aqueous solution of so-
dium thiosulfate (0.1 N) using a freshly pre-
pared starch solution. In parallel, a blank exper-
iment was carried out.

Values (acid, peroxide, iodine) assay (Euro-
pean Pharmacopoeia 10th edition)

Acid value. The test portion (1.5 g) was
placed in a reaction flask and dissolved in 1:1
(v/v) mixture of 95% ethanol (25 ml) and eth-
oxyethane (25 mL) previously neutralized with
0.1 M sodium hydroxide, unless otherwise
specified, using 0.5 mL of phenolphthalein so-
lution as an indicator. The solution was titrated
with standard 0.1 M sodium hydroxide solu-
tion, using a phenolphthalein indicator. The de-
terminations were performed thrice. The acid
value (Ia) was calculated using the formula (1):

I, :5.611 V, 1)

a

where V is volume of standard 0.1 M sodium
hydroxide solution used for titration, mL; a is
the mass in grams of the oil portion taken, g.

Peroxide value. A mixture of 2 volumes of
chloroform and 3 volumes of glacial acetic acid
(50 mL) was placed in a conical flask, and the
stopper was replaced. The flask should be
swirled until the fish oil to be examined
(0.5 g, m) has dissolved. Using a suitable volu-
metric pipette, 0.5 mL of saturated potassium
iodide solution was added to the flask, and the
stopper was replaced. The solution stood for
60=£1 s, it was shaken continuously, and then
30 mL of water was added. The solution was
titrated with 0.01 M sodium thiosulfate
(V1 mL), it was added gradually and with con-
stant, vigorous shaking, until the yellow iodine
color has almost disappeared. About 0.5 mL of
starch solution R1 was added. The titration was
continued, with constant shaking especially
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near the end-point, to liberate all of the iodine
from the solvent layer. The sodium thiosulfate
solution was added dropwise until the blue
color just disappears. A blank determination
was carried out (Vo mL). If the result of the
blank determination exceeds 0.1 mL of titration
reagent, the determination should be repeated.
The peroxide value (Ir) was calculated using
the formula (2):

1000(V; =V, )c
g, =R @
where c is the concentration of the sodium thi-
osulfate solution, in moles per liter.

lodine value. 1.0 g of the substance (m) was
introduced into a 250 mL flask fitted with a
ground-glass stopper and dissolved in 15 mL of
chloroform. 25.0 mL of iodine bromide solu-
tion was added very slowly. The flask was
closed and kept in the dark for 30 min, it was
shaken frequently. 10 mL of a 100 g/L solution
of potassium iodide R and 100 mL of water
were added. The mixture was titrated with
0.1 M sodium thiosulfate, it was shaken vigor-
ously until the yellow color was almost dis-
charged. 5 mL of starch solution was added.
The titration was continued adding the 0.1 M
sodium thiosulfate dropwise until the color was
discharged (n1 mL of 0.1 M sodium thiosul-
fate). A blank test was carried out under the
same conditions (n2 mL of 0.1 M sodium thio-
sulfate). The iodine value (I;) was calculated us-

ing the formula (3):
I _ 1.269Cm, —m) 3)

m

Biological study

The study involved male Wistar rats (200-
250 g) at the age of 5-7 months. 15 groups of 5
animals were formed. The animals were pur-
chased from the Animal Breeding Facilities
«Andreevkay, Federal State Budgetary Institu-
tion of Science «Scientific Center for Biomedi-
cal Technologies», Federal Medical and Bio-
logical Agency (Andreevka, Moscow region,
Russia). All procedures for maintenance and
sacrifice (care and use) of animals were carried
out according to the criteria outlined by Euro-
pean Convention ET/S 129, 1986 and direc-
tives 86/609 ESC. The animals were handled

humanely, kept in plastic suspended cages,
and placed in a well-ventilated and hygienic
rat house under suitable conditions of room
tem perature (27 =2 °C) and humidity. They
were given food and water ad libitum and sub-
jected to a natural photoperiod cycle of 12 h
light and 12 h dark. The animals were allowed
two weeks of acclimatization before the com-
mencement of all animal model experiments
in the study.

All blood collection from animals for the ex-
periment was performed under anesthesia, with
efforts made to minimize suffering.

