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The antioxidant activity of the drug Mexidol was quantitatively measured using an objective method. The rate

constant for the reaction of Mexidol with peroxyl radicals of 1,4-dioxane was measured in 1,4-dioxane solu-

tion. Mexidol was found to inhibit oxidation of 1,4-dioxane and showed good antioxidant activity comparable

to that of ionol. The obtained data were interesting for studying the mechanism of action of the antioxidant in

biological systems because the physicochemical properties of 1,4-dioxane are close to those of water, in which

processes associated with oxidative stress occur. Measurement of the rate constant for the reaction of the in-

hibitor with peroxyl radical also had fundamental importance for establishing the structure—reactivity rela-

tionship in order to predict the antioxidant activity of compounds.
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Mexidol is a derivative of 2-ethyl-6-methyl-3-hydroxy-

pyridine and succinic acid. 2-Ethyl-6-methyl-3-hydroxypyri-

dine has a chemical structure that can be considered a nitrog-

enous heterocyclic analog of aromatic phenols and exhibits

the properties of both pyridine and phenols. It reacts with the

peroxyl radical of ethylbenzene with rate constant

k
7
= 4.7 10

4
M

–1
·s
–1
[1]. Few quantitative data exist for the

reaction of Mexidol, the active ingredient of which is 2-et-

hyl-6-methyl-3-hydroxypyridine succinate. In particular, the

rate constant for the reaction of Mexidol with peroxyl radical

in a model system of methyl oleate radical-chain oxidation

was measured as k
7
= 2.8 10

4
M

–1
·s
–1
[2]. The studies were

hindered because the drug was poorly soluble in the com-

monly used substrates for quantitative determination of anti-

oxidants, i.e., cumene, ethylbenzene, and styrene. Many anti-

oxidants breaking the chain are water-soluble but little is

known about their reactions with peroxyl radicals because of

the limited applicability of practical research methods. In the

present work, the antioxidant activity of Mexidol was studied

in a model system of controlled radical-chain oxidation of

1,4-dioxane, which was simultaneously the solvent and the

oxidation substrate. The drug was soluble in it over a rather

broad range of concentrations. 1,4-Dioxane is the optimal

substrate for studying reactions of peroxyl radical with anti-

oxidants because several physicochemical properties of

dioxane solutions are close to those of water [3], in which

processes associated with oxidative stress occur. Therefore,

the found trends would also be valid for biological systems.

This was important because inhibitors that are active in or-

ganic solvents (cumene, ethylbenzene, styrene) are often in-

active in aqueous solutions [4]. For example, the rate con-

stant for reaction of the most active inhibitor -tocopherol

with methyl linoleate peroxyl radical in its solution was

1.3 10
6
L/(mol·s). The rate constant for the reaction of it

with this same peroxyl radical in aqueous solution decreased

to 2.3 10
4
L/(mol·s) [5]. A study of the properties of wa-

ter-soluble antioxidants in a medium simulating physiologi-

cal conditions would have practical interest. A reliable and
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objective measurement of antioxidant activity would have

fundamental significance for evaluating antioxidants. There-

fore, the present work used a method based on the model re-

action of radical-chain oxidation of 1,4-dioxane and the rate

of oxygen absorption during inhibited oxidation. This me-

thod was most suitable for evaluating the antioxidant activity

of water-soluble compounds used for medical purposes [6].

Besides practical value, studies of the dependence of an-

tioxidant effectiveness on its structure and the solvent effect

were timely.

EXPERIMENTAL PART

1,4-Dioxane was purified as before [7]. 2,2 -Azo-bis-iso-

butyronitrile (AIBN, C
8
H

12
N

4
; REAKHIM) was recrystal-

lized twice from freshly distilled EtOH and then dried under

vacuum. An aqueous solution of Mexidol (2-ethyl-6-me-

thyl-3-hydroxypyridine succinate, C
8
H

11
NO, 50 mg/mL) in

2-mL ampuls (Farmasoft) was used. The water was evapo-

rated. Then, the contents were dissolved in 1,4-dioxane.

