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Abstract: The antioxidant activity of S-alkyl-4-aminobenzene-, S-allyl-4-aminobenzene- and 4-
acetylaminobenzenethiosulfonates were determined by DPPH assay in experiments in vitro to establish
the relationship between their structure and activity. Among the test compounds, the highest rates of
these activities were found for S-allyl-4-aminobenzenethiosulfonate (ATS), S-ethyl-4-aminobenzene
thiosulfonate (ETS), and S-allyl-acetyl-aminobenzenesulfonate (AATS). These compounds were
studied in experiments in vivo. The processes of lipid peroxidation (LPO) and the state of the antioxidant
system in the blood of rats under the influence of thiosulfonates were studied. The use of thiosulfonate
additive to feed at a concentration of 100 mg/kg body weight of animals for 21 days did not cause
pathological changes in rats' blood and positively influenced antioxidant blood levels.
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1. Introduction

The physiological condition of animals and their productivity significantly depend on
adequate nutrition. Therefore, the feed must meet the specified nutrition value and aimed
quality. Protecting plant products (feedstuff and food) from the action of microorganisms that
produce mycotoxins, preventing fungal biofilm formation, and disinfection is an important
problem.

Storage of plant products depends on various factors, such as the efficiency of storage,
processes before and after harvest, moisture content, temperature, duration of storage [1-5].
During the storage of plant raw materials and feeds, lipids are most often destroy in forages
due to oxidation, and toxic compounds (peroxide, aldehydes, ketones, etc.) are formed. These
toxins negatively influence the growth, productivity, and viability of animals and are capable
of causing several diseases.

Due to chemical changes, such processes in feed cause deterioration in the quality and
storage time of raw materials and finished feed products. To prevent oxidation processes,
various biologically active compounds, including antioxidants of natural or synthetic origin,
are added to the feed [6-11].

The most common synthetic antioxidants used in the feed and food industries are
various phenol derivatives, butylated hydroxyanisole, butylated hydroxytoluene, propyl
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gallate, and tert-butylhydroquinone. Excessive use of antioxidants can be carcinogenic and
cytotoxic to the liver, kidneys, and lungs [12-14]. On the other hand, an important problem of
agriculture is reducing the nutritional qualities of livestock products, primarily changes in taste
and nutritional properties due to the oxidation of lipids. Therefore, it is important to find ways
to overcome lipid oxidation in meat, eggs, and other foods by using biologically active
substances in animal diets to increase lipid stability.

It is known that the addition of garlic powder to the diet of chickens or its combination
with a-tocopherol increases the stability of lipids in meat by elevating the content of
unsaturated fatty acids, as well as stabilizing the color of meat [15]. Literature data show a
positive effect of the onion extract addition as a feed additive to cows' diet. Thus, the organic
sulfur compounds contained in the extracts improved the fermentation processes in the rumen
by changing volatile fatty acids and reducing methane formation [16, 17].

The addition of onion extract containing propyl propane thiosulfonate (PTSO) as an
additive to chicken feed positively affected their egg production and intestinal microbiota
composition by increasing Lactobacillus spp and Bifidobacterium spp., as well as by reducing
populations of Enterobacteriaceae [18-20].

Similar results were obtained in pigs. Thus, onion extract, with a high content of organic
sulfur-containing compounds, added to the diet of large white piglets, had a beneficial effect
on the intestinal microbiota and acted as a growth stimulant [21].

Numerous sulfur-containing compounds contained in garlic and onion extract, in
particular such as allicin, alliin, and others, exhibit antioxidant activity to neutralize free
radicals in reactions with 2,2-diphenyl-1-picrylhydrazyl radical (DPPH), 2,2'-azino-bis-(3-
ethylbenzo-thiazoline-6-sulfonic acid) with diammonium salt (ABTS"), or with Fe (llI)
(FRAP) in vitro [22-24].

The antioxidant activity of garlic and onion extracts was also evaluated in vivo studies.
Literature data indicate a protective effect of garlic extract in rats exposed to radiotherapy [25,
26]. Thus, the authors showed that the anti-inflammatory effects in mice may be related to
garlic and onion extracts [27]. Also, the use of garlic and onion supplements improved the
conditions of people with diseases associated with oxidative stress, such as rheumatoid arthritis
or obesity [28-30].

