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Experiments of outbred rats with modeled xenobiotic load with acetylsalicylic acid (250 mg/
kg for 7 days) revealed inhibition of mitochondrial respiration rate in states of rest and ac-
tive phosphorylation, inhibition of succinate-dependent oxidation pathway, and a decrease 
in energization of organelles in the heart. For correction of the observed changes in energy 
production, succinic acid was preventively administered in a dose of 50 mg/kg for 7 days, 
which abolished the negative metabolic shifts in myocardial mitochondria. Comparison of 
pharmacokinetics of acetylsalicylic acid and acetylsalicylic acid against the background of 
succinate treatment performed on rabbits revealed complete coincidence of the studied pa-
rameters, which attests to the possibility of prevention of mitochondrial dysregulations with 
this Krebs cycle intermediate.
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Acetylsalicylic acid (ASA) is widely used as a disag-
gregation agent in complex therapy and prevention 
of thrombotic complications in various pathologies 
[1,3,5]. It is known that salicylates even in therapeutic 
doses produce a negative effect on the energy produc-
tion system by inhibiting various metabolic pathways 
and increasing membrane permeability for hydrogen 
ions [9]. Some described cases of Reye syndrome de-
velopment against the background of salicylate [10] 
can be explained by damage to mitochondria (MC) [2]. 
Experiments on the models of hypoxia, stress, and in-
toxications showed that succinic acid (SA) can abolish 
the negative metabolic shifts in the system of energy 
production of MC [6] and hence can be used for pre-
vention and correction of ASA-induced disturbances.

Here we studied the effects of ASA and its com-
bination with SA on the MC energy production system 
and evaluated the effects of therapeutic administration 
of SA on pharmacokinetic parameters of ASA. 

MATERIALS AND METHODS

Myocardial bioenergetics was studied on 30 outbred 
male rats (body weight 220-250 g) divided into 3 equal 
groups. Group 1 animals intragastrically received ASA 
in a dose of 250 mg/kg (1/10 LD50) for 7 days. In group 
2, SA (50 mg/kg intragastrically) was administered 
daily for 7 days against the background of daily treat-
ment with 250 mg/kg ASA. Controls (group 3) re-
ceived vehicle (1% starch gel).

Functional state of MC in heart homogenate was 
evaluated by polarography (LP-9 polarograph) using 
closed-type Clark electrode made in our laboratory. 
The isolation medium contained 3×10–1 M sucrose, 
2×10–3 M tris-buffer, 1×10–2 M EDTA, 1 mg/ml BSA, 
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1.2×10–1 M KCl (pH 7.2 at 0oC). The incubation me-
dium contained 3×10–1 M sucrose, 1.2×10–1 M KCl, 
5×10–3 M KH2PO4, 1×10–2 M HEPES, 1×10–3 M EDTA, 
(pH 7.2 at 26oC). We measured the rate of oxygen 
consumption by MC before (V4), during (V3), and af ter 
(V3-V4) a cycle of phosphorylation of 1×10–4 M added 
ADP and the time of phosphorylation. The method of 
measurement required the use of two types of sub-
strates: fl avin-dependent (succinate, 1×10–3 M) and 
NAD-dependent (malate and glutamate, 3×10–3 M 
each). SDH inhibitor malonate (2×10–3 M) and amino-
transferase inhibitor aminooxyacetate (5×10–4 M) were 
used for evaluation of the contribution of endogenous 
SA into energy production of MC during oxidation of 
NAD-dependent substrates. We also calculated coef-
fi cients of respiration stimulation (V3/V4), respiratory 
control (V3/V3-V4), and oxidation–phosphorylation 
coup ling ADP/O refl ecting metabolic control of sub-
strate oxidation coupled to respiration.

Pharmacokinetics was studied on 10 outbred male 
rabbits weighing 2.5-2.7 g. The preparations suspen-
ded in 1% starch gel were administered intragastrically 
(single administration). The animals were divided into 
2 groups. Group 1 rabbits received 125 mg/kg ASA 
(single therapeutic dose for humans) and group 2 ani-
mals received a mixture of ASA and SA (125 and 50 
mg/kg, respectively). Since ASA is rapidly (within 10-
15 min) hydrolyzed by esterases, blood concentration 
of ASA metabolite (salicylic acid) was measured. The 
blood (500 μl) was sampled from the marginal ear vein 
into heparinized tubes before and 0.5, 1, 4, 7, 8, and 9 h 
after treatment. Blood samples were mixed with 0.5 ml 
5% NaCl and extracted with 2 ml diethyl ether for 10 
min. The samples were centrifuged at 3000g for 10 min. 
Organic layer was quantitatively transferred into glass 
tubes and evaporated under nitrogen stream at 45oC. 
The dry residue was dissolved in 100 μl mobile phase 
and shaken for 10 min (300 shakes per min). An aliquot 
(50 μl) was used for chromatography. Analysis was per-
formed by HPLC on a Milikhrom A-02 chromatograph.

The following pharmacokinetic parameters were 
analyzed: maximum concentration (Cmax), the time of 
attaining maximum concentration (Tmax), and area un-
der the pharmacokinetic curve (AUC0-t) refl ecting the 
amount of preparation circulating in the blood over the 
period from its entry into the body to the decrease in its 
concentration to a minimum detectable level. The Cmax/
AUC0-t ratio was calculated as a parameter refl ecting the 
rate of preparation absorption; the mean values were 
also calculated.