Oxidation of 1,4-dioxane initiated by AIBN was per-

formed at 333 K. The oxidant was atmospheric oxygen, ab-

sorption of which was monitored using a universal differen-

tial manometer system [8]. Experiments used a glass reactor

that was loaded with 1,4-dioxane (4.4 – 4.95 mL), thermo-

statted, and treated with a solution of the initiator in chloro-

benzene (1 mL). Mexidol was added to the 1,4-dioxane solu-

tion (0.05 – 0.6 mL) 15 min after the start of the oxidation.

The inhibitor concentration was varied in the range (0.1 –

2.8)·10
–3

M. The O
2
absorption rate in the liquid phase was

calculated by the literature method [8, 9]. The initial rate of

inhibited oxidation was determined from the slope of the

time dependence of the amount of absorbed O
2
.

The rate of initiation was calculated from the equation

w
i
= k

i
[AIBN] = 2ek

p
[AIBN]. The rate constant for decay of

AIBN in 1,4-dioxane, log k
p
= 15.8 – 132.9/ [s

–1
],

= 2.303RT 10
–-3

kJ/mol, was used in the calculations

[10]. The radical yield in bulk 1,4-dioxane was set to 2e = 1

[11, 12].

RESULTS AND DISCUSSION

Liquid-phase inhibited oxidation of 1,4-dioxane under

the conditions of our experiment [333 K, w
i
= 1.0

10
–7
mol/(L·s), substrate concentration 9.7 M] occurred ac-

cording to Scheme 1 [13].

Here AIBN was the initiator; RH, the 1,4-dioxane sub-

strate being oxidized; RO
2

*
, peroxyl radical formed from

1,4-dioxane; P
6
and P

7
, products inactive in the chain propa-

gation reaction; and InH, inhibitor (in this instance,

Mexidol).

Figure 1 shows typical kinetic curves for O
2
absorption.

The induction period ( ) was calculated by processing the

kinetic curves using an integral method and the formula [14]:

1

0

2

0

w

w
dt, (1)

where w is the inhibited oxidation rate and w
0
, the uninhib-

ited oxidation rate.

Table 1 presents the experimental values.

Rate constant k
7
was calculated using the equation

[15, 16]:

[ ] ( ) [ ]O
2 2 7

1
1k k

t
RH ln , (2)

where [O
2
] is the amount of absorbed O

2
; k

2
, chain-propa-

gation rate constant [reaction (II) in Scheme 1]; k
7
, chain-

breaking rate constant of the oxidation by the inhibitor [reac-

tion (VII) in Scheme 1].

The kinetic curves obtained in experiments in which the

chain length in the inhibited oxidation was at least ~3 units

(Table 1) [15] were processed using Eq. (2). The inhibition

rate constant was calculated from the slope of the depend-

ence of [O
2
] on ln(1 – t/ ) in the part corresponding to

~80% of the length of the induction period (Fig. 2) [11].

Rate constant k
7
was calculated using k

2
= 9.48 L/(mol·s)

[7]. Statistical processing of the results found the mean rate

constant for the reaction of peroxyl radical with Mexidol

k
7

mean
= 2.92 10

4
L/(mol·s) with standard deviation
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Fig. 1. Typical kinetic curves for oxygen absorption during oxida-

tion of 1,4-dioxane without inhibitor (1 ) and with Mexidol:

7.3 10
–4

(2 ) and 27.7 10
–4

M (3 ). Reaction conditions:

[1,4-dioxane] = 9.7 M, w
i
= 10

–-7
mol/(L·s), 333 K.



1.97·10
3
L/(mol·s). The standard error of the mean was

9.8·10
2
L/(mol·s). The resulting confidence interval was esti-

mated as k
7

mean
= 2.92·10

4
(1.96 9.8 10

3
) L/(mol·s) =

(2.9 0.2) 10
4
L/(mol·s).

Effective rate constant fk
7
was determined by processing

the dependence of the initial oxidation rate of 1,4-dioxane on

Mexidol concentration in coordinates of the equation [16]:

F = w
0
w
– 1

– w (w
0
)
– 1

= fk
7
[InH](2k

6
w
i
)
– 0.5

, (3)

where w
0
and w are the initial rate of O

2
absorption without

and with inhibitor, respectively; f, the inhibition stoichiomet-

ric coefficient; [InH], initial Mexidol concentration; 2k
6
, oxi-

dation chain-breaking rate constant via recombination of

1,4-dioxane peroxyl radicals [reaction (VI) in Scheme 1],

10
9
L/(mol·s) in our instance [13].