Structural analogs of natural organic sulfur-containing compounds are S-alkyl esters of
thiosulfonic acids of general formula R-S(O)2S-R’, which are characterized by a wide range of
biological action, which often exceeds the effectiveness of natural compounds of garlic, onion,
cabbage [31, 32]. These compounds are characterized by effective antimicrobial [33-39],
antithrombotic [40, 41], antitumor [42], antiviral [43] and protiparasitic effects [44].

However, synthetic sulfur-containing compounds for therapeutic and prophylactic
purposes involve a preliminary study of their effects on animal bodies [45,46]. One of the main
criteria for evaluating the possible use of new protective additives from fungal infections is to
study their impact on the state of the antioxidant system in the body.

Therefore, our studies aimed to determine the antioxidant effect of thiosulfonates in
vitro and their effect on the antioxidant defense system in the blood of rats in vivo.
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2. Materials and methods

2.1. Anti-radical activities of thiosulfonates.

The objects of the study were S-alkyl- and S-allylthiosulfonates: S-methyl-4-
aminobenzenethiosulfonate (MTS), S-ethyl-4-aminobenzenethiosulfonate (ETS), S-propyl-4-
aminobenzenethiosulfonate (PTS), S-allyl-4-aminobenzenethiosulfonate (ATS), S-allyl-4-
acetylaminobenzenethiosulfonate (AATS), synthesized at the Department of Technology of
Biologically Active Substances, Pharmacy and Biotechnology of the Lviv Polytechnic
National University, which have proven to be promising antimicrobial substances [31, 32, 47-
50].

To determine the antioxidant activities in experiments in vitro, the test compounds were
reacted with the stable free radical 2,2-diphenyl-1-picrylhydrazine (DPPH). As a result of the
neutralization of free radicals by thiosulfonates, discoloration of the initial DPPH solution is
observed, which is fixed spectrophotometrically [51, 52].

1.5 ml of an ethanolic solution of DPPH with a concentration of 4.0 mg / 100 ml and
0.5 ml of the test sample (0.1 M ethanolic solution of the corresponding thiosulfonate) were
mixed. After stirring, the samples were incubated for 30 minutes in the dark. For control, 0.5
ml of ethanol and 1.5 ml of DPPH working solution were mixed. The absorption coefficient
was measured on a Ulab 108UV spectrophotometer at a wavelength of 517 nm. The experiment
was performed in triplicate. The formula calculated the anti-radical activity:

RSA (%) = 100 (Ao-A1) / Ao
where Ao is the optical density of a solution of DPPH in ethanol with a concentration of 4.0 mg
/100 ml; A1 - optical density of the test sample solution.

To obtain the effective concentration of 1Cso (concentration of antioxidant solution,
which causes 50% loss of DPPH activity), a series of dilutions of the initial solution of the
corresponding thiosulfonate was prepared. The following formula calculated the anti-radical
activity of the thiosulfonates solutions:

ARA =1/ 1Cso.

Thiosulfonates with the highest radical scavenging activity were investigated in vivo in
laboratory animals.

2.2. Experimental animals.

The experiments in vivo were conducted on Wistar male rats with a bodyweight of 170-
190 g. This study was performed following the ethical principles of the European Convention
for the protection of vertebrate animals used for experimental and other scientific purposes
(Strasbourg, 2005), Law of Ukraine “On Protection of Animals from Cruel Treatment” (2006)
[53, 54].

2.3. Design of experiments.

The animals were kept in the vivarium of the Institute of Animal Biology of NAAS
under standard conditions of lighting, temperature, and diet. The animals were divided into
four groups, each containing 5 animals: I - control, I1, 11, IV - experimental. All animals were
clinically healthy. Control and experimental groups of animals were fed by standard pelleted
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feed for laboratory rats. Animals of the control group received 0.5 cm?® of oil to the feed once
a day and experimental groups - 0.5 cm? of oil solutions of thiosulfonates in a dose of 100
mg/kg of body weight, in particular, group 1l - ETS; III - ATS; IV - AATS. Thiosulfonates' oil
solutions were prepared using “Oleyna” oil (traditional refined, deodorized, certified by DSTU
4492: 2017 and 1SO 14024).