RESULTS

Administration of 250 mg/kg ASA for 7 days reduced 
respiration rate in rat heart MC during utilization of 

endogenous substrates before, during, and after a cy-
cle of ADP phosphorylation compared to the control 
group. The coeffi cient ADP/O increased under these 
conditions, which attests to inhibition of succinate- 
and NAD-dependent processes of energy production 
(Fig. 1). Similar changes were observed during utili-
zation of exogenous substrates. For instance, the rate 
of oxygen consumption during succinate oxidation 
by myocardial MC before, during, and after a cycle 
of ADP phosphorylation decreased in parallel with 
a decrease in respiratory control and an insignifi cant 
increase in ADP/O coeffi cient (Fig. 1). In rats recei-
ving ASA, the time of ADP phosphorylation during 
succinate oxidation by heart MC also increased. This 
attests to inhibition of succinate-dependent pathway of 
substrate oxidation and a decrease in energization of 
organelles (Fig. 1) [4].

The rate of phosphorylating respiration during 
utilization of NAD-dependent substrates by heart MC 
from animals receiving ASA also decreased, while 
the time of ADP phosphorylation increased compared 
to the control (Fig. 1). The decrease in respiration 
stimulation paralleled by an increase in ADP/O coef-
fi cient attests to kinetic character of energy defi ciency 
in heart MC from rats treated with ASA [7]. At the 
same time, the inhibitory analysis with competitive 
SDH inhibitor malonate and aminotransferase inhibi-
tor aminooxyacetate showed increased contribution 
of oxidation of endogenous SA into respiratory acti-
vity of organelles during oxidation of NAD-dependent 
substrates. This process has a compensatory nature and 
refl ects peculiarities of metabolic regulation of Krebs 
cycle in ASA-modifi ed MC, in particular activation of 
the rapid metabolic cluster [4].

Administration of SA in a dose of 50 mg/kg pro-
moted correction of ASA-induced negative metabolic 
shifts in rat heart MC (Fig. 1). Thus, normalization 
of MC respiration rate in all metabolic states was 
ob served during oxidation of endogenous substrates 
compared to the corresponding parameters in animals 
receiving ASA alone. The values of respiration stimu-
lation and respiratory control increased, while ADP/O 
decreased under these conditions, which attested to 
recovery of succinate-dependent energy production 
processes.

During succinate oxidation by heart MC from rats 
receiving SA against the background of SA treatment, 
the rate of oxygen consumption before, during, and 
after ADP phosphorylation cycle and coeffi cients of 
respiration stimulation and respiratory control consi-
der ably increased compared to the corresponding pa-
rameter in animals receiving ASA alone (Fig. 1). This 
attests to activation of succinate-dependent pathway of 
substrate oxidation and oxidative phosphorylation under 
the effect of SA. The value of ADP/O coeffi cient in 

O. S. Bryushinina, R. V. Gurto, et al.



338

these animals did not differ from the control level [4,8].
During oxidation of the mixture of NAD-depen-

dent substrates by heart MC from rats receiving SA 
against the background of ASA treatment, the rate of 
phosphorylating respiration and stimulation of respira-
tion considerably increased compared to those in rats 
receiving ASA alone (Fig. 1). This attests to norma-
lization of NAD-dependent respiration and oxidative 
phosphorylation in SA-protected animals. Inhibitory 
analysis with malonate and aminooxyacetate showed 
that the rate of oxidation of endogenous SA consider-
ably increased compared to that in animals receiving 
ASA alone, which attests to stimulation of the reac-
tions of rapid metabolic cluster of MC.

Study of pharmacokinetics of ASA and ASA+SA 
mixture showed that the concentration of its metabolite 
salicylic acid peaked on minute 30 and attained 8 μg/
ml. By the 9th hour, the concentration of salicylic acid 
in the blood of experimental animals dropped to its 
minimum: 1 μg/ml (Fig. 2).

Fig. 1. Functional state of heart MC during ADP phosphorylation in rats treated with ASA alone and in combination with SA. Oxidation 
substrates: 1) endogenous; 2) succinate; 3) malate+glutamate; 4) malate+glutamate+malonate; 5) malate+glutamate+aminooxyacetate. 
p<0.05 compared to: *control group, +animals receiving ASA alone.

Fig. 2. Average dynamics of the concentration of salicylic acid in 
blood plasma of rabbits receiving ASA alone and in combination 
with SA. 1) ASA, 125 mg/kg; 2) ASA, 125 mg/kg+SA, 50 mg/kg.
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Pharmacokinetics of salicylic acid was practical ly 
similar in animals receiving ASA alone and in combi-
nation with SA. The boundaries of confi dence intervals 
for AUC0-t, Cmax, and Cmax/AUC0-t were 82-115.4, 89-
131.9, and 96.6-125.8%, respectively, and remained 
within the permissible limits 80-125% for parameter 
AUC0-t and 75-133% for parameters Cmax and Cmax/
AUC0-t. Thus, no signifi cant differences by the rate 
and degree of absorption of ASA and the combination 
of ASA and SA were revealed.

Hence, preventive administration of SA promotes 
correction of ASA-induced negative metabolic shifts 
in rat heart MC due to normalization of succinate and 
NAD-dependent respiration and oxidative phosphory-
lation and can be used for reducing side effects of 
ASA. SA produced practically no negative effects on 
ASA pharmacokinetics and hence, no correction of 
treatment schedule is required.
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