The study, as presented, was approved by the
Local Ethics Committee of Privolzhsky Re-
search Medical University, Russian Federation
(Protocol No. 1, January 18, 2021).

Stress models

To simulate chronic immobilization stress
(IS), long-term restriction of mobility was used:
for 10 days, daily from 9:00 to 15:00, animals
were placed in small-volume chambers that
limited their mobility, without access to food
and water (Solin & Lyashev, 2015). On day 10,
all rats were sacrificed under anesthesia (Zoletil
60 pgkg ' «Virbac Sante Animale», Vauvert,
France; Xyla 6 mg-kg !, Interchemie, Venray,
The Netherlands).

Acute hypoxic hypoxia was caused by a six-
hour exposure of the experimental animals in a
ventilated pressure chamber with a residual
pressure corresponding to an ascent to a height
of 8000 m (Ryabkov, 2014). On day 10, all rats
were sacrificed under anesthesia (Zoletil
60 pg-kg ! «Virbac Sante Animale», Vauvert,
France; Xyla 6 mg'kg !, Interchemie, Venray,
The Netherlands).

Compositions for in vitro biological analysis

The compositions were administered to rats
daily for 10 days, 2 ml orally by gavage.

The fraction of ozonized fish oil containing
about 70% 1,2,4-trioxolanes (1,2,4-T) with pe-
roxide value 7000 was used for the composi-
tions (Table 1).

Body weight of rats on Day 10 of in vivo ex-
periments

The animals were weighted on Day 0 (intact
group) and Day 10 (all groups, Table 2).
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Table 1
Studied compositions?
Group Composition Daily dose
Betulin Betulin suspension in water (0.1%) 0.002 g of betulin
FO Fish oil 2 g of fish oil
1,2,4-T 1,2,4-T (10.0%) in fish oil 0.14 g of 1,2,4-trioxolanes in 1.86 g
of fish oil
FO+1,2,4- The pharmaceutical composition consisted of 1,2,4-T |0.002 g of betulin, 0.14 g of 1,2,4-
T+Betulin  |(10.0%), betulin (0.1%), ascorbyl palmitate (0.01%) trioxolanes in 1.86 g of fish oil
and non-ozonized fish oil (up to 100%).

2FQO - Fish oil; 1,2,4-T — 1,2,4-trioxolanes.

Table 2
Body weight of rats on Day 10 of in vivo experiments (n = 5; mean + SD)?
Treatment
Animal state Control (without treatment) Betulin FO 1,2,4-T F?g;ﬁiif
Intact 223.0+94 219.7+10.5 | 221.6+83 | 214.7+11.3 | 2154+10.2
Hypoxia 203.6 +£12.3 211.2+133 | 209.6 £12.0 | 207.5+6.2 | 2154+10.2
IS 205.8+13.0 209.8+7.2 | 2064 +10.8 | 205.7+94 207.2 £ 8.9

2 Body weight of intact rats on Day 0 was equal to 228.1 + 7.9 g; FO — Fish oil; 1,2,4-T — 1,2,4-triox-

olanes; IS — immobilization stress.

In vitro biological analysis

In vitro biological analysis was performed
using blood stabilized with sodium citrate
(1:9). Erythrocytes were washed twice with
0.9% NaCl by centrifugating for 10 min at
1600xg. Enzyme activity and LPO metabo-
lites level were evaluated using methods as
described early (Melnikova et al., 2022). The
intensity of lipid peroxidation (LPO) was es-
timated using the malondialdehyde (MDA)
level in erythrocytes according to Uchiyama
and Mihara methods. Superoxide dismutase
SOD activity (EC 1.15.1.1) was measured in
erythrocytes using the inhibition of adrena-
line auto-oxidation. Catalase activity (EC
1.11.1.6) was determined via spectrophotom-
etry based on the decomposition of hydrogen
peroxide by the catalase. Glutathione reduc-
tase GR activity (EC 1.8.1.7) was studied via
spectrophotometry based on the oxidized glu-
tathione reduction. The activity of glucose-6-
phosphate dehydrogenase G6PDH (EC
1.1.1.49) was determined in the hemolysate of
erythrocytes via spectrophotometry based on
glucose-6-phosphate oxidation to phos-
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phoglucolactone with the formation of re-
duced nicotinamide adenine dinucleotide
phosphate (NADPH). The energy metabolism
in erythrocytes was analyzed using the cata-
lytic activity of lactate dehydrogenase LDH
(EC 1.1.1.27) in direct (LDHgirect, Substrate —
50 mM of sodium lactate) and in reverse
(LDHreverse, substrate — 23 mM of sodium py-
ruvate) reactions. The activity of aldehyde de-
hydrogenase (EC 1.2.1.3) was estimated spec-
trophotometrically in accordance with the
previous methods. The specific activity of the
enzymes was calculated from the protein con-
centration analyzed via the modified Lowry
method.