The experiment lasted twenty-one days. Rats from all experimental groups were
decapitated under light ether anesthesia. Blood samples were used for research. Erythrocytes
were separated from plasma by centrifugation of blood at 1700 g for 5 min, washed three times
with cooled saline solution, and then hemolyzed with distilled water.

2.4. Biochemical analysis.

The object of study was erythrocytes and the blood plasma of rats. In hemolysate, the
reduced glutathione (GSH) was determined by the level of thionitrophenyl anion formation due
to the interaction of SH-groups of glutathione with 5,’5’-dithio-bis(2-nitrobenzoic acid).
Glutathione peroxidase activity (GP, EC 1.11.1.9) was assessed by the oxidation of reduced
glutathione in the presence of tertiary butyl hydroperoxide.

The activity of glutathione reductase (GR, EC 1.6.1.4.2) was determined by the rate of
glutathione reduction in the presence of NADPH. Superoxide dismutase activity (SOD,
EC 1.15.1.1) was fixed by the superoxide radical-mediated nitro blue tetrazolium reduction in
the presence of NADH and phenazine methosulfate; catalase activity (CAT, EC 1.11.1.6) was
measured by the ability of hydrogen peroxide to form a stable color complex with molybdenum
salts.

In blood plasma, lipid hydroperoxides (LHP) were determined in the reaction with
ammonium thiocyanate, and TBA-active products were evaluated based on the reaction
between malonic dialdehyde (MDA) and thiobarbituric acid with the formation of a trimethine
complex. The protein concentration was determined by the Lowry method. All measurements
were performed on a spectrophotometer "Unico"” 1205 (USA) [55].

2.5. Statistical analysis.

The obtained data were processed statistically using Microsoft EXCEL using the one-
way ANOVA method. For each of the parameters, the confidence level was determined, using
three gradations: * - p <0.05; ** - p <0.01; *** - p <0.001, the data were considered statistically
significant if p <0.05.

3. Results and Discussion

3.1. Antioxidant activity.

For antidarical capacity (Table 1), 0.1 M solutions of MTS, ETS, PTS, ATS, and AATS

can be arranged in several activities:
NH2-CsHs-S02S-C3Hs > CH3-CONHCsH4S02S-C3Hs > NH2-CsHa-S02S-C2Hs > NH2-CsHs-SO2S-CH3z > NH2-CeH4-SO2S-CsH7

4 5 2 1 3
Table 1. Indexes of antioxidant activities of esters of thiosulphonic acids
Compounds RSA, % 1Cs0, mg/ml ARA
1 (MTS) 18.11+0,3 32.840,3 0.031+0,02
2 (ETS) 38.56+0,3 10.35+0,2 0.097+0,02
3 (PTS) 17.30+0,4 62.0+0,3 0.016+0,01
4 (ATS) 85.23+0,4 6.35+0,1 0.157+0,02
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RSA, % |
68.68+0,3 |

ARA
0.059+0,02

ICs0, mg/ml |
17.0+0,2 |

Compounds |
5(AATS) |

The highest anti-radical activity was found for S-allyl-4-aminobenzene thiosulfonate
(ATS), slightly lower - for S-allyl-4-acetylaminobenzene thiosulfonate (AATS), which differs
in the structure of the radical in the para-position of the benzene ring. Acylation of the amino
group leads to a decrease in the radical scavenging activity of thiosulfonate. The dependence
of the percentage of DPPH inhibition on the concentration of the test compounds is shown in
Figures 1 and 2.
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Figure 1. Effect of ATS concentration on % of DPPH
inhibition

Figure 2. Effect of AATS concentration on % of
DPPH inhibition

The concentration of ICso is a value that allows us to compare the anti-radical activities
of different substances. In our study, 50% inhibition of DPPH was observed at the lowest
concentration of ATS and slightly higher - for ETS and AATS (Table 1). Thus, the antioxidant
activity (ARA) depends on the value of 1Cso (Table 1).

