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The effect of mexidol (M) and nitroxymexidol (NM) on the activity of phosphodiesterase of cyclic guanosine

monophosphate (PDEcGMP), regulation of lipid peroxidation (LPO), and antiradical and antihypoxic activity

was investigated under normoxia and normobaric hypercapnic hypoxia conditions. Reversible and noncom-

petitive inhibition of the hydrolytic function of PDEcGMP by M and NM was revealed. The K
i
value for M

was 1 � 10
–4

M; for NM, 1 � 10
–5

M, i.e., NM was 10 times more active than M. It was shown that the lifetime

of experimental animals in a closed space increased by 36% under the action of M as compared with that of

the control group while it increased by 53% for NM. The ventricular contraction time increased by 137% for

NM. The atrial contraction time increased from 31 min in the control to 52 and 57 min for M and NM, respec-

tively.
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Syntheses of new highly effective and non-toxic drugs

capable of generating NO during biotransformation have re-

cently been developed at the IPCP, RAS [1, 2].

Mexidol (M) is widely used in medical practice as a lipid

peroxidation (LPO) inhibitor [3, 4].

A new non-toxic mexidol derivative, nitroxymexidol

(NM), was synthesized at the IPCP, RAS [5].

The goal of the present work was to study the roles of M

and NM in the regulation of LPO, antiradical protection,

modulation of cyclic guanosine monophosphate (cGMP)

phosphodiesterase (PDE) activity, and antihypoxic activity

with normoxia and hypercapnic normobaric hypoxia.

EXPERIMENTAL PART

We used cGMP nucleotidase (as cobra venom), histidine,

and Tris-HCl (Sigma) without additional purification.

Trichloroacetic acid and ammonium molybdate (Reakhim,

Russia) were purified before use. Mexidol (M) was synthe-

sized as before [6]. Nitroxymexidol (NM) was synthesized

by the literature method [5] with its nitro group bonded to

succinic acid. It was 98% pure according to GC.

PDE of cGMP (PDEcGMP) was isolated from the brain

cortex of male Wistar rats [7]. Brain tissue was homogenized

in a Potter homogenizer in ten times the weight of cold

Tris-HCl buffer (0.2 M) at pH 7.5. The homogenate was cen-

trifuged for 1 h at 40,000 g in a K-32M centrifuge. The

supernatant containing the enzyme was frozen in liquid ni-

trogen.
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The protein concentration was determined by a modified

Lowry method [8]. The activity of PDEcGMP in the presence

and absence of M and NM was derived from the amount of

GMP formed during the enzymatic reaction, which was equal

to the amount of inorganic phosphate formed from GMP

upon adding the nucleotidase [6]. The overall reaction

scheme was:

PDEcGMP + cGMP � nucleotidase � GMP + P
i
.

Tris buffer (1 mL, 0.2 M, pH 7.6) was treated with

PDEcGMP solution containing 1 mg of protein. The studied

compounds (100, 10, and 1 �M) were added to the enzyme,

pre-incubated for 30 min at room temperature, and treated

with substrate (0.1 mM cGMP).

The samples were stored in a thermostat at 30°C for

20 min. Samples were also incubated on a boiling-water bath

for 3 – 5 min and cooled to room temperature. Then, cobra

venom (50 �g) was added. The samples were stored at 30°C

for 10 min. The reaction was stopped by adding

trichloroacetic acid (0.2 mL, 55%) to each sample. The mix-

ture was centrifuged at 4,500 rpm for 15 min. The

PDEcGMP activity in the presence (test) and absence (con-

trol) of the compounds was determined from the amount of

inorganic phosphate accumulated during the enzymatic reac-

tion using spectroscopy at 735 nm on a Specord M-40

spectrophotometer (Carl Zeiss).

The relative activity of the enzyme was calculated using

the formula

I = 100 · (A
0

– A )A
0
,

where I is the relative activity; A
0
, the specific content of in-

organic phosphate in the control (without compounds); A, the

specific content of inorganic phosphate in the test sample

(with compounds).