Statistical Analysis

The data were statistically processed using
Statistica 6.0 software (StatSoft Inc., Tulsa,
OK, USA). The results are presented as the
mean =+ standard deviation (SD). Shapiro-Wilk
test was used for normal distribution analysis.
We performed Kruskal-Wallis nonparametric
ANOVA. Difference was considered to be sta-
tistically significant if p < 0.05.
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Results

Physicochemical properties of ozonized
fish oil

We compared the physicochemical proper-
ties of ozonized fish oil with literature data of
1,2,4-trioxolanes from ozonized sesame oil
(Sega et al., 2010; Zanardi et al., 2008).

The 1,2,4-trioxolanes of fish oil and sesame
oil showed similar physicochemical values ana-
lyzed according to pharmacopoeia (European
Pharmacopoeia 10th edition). The kinematic vis-
cosity of ozonized fish oil was 5044 mm?s™;
acid value was 7.5 mg KOH-g'!; iodine value
was 22.0 mg iodine-100 g'!; ozonide value was
7101 meq Ox'kg'. The kinematic viscosity of
ozonized sesame oil was 3454 mm?s’; acid
value was 15.9 mg KOH-g'!; iodine value was
20.5 mg iodine-100 g''; ozonide value was 6690
meq Oxkg'.

Table 3 presents the data of 'H- and
BC-NMR spectra of ozonized fractions con-
taining 1,2,4-trioxolanes. Table 3 data show a
variety of structures of 1,2,4-trioxolane frag-
ments as ozonation products. They are similar
to those of the secondary ozonides of sesame oil
(Sega et al., 2010; Zanardi et al., 2008).

The structures of 1,2,4-trioxolanes frag-
ments are shown in Table 3. In contrast to the
initial sesame oil and fish oil, the FTIR spectra
of ozonized samples contain a band at
1105 cm™', which is the characteristic of the
stretching vibrations of the trioxolane fragment
(Table 4, Fig. 4).

In accordance with GC-MS spectra, the ini-
tial fish oil contained 16.03% and 9.09% of
eicosa-5,8,11,14,17-pentaenoic acid (EPA) and
4,7,10,13,16,19-docosahexaenoic acid (DHA),
respectively. The concentration of EPA and
DHA in ozonized fish oil was minimal. Table 5
presents the percentage of other fatty acids ac-
cording to GC-MS.

The total mass fraction of low molecular
weight products of oxidative cleavage (mainly
aldehydes and ketones) did not exceed 0.66%.
The mass fractions of substances with different
molecular weights were estimated according to
gel permeation chromatography (GPC). The
mass fraction of the substances with molecular
weight of 200 g-mol! was equal to 0.62%. The
mass fractions of the substances with molecular
weight of 800—1000 g-mol™! was 29.32%. The

mass fraction of trioxolanes with molecular
weight of about 3000 g-mol™! was 26.39%. The
mass fraction of trioxolanes with a molecular
weight of more than 4500 g-mol™! was 43.68%.
The mass fraction of the substances with mo-
lecular weight of about 800-1000 g'mol! was
taken as 100% (initial fish oil).

The mass fraction ratio of the substances
with molecular weight of about 3000 g-mol’
and 4500 g'-mol™! was 1 to 1.66.

Thus, we obtained 1,2,4-trioxolanes, their
content being about 70% (with molecular
weight of more than 3000 g'mol™') resulted
from fish oil ozonation. The structure and com-
position of 1,2,4-trioxolanes were estimated by
FTIR and NMR spectra, GPC, GC-MS and
physicochemical properties.