The results obtained in the experiments in vitro are considered when determining
promising compounds among the studied thiosulfonate. These compounds can be the potential
substances for protecting feeds from pathogens during their production and storage. Therefore,
in experiments in vivo, we used the most promising compounds - ETS, ATS, AATS that were
added to animals' feed. The daily dose of thiosulfonates in the form of an oil solution was 100
mg/kg of body weight of the rats.

The results of our studies indicate that the content of products of the intermediate stage
of lipid peroxidation in the blood plasma of rats I11 (0.35 + 0.05 OE/mg) and IV groups (0.23
+ 0.02 OE/mg) that received oil solutions of ATS and AATS with feed, significantly decreased
compared with the control group (0.43 £ 0.03 OE/mg) by 18.6 and 46.51%, respectively
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Figure 3. LPH (OE/mg) and TBA-active products (nmol/mg) in the blood plasma of rats WhICh received feed
with thiosulfonates at a concentration of 100 mg/kg of body weight, n=15; ** P <0.01; *** P <0.001
(difference are significant compared with control).
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The content of LHP in the blood plasma of animals of group Il increased by 27.9%
compared with controls and was 0.55 + 0.06 OE/mg (Figure 3). Our studies found that the
content of TBA-active products in the blood plasma of groups Il and 1V was 2.59 + 0.08
nmol/mg and 2.71 + 0.08 nmol/mg, respectively. This is 8.7% and 13.4% more than in the
control group (2.39 £ 0.13 nmol/mg). At the same time, their content in rats of group Il was
2.11 = 0.07 nmol/mg and lower by 11.72% compared with the control animals (Figure 3).
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Figure 4. Activities of SOD (cu/mg prot.) and CAT (mmol/minxmg prot.) in the blood plasma of rats which
received feed with thiosulfonates at a concentration of 100 mg/kg of body weight, n =5; ** P <0.01; *** P <
0.001 (difference are significant compared with control).

Our results have shown that superoxide dismutase activity in erythrocytes of rats of all
experimental groups that received oil solutions ETS, ATS, AATS increased (Figure 4) by
49.7% (8.3 £ 0.59 cu/mg prot.), 88% % (10.59 + 0.26 cu/mg prot.), and 59% (8.95 £ 0.47 cu/mg
prot.), respectively, compared with control animals (5.63 £ 0.4 cu/mg prot.). The highest
superoxide dismutase activity was observed in the rats fed with ATS and AATS. This may
explain the decrease in the concentration of lipid hydroperoxides in the plasma of animals of
these groups.

Catalase activity also significantly increased in erythrocytes of rats of all experimental
groups (Figure 4): by 28% - in group Il (7.33 £ 0.31 mmol/min x mg prot.), 57% - in group 111
(8.95 = 0.26 mmol/min x mg prot.), 41% - in group IV (8.03 = 0.37 mmol / min x mg prot.)
compared with the control animals (5.71 + 0.31 mmol/min x mg prot.).

As can be seen from Figure 5, glutathione peroxidase activity in erythrocytes was lower
in animals of groups Il and 1V on 14.87% (16.65 * 1.22 nmol GSH/min x mg prot.) and
53.83% (10.88 + 0.62 nmol GSH/min x mg prot.) compared with the control group ((12.78
0.91 nmol GSH/min x mg prot.). At the same time, the activity of this enzyme in animals of
group Il increased by 30.28% (5.9 £ 0.81 nmol GSH/min x mg prot.).

It was found that glutathione reductase activity decreased in erythrocytes of animals of
all experimental groups: in group 11 - by 50.12% (0.84 + 0.17 pmol NADPH/min x mg prot.),
group 11 - by 46.45% (0.91 + 0.03 pmol NADPH/min x mg) prot.), group 1V - by 59.81%
(0.68 = 0.10 pmol NADPH/min x mg prot.) compared with the control group (1.69 £ 0.07
pmol NADPH/min x mg prot.).