Figure 3 shows that the dependence of parameter F on

the initial concentration of Mexidol was satisfactorily linear.

Its slope was used to determine the effective rate constant.

The value fk
7
= (2.1 0.3) 10

4
L/(mol·s) was obtained con-

sidering a 95% confidence interval. Thus, the antioxidant ac-

tivity of Mexidol was comparable to that of ionol, for which

fk
7
= 2.8 10

4
L/(mol·s) under these same conditions [13].

The stoichiometric coefficient of inhibition was mea-

sured based on the induction period using the equation:

= f [InH]/w
i
. (4)

Parameter f was found to be 1.2 ± 0.1 (Table 1), accord-

ing to which one peroxyl radical was consumed per Mexidol

molecule.

As a rule, the inhibition stoichiometric coefficient was

f = 2 if the following reaction besides reaction (VII) oc-

curred:

RO
2
+ In P

8
. (VIII)

If parameter f 1, then either a) the radical formed from

Mexidol was relatively stable and reaction (VIII) did not oc-

cur or b) the inhibitor was consumed in side reactions. For

example, parameter f 1 for radical-chain oxidation of

1,4-dioxane and ethylbenzene in the presence of 5-amino-6-

methyluracil derivatives. InH was consumed through reac-

tions with the peroxyl radical of the inhibitor itself [17]. Oxi-

dation of 2-ethyl-6-methyl-3-hydroxypyridine was associ-

ated with the formation of rather active radicals [2]. There-

fore, it could have reacted with peroxyl radical [reaction

(VIII)]. However, hydroxypyrimidines form characteristic

tautomers. The resulting inhibitor radical (In ) could be in

equilibrium with its carbon-centered form (In ). A new pero-

xyl radical (In O
2
) formed in the presence of O

2
and could

cleave an H atom from the inhibitor molecule. As a result, an

additional channel for consumption of the inhibitor opened

and led to a decrease of parameter f. The process could be ex-

pressed by Scheme 2, which was previously demonstrated

for aminouracil [17].

1284 O. V. Semikasheva et al.

0.004

0.003

0.002

0.001

0
0 2 4 6

[O ] 10 M2

–4
×

–ln (1– / )t

Fig. 2. Plot of kinetic curve 2 (Fig. 1) in coordinates of Eq. (1).

Dashed line continues the segment of the dependence with a length

less than ~80% of the induction period duration. The inhibition rate

constant was calculated from the slope of this line.
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Fig. 3. Dependence (1) of initial oxidation rate of 1,4-dioxane on

Mexidol concentration and anamorphosis (2, r = 0.99) of this de-

pendence in coordinates of Eq. (3). Reaction conditions: [RH] = 9.7

M, w
i
= 10

–7
mol/(L·s), 333 K.

TABLE 1. Dependence of 1,4-Dioxane Oxidation Rate (w) and In-

duction Period ( ) on Mexidol Concentration. Reaction Conditions:

[RH] = 9.7 M, w
i
= 10

–-7
mol/(L·s), 333 K

[InH] 10
–4
, M

w 10
7
,

mol/(L·s)
, s

k7 10
–4
,
*

L/(mol·s)
f
**

0 9.3 – – –

1.2 8.0 2400 – 1.5

2.4 7.6 4550 3.7 1.3

4.6 5.7 6262 3.1 1.1

7.3 4.6 9527 2.5 1.1

12.2 3.4 13200 2.4 1.1

27.7 2.1 – – –

*
Constant k

7
was calculated from Eq. (2).

**
Inhibition coefficient f was determined using Eq. (4).



Hence, Mexidol could exhibit pro-oxidant activity in-

stead of antioxidant properties at sufficiently high concentra-

tions. This should be taken into account if it is used. Also,

this property is typical of -tocopherol [18] because peroxyl

radicals play a positive role in in vivo vitality [19]. If their

concentration becomes less than the required level, toco-

pherol exhibits pro-oxidant properties. The concentration of

peroxyl radicals exceeds the limiting allowed standard dur-

ing diseases. The result of this is oxidative stress. Then, the

antioxidant properties of tocopherol become prevalent.