We used the fraction of ozonized fish oil
containing about 70% 1,2,4-trioxolanes
(1,2,4-T). Peroxide value of this fraction was
equal to 7000. The pharmaceutical composition
consisted of 1,2,4-T (10.0%), betulin (0.1%),
ascorbyl palmitate (0.01%) and non-ozonized
fish oil (up to 100%).

The effect of 1,2,4-trioxolanes and their
pharmaceutical composition with betulin in fish
oil on the activity of antioxidant defense en-
zymes and energy metabolism in rat models of
chronic immobilization stress and acute hy-
poxic hypoxia

As the indicators of the initial phase of lipid-
peroxidation, the concentrations of diene con-
jugates (DC), triene conjugates (TC) and
Schiff’s bases (SB) were measured in the work.
The MDA level depends on the lipid saturation
level since peroxidation occurs only when li
pids are in an unsaturated form (Sies et al.,
2017; Vassalle et al., 2020). The activation of
antioxidant defense enzymes was studied by
evaluating the specific activity of SOD, cata-
lase, glutathione reductase (GR), glucose-6-
phosphate dehydrogenase (G6PDH), and alde-
hyde dehydrogenase (AIDH) without treatment
and under the effect of the studied composi-
tions. Energy metabolism was studied by the ra-
tio of lactate dehydrogenase (LDH) activity in
direct and reverse reactions. The effect of the
components of the composition was studied un-
der stress both without and under treatment.
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Table 3
IH- and C-NMR data of ozonized fish oil and ozonized sesame oil?
'H-NMR, §, ppm 13C-NMR, §, ppm
Group OFO 0S0 OFO OFO
—CH; [0.82, 0.84, 0.85, 0.82 (m) 7.86,8.11, 14.16, 13.8, 14.0
CH3(CH,)— 0.86, 0.87, 0.88] 14.25
(m); 0.98 (m)
—(CHa)— [1.24,1.27,1.29] 1.20-1.25 | 22.77,22.82,29.15, | 22.3,22.5,28.8,
(bp) (bp) | 29.20,29.24,29.40, | 28.9,29.1,29.3,
29.49, 29.58, 29.61, | 29.4,29.6,31.2,
29.78,29. 83,32.05 | 31.4,31.7,31.8,
32.3
0—0 1.40 (bp) 1.35 (bp) - 23.3,23.4,23.6,
—CH, CH,-
\/{0 Py 23.7,23.8
(I? - 1.55 (bp) 24.99 24.7
-OCOCH,CH,-
0—0
—oy, [ cn [1.60, 1.64] (bp) | 1.63 (bp) 30.86 30.6
CH; Ny cH,
CH,CH-CHCH, 1.96-2.20 (bp) | 1.96-2.03 - 27.1,27.3
(bp)
-CH,CH-CHCH,CH-CHCH,-
0—0 0—q 2.16 (s) 2.04-2.12 - 35.6
/j\() CH:QO)\ (m)
iﬁ 2.20, 2.19 (weak) 2.25(t) 34.18 33.8,34.0
CH,OCCH,-
g
CHOCCH,-
¢
CH,OCCH,-
/2*3\ [2.28, 2.30, 2.32] 2.36-2.42 — 41.5
e o two triplets (m)
2.51 (bp), 2.82 2.72 () 25.03 25.6
—CH=CHCH, CH=CH- (bp)
: 4.14 (dd), 428 | 4.10 (dd), 62.23 62.0
CHOCCHy (dd) 4.26 (dd)
(‘HO&I’(‘HE-
6]
CHzoy‘CH:-
“\((070\‘," 5.12,5.13,5.14 5.08-5.11 103.39, 104.29, 103.4, 104 .4,
o (m) (m) 104.34, 104.39, 104.1, 1043
”\(,/“‘ﬂ 0= _u 104.47
" o N\
0 [5.16,5.18,5.19] 5.22 (m) 69.00 68.9
Cl 13%(‘(‘1 I (m)
Cl l(J(H'('] 1=
O
(‘H:Oé"('H;-

2 OFO — ozonized fish oil, OSO — ozonized sesame oil; s — singlet; dd — double doublet; t — triplet;
m — multiplet; bp — broad peak.
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Table 4
FTIR data of initial and ozonized fish oil*
Sample v, em’
P 3010-3500 1700-1750 1654 1100-1105 900-1100
_ _ B 914 (C-0), 968 (C-0),
FO | 3013 (O-H) | 1746 (C=0) | 1654 (C=C) 1098 (C-OH)
_ 1105
OFO | 3014 (O-H) | 1743 (C=0) - (trioxolane fragment) -