An important component of the glutathione chain of the antioxidant defense system in
the body is reduced glutathione. In our studies, the content of this indicator in the blood of rats
of groups Il and 111 was higher on 22.41% (0.71 + 0.04 mmol/L) and 20.34% (0.70 = 0.02
mmol/L), respectively, higher than in the control group (0.57 = 0.02 mmol/L). Whereas the
content of GSH in group 1V did not differ from the level of the control group (0.57 + 0.02
mmol/L) (Figure 5).
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Figure 5. Activities of GP (nmol GSH/minxmg prot., GR (umol NADPH/minxmg prot.), the content of GSH
(mmol/L) in the blood plasma of rats which received feed with thiosulfonates at a concentration of 100 mg/kg
of body weight, n=15; **P <0.01; *** P <0.001 (difference are significant compared with control).

The processes of free radical oxidation constantly occur in all tissues of living
organisms because they are one of the normal and necessary metabolic processes, and its
acceleration or inhibition leads to certain pathologies and diseases. Our study has shown the
increase of lipid hydroperoxides and TBA-active products in the blood plasma of rats that
received the oil solution of ETS. Such changes indicate some stimulation of lipid peroxidation.
This, in turn, leads to an increase in the activity of the main enzymes of antioxidant protection.
The increase in superoxide dismutase activity confirms the activation of free radical processes
in the body and the formation of superoxidation radicals (Oz"). The hydrogen peroxide formed
in this reaction is converted by catalase into water and oxygen molecules. The enzymes SOD
and CAT act in a coordinated manner, which is confirmed in our experiment.

It is known that oxidative stress occurs in the body on the one hand due to the increased
formation of free radicals, and on the other hand - to exhaustion of antioxidant protection. One
of the important components of anti-radical protection is SOD activity. Results of our study
have shown that the addition of oil solutions of ATS and AATS to rats feed caused a decrease
in the activity of enzymes of the glutathione chain of the antioxidant defense system —
glutathione peroxidase and glutathione reductase on the background of high levels of SOD and
catalase.

The decrease in glutathione peroxidase activity, which is observed on the background
of reduced content of GSH in the blood plasma of rats of groups 111 and 1V, can be explained
by the neutralization of hydrogen peroxide by catalase.

The increase in glutathione peroxidase activity in the erythrocytes of the blood of rats
receiving ETS, on the background of elevated content of reduced glutathione, indicates that
long-term activation of glutathione peroxidase is possible only if high levels of intracellular
GSH are maintained. It is known that intracellular reduced glutathione is a substrate for this
reaction and acts as a factor necessary for the constant reduction of selenium groups located in
the catalytic center of the enzyme [56].

The decrease in glutathione reductase activity in erythrocytes under the influence of
ETS in animals of group Il is probably due to a reduction of NADPH content [40]. The impact
of thiosulfonates (ETS, ATS) on the increase in GSH concentration can be explained by the
fact that during biotransformation processes in cells, thiosulfonates interact with thiol groups
of amino acids. As a result of such disulfide exchange, other sulfur compounds can be formed,
which can be a source for synthesizing GSH molecules. These transformations may be reflected
by the following (Figure 6.) :
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Figure 6. Interaction of thiosulfonates with thiol groups of glutathione.

Interestingly, the elevated level of reduced glutathione in the blood of rats of groups 11
and I11 under the influence of ETS and ATS while reducing glutathione reductase activity. This
tripeptide is an important intracellular antioxidant that plays a special role in maintaining
cellular redox status through its participation in disulfide metabolism, providing regulation of
many cell functions, including regulation of gene expression, the activity of individual
enzymes, and enzyme systems. Therefore, maintaining the optimal GSH/GSSG in the cell is
essential for the body's normal and vital functions. Some authors suggest that lowering the level
of GSH below normal may indicate impaired cellular redox status and changes in redox-
dependent gene regulation [47, 57].

4. Conclusions

The studies of the antioxidant activity of synthesized thiosulfonates have shown that
the highest anti-radical activity in vitro was observed for ATS, slightly lower - for AATS and
ETS. The use of thiosulfonate additive to feed in a dose of 100 mg/kg of body weight of rats
for 21 days did not cause pathological changes in their blood and had a positive effect on the
antioxidant status of blood parameters. Thus, further studies of the impact of thiosulfonates in
the claimed dose on other body tissues are required.
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