The reversibility of the compound action was determined

using dialysis of samples containing enzyme with (100 �M)

and without the compounds in the samples. The dialysis was

performed against a 100-fold excess of the incubation me-

dium without the compounds for 24 h at 4 – 5°C.

The nature of PDEcGMP inhibition was determined by

the literature method [9]. The rate of the enzymatic reaction

as a function of the substrate (cGMP) concentration with

(100 �M) and without the compounds was investigated. The

PDEcGMP enzymatic reaction as a function of substrate con-

centration was plotted in Lineweaver—Burke coordinates.

Spontaneous LPO of C57BL male mouse (22 – 24 g)

brain homogenate was carried out in Tris-HCl buffer (0.1 M)

at pH 7.4, protein concentration 1 mg/mL, and 36°C for

30 min with (test) or without (control) the compounds [10].

The extent of LPO was determined from the formation of

diene conjugates (DC) [11]; antiradical activity, by chemilu-

minescence [12].

418 L. V. Tat’yanenko et al.

N

OH

C
2
H

5
CH

3

HOOCCH
2
CH

2
COOH

N

OH

C
2
H

5
CH

3

HOOCCH(ONO
2
)CH

2
COOH

·

·

Mexidol (M)

Nitroxymexidol (NM)

TABLE 1. Percent Inhibition of PDEcGMP Functioning by Mexi-

dol and Nitroxymexidol

Drug

Concentration

100 �M 10 �M 1.0 �M

�M 52 � 8 30 � 5 16 � 2

Nitroxymexidol 85 � 8* 53 � 6* 35 � 4*

*
p �0.01 compared with M.

TABLE 2. Reversible Action of Mexidol and Nitroxymexidol on

PDEcGMP Hydrolytic Function

Compound

Normalized cGMP hydrolysis rates, %

before dialysis after dialysis

Control 100 100

Mexidol 48 � 8 100*

Nitroxymexidol 15 � 2 100*

*
p � 0.01 compared with the control before dialysis.
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Fig. 1. cGMP hydrolysis rate as a function of substrate concentra-

tion in Lineweaver—Burke coordinates.



Hypoxia with hypercapnia was studied in 30 male mice

(18 – 20 g). Animals were placed in 250-mL glass jars with

hermetic lids that were immersed in water to avoid an influx

of air. M and NM were injected i.p. at a dose of 5 mg/kg

30 min before hypoxia. The time for onset of agonal re-

sponses was recorded.

Cardiac hypoxia was studied using an “open heart”

model. The chest cavity was opened after animals were sacri-

ficed by cervical dislocation. The duration of ventricular and

atrial contractile activity in the control and after injection of

M and NM was noted. The myocardium was wetted periodi-

cally with normal saline from a pipette in order to avoid des-

iccation. The compounds were injected i.p. 30 min before

decapitation at a dose of 5 mg/kg.

RESULTS AND DISCUSSION

The effects of M and NM on PDEcGMP activity were

compared. Accumulation of cGMP, a secondary messenger

involved in the regulation of vessel tone and leukocyte ag-

gregation, is known to occur upon PDEcGMP inhibition

[13 – 15].

Table 1 shows that M and NM inhibited PDEcGMP fun-

ctioning.

NM was the most pronounced enzyme inhibitor. It at a

concentration of 10 �M inhibited cGMP cleavage by

85 � 9%; at 1.0 �M, by 53 � 6%. This was significantly gre-

ater than inhibition by M, 42 � 8% and 30 � 5%, respec-

tively. The effects of the different M and NM concentrations

on cGMP hydrolysis indicated that they reacted differently

with the enzyme.

The cGMP hydrolysis rate with and without the com-

pounds was studied as a function of substrate concentration

(from 0.1 to 0.01 mM) in order to determine the mechanism

of action of M and NM on cGMP hydrolysis.

The results were plotted in Lineweaver—Burke coordi-

nates (Fig. 1). It was shown that K
m

of cGMP for PDEcGMP

was 8 � 10
–5

M. Inhibition of the PDEcGMP hydrolytic

function by M and NM was found to be non-competitive.