It has been reported that neither Mexidol itself nor its

generics have proven effective [20]. Currently, a method for

measuring the antioxidant activity that is highly recom-

mended in foreign practice is used [6, 18, 21]. This method is

based on radical-chain oxidation of THF, a compound related

to 1,4-dioxane, and is used to study the activity of water-sol-

uble antioxidants [22]. The study performed by us showed

convincingly that Mexidol was an effective antioxidant. It is

used for diseases in which an excess of peroxyl radicals is

formed and it just as potent as ionol.

ACKNOWLEDGMENTS

The work was performed according to planned scientific

research at UfIC, UFRC, RAS, on the topic “Kinetic laws

and reaction mechanisms involving nitroso-oxides and

peroxyl radicals,” AAAA-A20-120012090019-1.

REFERENCES

1. I. F. Rusina, O. N. Karpukhin, and O. T. Kasaikina, Khim. Fiz.,

32(8), 49 – 64 (2013).

2. M. G. Perevozkina, Khim.-farm. Zh., 40(8), 35 – 40 (2006).

3. N. R. Sokolova, E. V. Nikitina, L. B. Kochetova, et al., Butle-

rov. Soobshch., 29(1), 7 – 14 (2012).

4. V. N. Ushkalova and L. A. Zhuravleva, Khim.-farm. Zh.,

40(11), 11 – 14 (2006).

5. V. A. Roginskii, Biol. Membr., 7(3), 297 – 305 (1990).

6. R. Amorati, A. Baschieri, and L. Valgimigli, J. Chem., 1 – 12

(2017).

7. L. R. Yakupova, A. V. Ivaonva, R. L. Safiullin, et al., Izv. Akad.

Nauk, Ser. Khim., No. 3, 507 – 511 (2010).

8. L. R. Yakupova, S. G. Proskuryakov, R. L. Safiullin, et al., But-

lerov. Soobshch., 28(19), 71 – 78 (2011).

9. R. N. Zaripov, R. L. Safiullin, V. D. Komissarov, et al., Kinet.

Katal., 31(5), 1086 – 1091 (1990).

10. A. F. Moroni, Makromol. Chem., 105(6), 43 – 48 (1967).

11. G. Henrici-Olive and S. Olive, Makromol. Chem., 58(1),

188 – 194 (1962).

12. E. T. Denisov, Constants. Rates of Homolytic Liquid-Phase Re-

actions [in Russian], Nauka, Moscow (1971), pp. 51 – 64.

13. L. R. Yakupova, V. R. Khairullina, R. L. Safiullin, et al., Kinet.

Katal., 49(3), 387 – 391 (2008).

14. D. Loshadkin, V. Roginsky, and E. Pliss, J. Chem. Kinet., 34(3),

162 (2002).

15. V. F. Tsepalov, Investigation of Synthetic and Natural Antioxi-

dants in vitro and in vivo [in Russian], Collection of Scientific

Articles, Nauka, Moscow (1992), p. 16.

16. E. T. Denisov and V. V. Azatyan, Inhibition of Chain Reactions

[in Russian], Chernogolovka (1997), pp. 65, 68.

17. R. A. Nasibullina, L. R. Yakupova, and R. L. Safiullin, Kinet.

Katal., 57(6), 767 – 776 (2016).

18. K. U. Ingold and D. A. Pratt, Chem. Rev., 114(18), 9022 – 9046

(2014).

19. E. S. Severin (ed.), Biochemistry [in Russian], GEOTAR-Me-

dia, Moscow (2008), p. 419.

20. https: // journal.tinkoff.ru/list/medicines-analogues/?utm_cam-

paign=arbitr-pulse&utm_referrer=https%3A%2F%2Fpulse.

mail.ru&utm_source=pulse_mail_ru_meksidol

21. E. Niki, Free Radical Biol. Med., 49(4), 503 – 515 (2010).

22. R. Amorati, A. Baschieri, G. Morroni, et al., Chem. Eur. J.,

22(23), 7924 – 7934 (2016).

Quantitative Analysis of the Antioxidant Activity 1285

Scheme 2


	Abstract

	Keywords
	EXPERIMENTAL PART
	RESULTS AND DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES



