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Abstract
Introduction: In this study, the neuroprotective effect of L-carnitine administered per os in a dose of 25 mg/kg – 
800 mg/kg was evaluated. The effects of L-carnitine on changes in mitochondrial function were also studied.

Materials and Methods: The neuroprotective effect and mitochondrial function were evaluated in a model of perma-
nent focal ischemia in Wistar-line rats. L-carnitine was administered to rats orally for 72 hours from the moment of 
modeling ischemia. On the 4th day after the ischemia simulation, the change in the respiratory function of the mito-
chondria, the opening time of the mitochondrial permeability transition pore, the mitochondrial membrane potential, 
the concentration of intracellular calcium and the size of the cerebral necrosis zone were determined in rats’ brain 
supernatant.

Results: As a result, it was found that the administration of L-carnitine contributed to the restoration of mitochondrial 
function and a decrease in the size of the brain necrosis zone. At the same time, the administration of L-carnitine in 
low doses (25 mg/kg – 100 mg/kg) did not have a significant effect on the change in the concentration of intracellular 
calcium. It should be noted that an increase in the dose of L-carnitine from 200 mg/kg to 800 mg/kg was not accom-
panied by a significant increase in the therapeutic effect.

Discussion: L-carnitine is one of the key biomolecules that directly affect metabolic processes. It is known that L-car-
nitine acts as a ”shuttle” for long-chain fatty acids and thus can affect the alteration of mitochondrial function. Howev-
er, the detailed nature of the mitochondriotropic action of L-carnitine has not been yet established. This was the focus 
of this study, which showed that the mitochondrion-oriented effect of L-carnitine is dose-dependent and expressed 
in the form of restoring the respiratory function of mitochondria, restoring the mitochondrial potential and increasing 
the latent opening time of the mitochondrial permeability transition pore, reducing the level of intracellular calcium.

Conclusion: The study allowed us to expand our understanding of the L-carnitine neuroprotective effect and the effect 
of this compound on changes in mitochondrial function.
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Introduction
Mitochondria are primarily known as intracellular energy 
sources that generate it in the form of ATP during oxi-
dative phosphorylation reactions (OXPHOS) (Sazanov 
2015). However, recent studies have shown that the 
role of mitochondria in the cell is wider than previously 
thought. To date, it has been established that mitochond-
ria are directly involved in the regulation of calcium ho-
meostasis, programmed apoptotic cell death, and redox 
reactions. The role of mitochondria in maintaining cell 
growth and proliferation is also significant (Bonneau et al. 
2016). Thus, based on the significant role of mitochondria 
in cell physiology, it can be assumed that disruption of 
mitochondrial function dramatically affects the activity of 
many organs and systems, primarily with high metabolic 
activity (Grimm and Eckert 2017). It has been establis-
hed that the brain, making up no more than 2% of body 

weight, consumes approximately 20% of the total level of 
ATP synthesized in the body, and therefore the develop-
ment of mitochondrial dysfunction will extremely negati-
vely affect the optimal functional state of the brain (Joshi 
and Mochly-Rosen 2018).

Mitochondrial dysfunction is an integral component of 
the pathogenetic cascade of ischemic brain damage. It is 
known that with the development of cerebral ischemia 
and associated diseases, for example, ischemic stroke in 
the brain, there are two main damage zones – the zone of 
cerebral infarction and the area of ischemic penumbra, 
with neurons localized in the latter being the main target 
of neuroprotective therapy (Guan et al. 2018). In the fo-
cus of ischemic penumbra, there is a decrease in the met-
abolic activity of cells to the lowest possible physiolog-
ical level, an increase in which can stabilize the state of 
neuronal cells and reduce the area of cerebral infarction 
(Dong et al. 2015). Mitochondria located in the penumbra 
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zone, due to oxygen deficiency, are unable to ensure the 
synthesis of macroergic phosphates at the proper level, 
which leads to a redistribution of the electron flux in the 
mitochondrial respiratory chain (inversion of the activity 
of F1F0 ATP synthase). In addition, a decrease in the pro-
ton gradient leads to reduced mitochondrial membrane 
potential and the formation of a mitochondrial permea-
bility transitional pore, which is the “no return point”, 
after which the cell reaches the irreversible apoptotic 
stage (Broughton et al. 2009). Also, due to the impaired 
functioning of mitochondrial calcium transporters, the 
concentration of ionized calcium in the cell increases, 
which can lead to an increase in the secondary cascade 
of neuronal damage. It is worth noting that neurons and, 
accordingly, mitochondria are sensitive to targeted ther-
apeutic effects for several days, which significantly in-
creases the chances of a more favorable prognosis of the 
disease (Broughton et al. 2009). For example, the study 
by Mondal et al. (2019) showed a future outlook on cor-
recting mitochondrial dysfunction to achieve a neuropro-
tective effect. In that work, the administration of tetrahy-
drocurcumin to mice with ischemic-reperfusion brain 
damage restored mitochondrial ATP synthesis, reduced 
the degree of mitochondrial permeability transitional 
pore opening, and increased basal oxygen consumption 
(Mondal et al. 2019). At the same time, L-carnitine is a 
well-known metabolic agent, and it is reasonalble to as-
sume that the use of this compound is likely to have a 
positive effect on the change in the functional activity of 
mitochondria (Koeth et al. 2019).

Material and methods
Laboratory animals

This work was performed on 180 male Wistar rats weig-
hing 200–220 grams obtained from the Rappolovo Labo-
ratory Animal Nursery (Leningrad region, Russia). All the 
animals underwent microbiological control and two-week 
quarantine before being included in the study. For the du-
ration of the experiment, the rats were kept in Macrolon 
type III cages, with 5 animals each, which prevented hud-
dling and stress. Granulated wood fraction, changed daily, 
was used as bedding. The animals had free access (ad li-
bithum) to water and complete pelleted feed. The mainte-
nance conditions (ambient temperature 20 ± 20C, relative 
humidity 60 ± 5%, with a natural light-dark change and 
normal atmospheric pressure), as well as all the manipula-
tions with the rats, were in compliance with the generally 
accepted standards for working with laboratory animals 
(Directive 2010/63/EU of the European Parliament and of 
the Council on the Protection of Animals Used for Scien-
tific Purposes, September 22, 2010). The research concept 
was approved by the local ethics committee (minutes No. 
14 dated 12/23/2019).

Focal cerebral ischemia model

Cerebral ischemia in rats was modeled by the modified 
Tamura method. The rats were anesthetized with chloral hy-
drate (350 mg/kg, intraperitoneally); the skin was removed 

Figure 1. Study design. Note: A model of irreversible focal ischemia in rats was used in this study. L-carnitine was administered orally 
at the indicated doses. The defined parameters were: cerebral necrosis zone; ATP-generating ability; maximum level of respiration; res-
piratory capacity; intensity of glycolysis; glycolytic capacity; glycolytic reserve; mitochondrial complexes activity; latent time of mi-
tochondrial permeability transition pore; mitochondrial membrane potential; citrate synthase activity; and content of ionized calcium.
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above and to the right of the eye, after which an incision 
was made, and the soft tissues were dissected, exposing the 
zygomatic process. Next, the zygomatic process was remo-
ved, and a burr hole was made with a high-speed drill above 
the intersection of the middle cerebral artery and the olfac-
tory tract (the dura mater was removed). Then, coagulation 
of the middle cerebral artery was performed using a ther-
mocoagulator, and the termination of blood flow through 
the artery could be observed. If possible, the topography of 
the soft tissues was restored, the wound was sutured in lay-
ers and treated by an antiseptic solution (Benzyldimethyl 
[(3-myristoilamine) propyl] ammonium chloride monohy-
drate; 0.01% solution). Until awakening, the animals were 
kept under a warming lamp (Pozdnyakov et al. 2019).

Study design

During the study, nine equal experimental groups with 20 
animals in each were formed. The first group included the 
sham-operated (SO) animals. In the remaining rats, ische-
mic brain damage was modelled, in addition, the negative 
control group (NC) was deprived of pharmacological sup-
port, and animal groups №№. 3–9 received L-carnitine 
(“Elkar”, manufactured by PIK-PHARMA, Russian Fe-
deration) at various doses (25 mg/kg; 50 mg/kg; 100 mg/
kg; 200 mg/kg; 400 m/kg; 600 mg/kg, and 800 mg/kg). 
L-carnitine was administered per os through an atrauma-
tic catheter 30 minutes after modeling cerebral ischemia 
and then once a day for three days. On the fourth day af-
ter the operation, the rats were decapitated, and the brain 
was removed under chloral hydrate anesthesia. Moreover, 
in 10 animals from the group, the change in the size of 
their brain necrosis zone was evaluated, and the state of 
mitochondrial function was studied in the remaining rats. 
The study design is shown in Fig. 1.

Biomaterial sampling

The animals’ brain was used in this work as test-material. 
The rats were decapitated; their crania were opened, and 
the brain was removed. Moreover, in 10 animals from the 
group, the brain was homogenized in PBS (phosphate-buf-
fered saline) with a pH of 7.4 in a ratio of 1:7 in a Potter me-
chanical homogenizer (the change in the size of the brain 
necrosis zone was evaluated). In the remaining 10 rats, the 
brain was homogenized in an isolation medium (1 mmol 
EDTA, 215 mmol mannitol, 75 mmol sucrose, 0.1% BSA 
solution, 20 mmol HEPES, with a pH of 7.2). Next, the re-
sulting homogenate was centrifuged at 1,000 g for 3 minu-
tes, then the post-nuclear supernatant was re-centrifuged at 
13,000 g for 15 minutes. The mitochondrial fraction was 
resuspended in the isolation medium. All the procedures 
were performed at 4 °C (Folbergrová et al. 2016)

Necrosis zone evaluation

The size of the necrosis zone was determined by the trip-
henyltetrazolium method. The brain was removed, with 

cutting off the cerebellum and separating the hemisp-
heres. Both hemispheres were weighed, then separately 
homogenized and placed in cups with 10 ml of a 1% so-
lution of triphenyltetrazolium chloride in phosphate buf-
fer (pH 7.4). The samples were placed in a water bath 
for 20 minutes at 37 °C. Tne samples were centrifuged 
at 5000 RPM/10 min. Next, 3 ml of cooled chloroform 
was added to the obtained supernatant and incubated for 
15 minutes at 40 °C, periodically stirring. The resulting 
mixture was re-centrifuged, and the optical density of the 
chloroform extract of formazan was measured at 492 nm 
against pure chloroform. The calculation of the necrosis 
zone was expressed as a percentage of the total mass of 
the hemispheres by the formula (Voronkov et al. 2019):
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where x is the size of the necrosis zone as a percentage of 
the total mass of the brain;

ε1 is the optical density of the sample with an intact hem-
isphere;

ε2 is the optical density of the sample with a damaged 
hemisphere;

M1 is the mass of the intact hemisphere;
M2 is the mass of the damaged hemisphere.

Respirometric analysis

An analysis of the state of the respiratory function of mi-
tochondria was carried out by the method of respirome-
try using an AKPM1-01L laboratory respirometer system 
(Alfa Bassens, Russia). The mitochondrial respiratory 
function was assessed by the change in oxygen consumpti-
on in the medium against the introduction of mitochondrial 
respiratory uncouplers. The last in the work were: oligo-
mycin 1 µg/ml; 4-(trifluoromethoxy) phenyl) hydrazono) 
malononitrile (FCCP-1 µmol/ml); rotenone – 1 µM/ml; and 
sodium azide – 20 mmol/ml. The oxidation substrates were: 
glucose – 15 mmol/ml; pyruvic acid – 10 mmol/ml; malate 
– 1 mmol/ml; succinate – 10 mmol/ml; ascorbate – 2 mmol/
ml; ADP – 1 mmol;/ml N, N, N ‘, N’-tetramethyl-1,4-phe-
nylenediamine (TMPD) – 0.5 mmol/ml. The overall as-
sessment of mitochondrial function was determined by the 
level of oxygen consumption in the medium after sequen-
tial addition of oligomycin, FCCP and rotenone to the me-
dium, and the ATP-generating ability was determined (by 
the difference in oxygen consumption after the addition of 
FCCP and oligomycin); the maximum level of respiration 
(by the difference in oxygen consumption after the additi-
on of FCCP and rotenone) and the respiratory capacity (by 
the difference in oxygen consumption after the addition of 
FCCP and the basal level of oxygen consumption). The ac-
tivity of glycolysis processes was evaluated when glucose 
was used as an oxidation substrate during the registration 
of oxygen consumption under the conditions of sequential 
addition of glucose, oligomycin and sodium azide to the 
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medium. The intensity of glycolysis was determined (by 
the difference in oxygen consumption after adding gluco-
se and the basal level of oxygen consumption), glycolytic 
capacity (by the difference in oxygen consumption after 
adding oligomycin and glucose), and glycolytic reserve (by 
the difference in oxygen consumption after adding glucose 
and sodium azide). Additionally, the activity of complexes 
I, II, IV, and V of the mitochondrial respiratory chain was 
evaluated. The activity of complex I was determined by the 
difference in oxygen consumption after adding the malate/
pyruvate and rotenone mixture to the medium. The activity 
of complex II was evaluated by the difference in oxygen 
consumption after adding succinate and oligomycin to the 
medium. The activity of complex IV was determined by the 
difference in oxygen consumption after adding the mixture 
of rotenone/TMPD/ascorbate and sodium azide to the me-
dium. The activity of complex V was evaluated by the dif-
ference in oxygen consumption after adding rotenone and 
ADP to the medium. During the analysis, the biosample vo-
lume was 275 μl, and that of the injected analyzers – 25 μl. 
Oxygen consumption was determined in ppm. The oxygen 
consumption in the sample was converted to the protein 
concentration in the sample, which was determined by the 
Bradford method, as described in (Carlsson et al. 2011).

Evaluation of mitochondrial permeability transition 
pore opening

The latent time of mitochondrial permeability transiti-
on pore opening was evaluated by a spectrophotometric 
method. The incubation medium contained: 0.5 ml of the 
analyzed supernatant, 200 mM of KCl, and 0.5 ml of a 
1 μm solution of cyclosporin A. The resulting mixture was 
adjusted to 2 ml with HEPES buffer solution with a pH of 
7.4. The optical density of the mixture was recorded at 
λ = 540 nm, then the resulting solution was incubated for 
25 min at room temperature with constant stirring. At the 
same time, the latent time of opening of the mitochondrial 
pore was evaluated in seconds (by changing the optical 
density of the incubation medium) (Zhyliuk et al. 2015).

Mitochondrial membrane potential evaluation

Mitochondrial membrane potential was evaluated by 
a spectrophotometric method. The incubation medium 
contained: 0.5 ml of the analyzed supernatant and 0.5 ml 
of a 9 μm solution of safranin O. The resulting mixture 
was adjusted to 2 ml with HEPES buffer solution with 
a pH of 7.4. The optical density of the mixture was re-
corded at λ = 515 nm and λ = 525 nm. The proton mo-
ving force (transmembrane electrochemical gradient, ∆Ψ) 
was determined by the difference of the optical density: 
∆Ψ = A515-A525 (Zhyliuk et al. 2015).

Evaluation of citrate synthase activity

The citrate synthase activity was evaluated according to 
the method proposed by Shepherd and Garland based 

on spectrophotometric determination of colored decay 
products of 5,5’-di-thiobis-(2-nitrobenzoic acid) in the 
presence of acetyl-CoA and oxaloacetate. The reaction 
mixture contained: 5.5’-di-thiobis-(2-nitrobenzoic acid) – 
100 mM; Tris-HCl buffer with a pH of 7.8–100 mm; ace-
tyl CoA – 100 mM; 0.1% Triton-X – 100 μl, and the in-
vestigated supernatant – 4 μl. The reaction was started by 
adding 100 μl of oxaloacetate. The change of absorbance 
was recorded at a wavelength of 412 nm for 3 minutes at 
room temperature. Citrate synthase activity was expres-
sed in U/mg protein. Protein concentration was estimated 
by the Bradford method (Shepherd and Garland 1969).

Evaluation of the calcium ions concentration

The content of ionized calcium in the analyzed samples 
was evaluated by the fluorescence method using Fura-2/
AM as a reporter. The incubation medium contained equi-
molar amounts (100 μl) of the studied supernatant and 
fluorescent reporter. The excitation wavelength of Fura-2/
AM is 340 nm. The emission wavelength of Fura-2/AM is 
380 nm. The concentration of calcium in the sample was 
calculated as the difference between the fluorescence sig-
nals at 340 nm and 380 nm, with a 510 nm filter installed 
(Hitachi MPF-4 spectrofluorimeter). The calcium content 
was converted to the protein concentration in the sample 
(Field et al. 1994).

Statistical analysis

The obtained results were statistically processed and ex-
pressed as M±SEM. A comparison of groups of means 
was carried out using the ANOVA method with post-pro-
cessing by means of Newman-Keuls test for multiple 
comparisons. The differences were considered statistical-
ly significant at p < 0.05. For the statistical analysis, the 
STATISTICA 6.0 application package (StatSoft, USA) 
for Windows was used.

Results
The results of the L-carnitine effect on the change in 
the total respiratory function of neuronal mitochond-
ria in rats under the cerebral ischemia conditions

In the course of this block of the experimental work, it 
was found that in the animals of the NC group, in compa-
rison with the SO (sham-operated) rats, the ATP-genera-
ting ability, the maximum respiration rate and respiratory 
capacity decreased by 5.9 times (p < 0.05), 3.47 times 
(p < 0.05), and 4.78 times (p < 0.05), respectively (Fig. 2).