2 OFO - ozonized fish oil, OSO — ozonized sesame oil.
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Fig. 4. FTIR-spectrum of ozonized fish oil
Table 5

The composition of theinitial and ozonized fish oil samples (GC-MS)

Component — _Content, % —
Initial fish oil Ozonated fish oil
5-oxo0-Pentanoic acid - 0.16
Octanoic acid 0.03 0.22
Nonanoic acid 0.01 —
Decanoic acid 0.03 0.10
9-oxo0-Nonanoic acid - 1.72
Dodecanoic acid 0.11 -
Tridecanoic acid 0.06 —
Myristoleic acid 0.04 —
Myristic acid 7.59 5.93
Pentadecanoic acid 0.49 0.37
9-Hexadecenoic acid 9.15 1.59
Hexadecanoic acid 18.88 12.42
7,10-Hexadecadienoic acid 1.91 0.21
10-Heptadecenoic acid 0.24 0.05
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End of table 5
Component — Content, % —
Initial fish oil Ozonated fish oil

Heptadecanoic acid 0.41 0.33
9-Octadecenoic acid 6.69 1.36
9,12-Octadecadienoic acid 345 0.55
Stearic acid 2.74 2.39
octadeca-6,9,12,15-tetraenoic acid 3.17 0.16
9,12,15-Octadecatrienoic acid 0.60 -
Nonadecanoic acid 0.11 0.07
5,8,11,14-Eicosatetraenoic acid 0.66 -
11-Eicosenoic acid 1.24 0.18
Eicosa-5,8,11,14,17-pentaenoic acid 16.03 —
8,11,14,17-eicosatetraenoic acid 1.17 -
11-(3,4-Dimethyl-5-propyl-2-furyl)-un-

L 0.09 -
decanoic acid
4,7,10,13,16-docosapentaenoic acid 0.28 -
13-Docosenoic acid 1.30 0.27
4,7,10,13,16,19-Docosahexaenoic acid 9.09 0.08
Tricosanoic acid, 0.03 -
15-Tetracosenoic acid 0.41 -

Enzyme activity under hypoxia and immobi-
lization stress without treatment

A statistically significant increase in DC
level under hypoxia and immobilization stress
(IS) was by 33% and 29%, respectively. Under
the same conditions, the level of Schiff bases
increased by 22% (p < 0.05) and MDA level in
erythrocytes decreased by 17-18% in both: dur-
ing hypoxia and IS (Table 6). The level of TC
in all cases remained practically normal.

There was a decrease in the specific activity
of SOD by 39% in hypoxia and by 13% in IS.
The catalase activity depended on the stress
model. Catalase activity decreased by 37% in
hypoxia, while catalase activity increased by
8% in IS.

A compensatory increase in the activity of
NADPH/NADP-dependent  enzymes  was
shown as follows: GH by 117% (hypoxia) and
49% (IS); G6PDH by 15% (hypoxia) and 102%
(IS) (Table 7).

Hypoxia and IS were accompanied by an im-
balance of NAD/NADH-dependent enzyme
LDH in direct and reverse reactions (Table 8).
The activity ratio of LDHrev/LDHair was 4.15 in
intact rats, but it was 9.37 and 4.99, under hy-
poxia and IS, respectively. This fact character-
izes lactate accumulation that can result in lac-
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tic acidosis (Table 8). The AIDH activity during
hypoxia increased by about 5% in hypoxia and
by 20% in IS.

Therefore, under hypoxia and IS the activity
of SOD as the main enzyme of antioxidant de-
fense  decreased, the activation  of
NAD/NADH- and NADP/NADPH-dependent
enzymes decreased as well. The activation of
catalase was found under IS only.

The effects of the pharmaceutical composi-
tion components on the enzymes of antioxidant
defense and energy metabolism

Fish oil (FO) being the main component of
the pharmaceutical composition and betulin (B)
had a minor effect on the activity of SOD and
catalase, while fish oil and betulin activated GR
and AIDH, and increased LDH activity both in
direct and reverse reactions in intact rats (Ta-
bles 7 and 8). In contrast, trioxolanes (1,2,4-T)
significantly affected all enzymes, increasing
their activity in normal conditions and in vari-
ous pathologies (Tables 7 and 8).

Under the action of the pharmaceutical com-
position with 1,2,4-trioxolanes and betulin in
fish oil (FO+1,2,4-T+B), the activation of anti-
oxidant defense enzymes was observed in intact
rats (Tables 7 and 8). The activity of SOD, cat-



The biochemical indexes of oxidative stress products under hypoxia and IS (n = 5; mean + SD)?

Table 6

Biochemical index Group - - Treatment -
Control (without treatment) Betulin FO 1,24-T FO+1,2,4-T+Betulin
Intact 7.28 £0.25 7.97 + 0.06 8.91 +0.07 8.36 £ 0.07 9.93+0.17
MDA, pmol-L"! Hypoxia 5.97+0.21 6.76 £ 0.24 6.86+0.13 7.93+0.10 7.50 +0.23
IS 6.04 +0.01 4.50+0.21 479 +£0.10 548 +0.13 6.71 +£0.17
Intact 0.66 +0.01 0.67 +0.01 0.76 = 0.00 0.74 £ 0.01 0.74 £ 0.01
DCllasma, a.u. Hypoxia 0.88 +0.06 0.93+0.01 0.92+0.02 0.94 +0.02 0.93 +£0.01
IS 0.85+0.03 0.89+0.01 0.91 +£0.00 0.90 £ 0.00 0.91 + 0.00
Intact 0.26 £ 0.00%*** 0.26 & 0.01**** 0.28 £ 0.0 %*** 0.28 & 0.00%*** 0.29 £ 0.0 ****
TCplasma, a.U. Hypoxia 0.25 £ Q.01 #F*** 0.24 & 0.00%*** 0.25 £ 0.0 %*** 0.24 £ 0.00%*** 0.22 £ Q.01 #***
IS 0.27 £ 0.00%*** 0.27 £ 0.00%*** 0.28 £ 0.00%*** 0.27 £ 0.0 **** 0.27 + 0.00%***
Intact 0.14 £ 0.0 **** 0.16 £ 0.0 **** 0.18 £ 0.00%*** 0.19 £ 0.00%*** 0.20 + 0.00%***
SByplasma, a.U. Hypoxia 0.18 £ 0.00%*** 0.18 £ 0.00%*** 0.19 £ 0.00%*** 0.19 £ 0.00%*** 0.15 + 0.00%***
IS 0.18 £ 0.00%*** 0.18 & 0.00%*** 0.20 £ 0.0 %*** 0.19 & 0.01**** 0.17 £ 0.00%***

2 FO - Fish oil; 1,2,4-T — 1,2,4-trioxolanes; IS — immobilization stress; MDA, - malondialdehyde level in erythrocytes; SB — Schiff bases; DC — diene

conjugates; TC — triene conjugates. **** p < (0.0001 indicates statistical difference when compared to corresponded control group (one-way ANOVA).




Specific activity of oxidoreductases (SOD, catalase, GR, G6PDH) under hypoxia
and IS (n = 5; mean + SD)?

Table 7

Treatment
Enzyme Group Control (without Betulin FO 124T FO+1,2,{1-T
treatment) +Betulin
Intact 959.22 +11.27 995.79 + 8.22 992.71+£10.49 | 1085.89 +16.08 1233.42 +15.13
SOD, % inh-min"-mg of protein | Hypoxia 585.66 £ 8.76 666.10 £9.52 665.41 £11.60 903.92 +£3.71 992.69 + 8.20
IS 831.50+ 1.51 1002.41 £9.43 | 997.15+ 12.09 999.39 + 9.54 998.99 + 7.05
Catalase, pmolH>0-min"-mg of Intact. 35.75+£1.25 38.99 £ 0.58 36.58 £0.51 45.81+1.04 50.89 £0.51
’ protein’ Hypoxia 22.63+0.42 27.08 +£0.66 26.93+0.22 38.12+0.70 4529+ 0.26*
IS 38.71+0.19 38.22+0.44 4270+ 0.41 53.86 + 0.44 54.96 £ 0.31
GR, Intact 90.20 + 1.49 279.85 £ 5.81**%* | 118.43+£1.93 |317.07£2.02%*** | 269.20 £ 5.07***
NADPH'min!mg of protein’! Hypoxia 195.77 + 4.24 242.94 +3.24 207.32+0.73 229.42 +5.82 158.94 +0.95
IS 134.26 + 3.13 176.34 + 1.86 16297+ 1.19 218.13 +1.81 161.18 + 1.53
G6PDH, NADPH-min"mg of Intact. 40.85+1.17 55.77+0.26 44.65+0.19 75.58 £3.48 72.90 £ 0.34
protein’! Hypoxia 46.82 +0.53 45.72+0.14 39.54 +0.34 103.52 + 1.00 97.08 +1.94
IS 82.62 £ 0.49 112.09 +2.78 62.59 +0.90 83.58 + 0.26 114.01 £0.21