The K
i
of M was 1 � 10

–4
M; of NM, 1 � 10

–5
M. Therefore,

NM was an order of magnitude more active than M.

The results indicated that M and NM did not interact di-

rectly with the enzyme active site.

Table 2 shows that M and NM were reversible

PDEcGMP inhibitors. The enzyme activity was fully re-

stored after dialysis of the enzyme solution containing M and

NM (0.1 mM) against Tris-HCl buffer (200 mL) without the

compounds for 24 h at 4 – 5°C. This indicated that M and

NM were non-covalently bound to the enzyme.

Thus, the results indicated that inhibition of PDEcGMP

substrate hydrolysis by newly synthesized NM was preferred

over that by M.

Figures 2 and 3 compare the antihypoxic activities of

NM and M in two experimental models.

The results (Fig. 2) indicated that the lifetime of the ani-

mals in the closed space increased by 36% relative to the

control through the action of M whereas this parameter for

NM was 53%.

The duration of contractile activity of the various heart

sections (Fig. 3) indicated that ventricular contraction time

increased by 122% after administration of M and by 137%

for NM. The atrial contraction time increased from 31 min

for the control to 52 and 57 min for M and NM, respectively.

Thus, the comparison of M and NM indicated that NM

had more pronounced antihypoxic effects than M. It was

shown that NM caused hemodynamic effects that were simi-

lar to those of other NO
(
donors, i.e., reduced the demand of

myocardium for oxygen by reducing the ventricle wall

strain; by lowering arterial pressure and ventricle volume; by

improving the oxygen supply to myocardium as a result of
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Fig. 2. Time of agonal response onset for mice in a hermetically

closed space in the control group (1 ) and after preliminary adminis-

tration of mexidol (2 ) and nitroxymexidol (3 ). Averages of five in-

dependent experiments are given. (
*
) p (0.05 compared with M.
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Fig. 3. Duration of ventricular (1, 3, 5 ) and atrial (2, 4, 6 ) contrac-

tile activity in the control (1, 2 ) and with preliminary administration

of mexidol (3, 4 ), and nitroxymexidol (5, 6 ). Averages of five inde-

pendent experiments are given. (
*
) p � 0.05 compared with M.



decreased blood flow, coronary resistance, and coronary ar-

tery spasm; and by decreasing coronary blood flow. These

effects suggested that NM was an NO donor.

The genesis and progression of various pathologies are

related to disruption of equilibrium in LPO systems, i.e., an-

tioxidant protection, which requires the appropriate adjust-

ment using exogenous antioxidants [16, 17].

The extent of LPO was estimated directly by determining

the contents of primary oxidation products of diene conju-

gates [11]. Figure 4 shows the results. It can be seen that M

and NM decreased the diene conjugate content by 19 and

22%, respectively (difference statistically insignificant). The

antiradical activities of M and NM were measured using

chemiluminescence [12] and were statistically significant

(Table 3). Thus, chemiluminescence was 50% inhibited for

M at a concentration of 4.3 � 10
–5

M; for NM, 7.3 � 10
–6

M.

The comparison of M and NM indicated that NM had

more pronounced antihypoxic and antiradical activity than

M. The results enabled NM to be recommended for further

study as a potential drug for treating infarcts, strokes, and

other vascular diseases.
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Fig. 4. Effect of mexidol (3 ) and nitroxymexidol (4 ) on accumula-

tion of diene conjugates in rabbit liver homogenate lipids in the con-

trol (1 ) and with spontaneous oxidation (30 min, 37°C) in air (2, 3,

4 ). Averages of five independent experiments are given. (
*
) p � 0.05

compared with the control.

TABLE 3. Percent Quenching of Luminol Chemiluminescence by

Mexidol and Nitroxymexidol

Compound

Concentration

10
– 6

M 10
– 5

M 10
– 4

M

Mexidol 12.1 � 1.3 35.2 � 2.8 77.2 � 5.1

Nitroxymexidol 29.3 � 2.5* 54.5 � 4.3* 90.5 � 6.1*

*
p � 0.01 compared with M.
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