® FO — Fish oil; 1,2,4-T — 1,2,4-trioxolanes; IS — immobilization stress; SOD — superoxide dismutase; GR — glutathione reductase; GO6PDH — glucose-6-
phosphate dehydrogenase. * p <0.05; *** p <0.001; **** p <0.0001 indicates statistical difference when compared to corresponded control group (one-way

ANOVA).




Specific activity of AIDH and LDH under hypoxia and IS (n =5; mean + SD)?

Table 8

Treatment
Enzyme Group Control (without Betulin FO 124-T FO+1,24-T
treatment) ' +Betulin
N Intact 40.06 + 1.75 44.84 + 0.44 5214+ 027 40.91 £ 0.66 42,65+ 0.83
AIDH, nmol Il‘t*ggmm mg of T oxia 42.07+2.19 59.06 + 0.64 75.86 + 0.28* 89.14 + 0.82%* 56.91 + 2.98
P IS 4826+0.11 5254+ 031 4637 + 0.24 42.03 043 41.64+0.25
,_1 Intact | 4248+ 1.14%%%% | 4376+ 0.12%%%% | 43.56 = 028%™ ** | 4598+ |17**** | 47.19% 0.21%***
LDHair, nmtﬁ’l mef'mm ™M Hypoxia | 18.84 +0.32%%%* | 25090 + 0.58%*** | 38.01 £ 0.20%*** | 32,02+ 0.37*%%* | 40.42 + 0.40%***
O% proteit IS 4777 £0.63%%%% | 43.82+0.16%%% | 41.07 < 0.63%%%% | 4537+ 0.40%%% | 5170 = 0.18%*%*
. Intact | 17647 = 3.65%%%% | 183.00 = 2.51%%%% | 356.95 = 5.19%*** | 377.73 £ 3.92%*** | 35470 + 4.90%***
LDH:er, nmt?l NADHmin"mg 7o ia | 176,46+ 2.03%%%% | 19877 + 2.50%%%% | 288.88 + 1 31¥¥*% | 251 78+ 0.41%¥%** | 256.15 = 0.54%F**
of protein IS 23831 4.02%%%% | 195.73 = 2.69%%%% | 182.47 + 4.02%%%* | 24650 + 1.89%*** | 270.04 + 2.95%***

*FO - Fishoil; 1,2,4-T — 1,2,4-trioxolanes; IS — immobilization stress; AIDH — aldehyde dehydrogenase; LDHg;: — lactate dehydrogenase in direct reaction;
LDHrev — lactate dehydrogenase in reverse reaction. * p < 0.05; ** p <0.01; **** p <0.0001 indicates statistical difference when compared to corresponded

control group (one-way ANOVA).



alase, GR and G6PDH increased significantly
in intact animals under the action of the compo-
sition FO+1,2,4-T+B by 29%, 42%, 198% and
26%, respectively. At the same time, under the
action of the studied composition, the MDA
concentration in erythrocytes, the level of DC,
TC, SB increased significantly in intact rats by
36%, 12%, 16%, 43%, respectively.

The effect of the FO+1,2,4-T+B composi-
tion on the energy metabolism of erythrocytes
led to an increase in LDHgir and LDHrey activity
by 11% and 101%, respectively. Under the ac-
tion of FO+1,2,4-T+B, the ratio of
LDH;ev/LDHgir in normal conditions increased
from 4.15 (intact rats) to 7.52. Under hypoxia,
the action of the composition resulted in a de-
crease in LDHyey/LDHgir from 9.37 (hypoxia
without treatment) to 6.34. Under IS condition,
the ratio changed slightly from 4.99 (IS without
treatment) to 5.22.

The findings characterize the accumulation
of lactic acid in the studied pathologies (hy-
poxia and IS) both in normal conditions and un-
der the action of the pharmaceutical composi-
tion components.

Discussion

We showed 1,2,4-trioxolanes to be able to
activate the enzymatic defense under oxidative
stress in the models of hypoxia and immobili-
zation stress in rats. We estimated the increase
in the specific activity of NADP/H and NAD/H
dependent enzymes (GR, G6PDH, LDH,
AIDH), as well as SOD and catalase under the
treatment by the compositions with an oxidiz-
ing agent (1,2,4-trioxolanes) and betulin. As a
result, the balance and imbalance of oxidative
and antioxidant factors were probably normal-
1zed under the action of 1,2,4-trioxolanes. The
findings are generally consistent with the dis-
cussion in literature about pharmacological
strategies for treating diseases with antioxidants
and/or oxidants caused by oxidative stress (Sies
et al., 2017; Vassalle et al., 2020). The clear
conclusions were demonstrated on the example
of oncological, neurodegenerative, cardiovas-
cular diseases treatment.

The so-called «oxidative therapy», using the
toxic properties of ROS, might be promising for
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the abovementioned diseases, despite the fact
that excessive generation of ROS caused cellu-
lar damage. The action of 1,2,4-trioxolanes can
be similar to ozone effects in clinical ozone
therapy of the musculoskeletal system, where
muscle oxygenation under the action of ozone
was indicated to lead to patients” state improve-
ment (Seyam et al., 2018). Ozone has been
shown to contribute to the maintenance and in-
crease of endogenous antioxidant systems, that
in turn increases the activity of nuclear factor
kappa B, an important inflammation immuno-
modulator (Re et al., 2008).

In addition, a positive effect on the balance
and imbalance of oxidants and antioxidants in
oxidative stress is likely to be exerted by the
components of fish oil (o-3-fatty acids EPA and
DHA). During the oxidation of EPA and DHA
in the human body, they are able to form en-
doperoxide cyclopentane fragments, from
which, in turn, prostaglandins, prostacyclins,
thromboxanes, isothromboxanes, leukotrienes,
isoleukotrienes, lipoxins, hepoxylins (epoxy de-
rivatives) and other biologically active sub-
stances can be formed. Oxidized metabolites, es-
pecially short-chain ones, are more rapidly ab-
sorbed and more effectively reduce the oxidative
stress effect (Bazan, 2007; Mori et al., 2000;
Nakamoto et al., 2010; Wojenski et al., 1991).

Thus, the experiment showed the antioxidant
and antihypoxic effect of pharmaceutical com-
position to be based on ozonized fish oil with a
high content of EPA and DHA and betulin from
birch bark extract. The composition
FO+1,2,4-T+B had a normalizing effect on
most indexes of oxidative and energy metabo-
lism under hypoxia and immobilization stress.

Conclusions

In this work we obtained 1,2,4-trioxolanes
by ozonating fish oil with a mixture of oxygen
and ozone. The physicochemical properties of
1,2,4-trioxolanes correspond to the literature
data on sesame oil 1,2,4-trioxolanes. A new
pharmaceutical composition was developed, in-
cluding 1,2,4-trioxolanes of fish oil 1-3%, bet-
ulin (0.1%) in fish oil.

1,2,4-trioxolanes of fish oil can be the ele-
ments in «oxidative» pharmacotherapy to treat
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and prevent the diseases associated with oxida-
tive stress (cancers, cardiovascular and neuro-
logical diseases, etc.) by correcting the balance
and imbalance of endogenous and exogenous
antioxidants and oxidants. The pharmaceutical
composition of 1,2,4-trioxolanes in a fish oil
medium with betulin can be useful for a large
number of population groups experiencing hy-
poxic and hypodynamic stress in modern soci-
ety: students, office workers, the elderly, the
disabled and others. In addition, taken into ac-

count the favorable effect of oxygen-ozone
therapy, the precursor of «oxidative» pharma-
cotherapy, on the musculoskeletal system, the
state of muscles and muscle mass, the proposed
composition can be used in sports medicine.
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