Against the L-carnitine administration to the animals, 
dose-dependent changes in the studied parameters were 
registered. For instance, with an increase in the admin-
istered dose of L-carnitine from 200 mg/kg to 800 mg/
kg, the studied indicators of the mitochondria total res-
piratory function did not change significantly and were 
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higher than the similar parameters of the NC group. At 
the same time, in the groups of animals treated by L-car-
nitine at the doses of 25 mg/kg, 50 mg/kg, and 100 mg/kg, 
the ATP-generating ability, maximum respiration rate and 
respiratory capacity were also higher compared to those 
of the NC group (Fig. 2). For example, in the group of 
rats administered with L-carnitine at a dose of 25 mg/kg , 
the ATP-generating ability, the maximum respiration rate 
and respiratory capacity were 2.33 times (p < 0.05), 1.63 
times (p < 0.05), and 2.36 times (p < 0.05), respective-
ly higher than the corresponding parameters of the NC 
group. With the administration of L-carnitine at a dose 
of 50 mg/kg, these indicators increased in comparison 
with those of the NC group of animals: the ATP-gener-
ating ability – by 3.36 times (p < 0.05), the maximum 
respiration rate –by 2.04 times (p < 0.05), and respiratory 
capacity – by 2.61 times (p < 0.05). In the rats treated by 
L-carnitine at a dose of 100 mg/kg, there was an increase 
in the ATP-generating ability, maximum respiration rate 
and respiratory capacity by 4.18 times (p < 0.05), 2.26 
times (p < 0.05), and 2.79 times (p < 0.05), respectively. 
When administering L-carnitine at a dose of 200 mg/kg to 
the animals when compared to the NC group of rats, there 
was an increase in the ATP-generating ability – by 4.76 
times (p < 0.05); the maximum respiration rate – by 2.83 
times (p < 0.05), and respiratory capacity – by 2.96 times 
(p < 0.05). At the same time, an increase in the dose of 
L-carnitine from 200 mg/kg to 800 mg/kg was not accom-
panied by an increase in the therapeutic effect (Fig. 2).

The results of the L-carnitine effect on the change in 
the activity of anaerobic processes in the rats’ brain 
under the cerebral ischemia conditions

Assessing the change of the anaerobic processes activity 
in rats’ brain under the cerebral ischemia conditions, it 
was found that in the animals of the NC group, there was 
observed an increase in glycolysis intensity by 8.7 times 
(p < 0.05), accompanied by a decrease in glycolytic ca-
pacity and glycolytic reserve by 6.11 times (p < 0.05) and 
5.54 times (p < 0.05), respectively (Fig. 3). Against the 
administration of L-carnitine to the rats within the studied 
dose range, there was a decrease in the intensity of gly-
colysis (with the administration of 25 mg/kg L-carnitine 
– by 29.5% (p < 0.05), 50 mg/kg – by 45.6% (p < 0.05), 
100 mg/kg – 52.4% (p < 0.05), and 200 mg/kg – 59.3% 
(p < 0.05)). At the same time, as in the case of evaluating 
the total respiratory function, an increase in the dose of 
L-carnitine from 200 mg/kg to 800 mg/kg did not lead to a 
significant increase in the pharmacological effect (Fig. 3). 
With the use of L-carnitine, there was observed an increase 
in glycolytic capacity and glycolytic reserve (the most pro-
nounced and stable results were observed with administe-
ring L-carnitine at a dose of 200 mg/kg: glycolytic capaci-
ty increased by 4.1 times (p < 0.05) and glycolytic reserve 
– by 3.1 times (p < 0.05)). However, it is worth noting that 
with an increase in the dose of L-carnitine from 200 mg/kg 
to 800 mg/kg, there was a slight tendency to an increase in 
glycolytic capacity with stable glycolytic reserve (Fig. 3).

Figure 2. The effect of L-carnitine at various doses on the change of overall mitochondrial function in rats with cerebral ischemia. 
Note: SO – sham-operated rats; NC – group of animals of negative control; # – statistically significant relative to the SO group of rats; 
* – statistically significant relative to the NC group of rats; β – statistically significant relative to the group of rats treated by L-carnitine 
at a dose of 25 mg/kg; α – statistically significant relative to the group of rats treated by L-carnitine at a dose of 50 mg/kg; Δ – statisti-
cally significant relative to the group of rats treated by L-carnitine at a dose of 100 mg/kg. In all cases, the Newman-Keuls test, p < 0.05.
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The results of the L-carnitine effect on changes in the 
activity of mitochondrial complexes in rats brain un-
der the cerebral ischemia conditions

Assessing the change in the activity of mitochondrial 
complexes in the rats under the conditions of cerebral 
ischemia, it was found that in the animals of the NC group, 
there was a decrease in the activity of complex I – by 6.6 
times (p < 0.05), complex II – by 10.1 times (p < 0.05), 
complex IV – by 7.3 times (p < 0.05), and complex V – by 
8 times (p < 0.05) compared to the similar results of the 
SO group of rats (Fig. 4).

Against the background of the L-carnitine administra-
tion to the animals, there was observed an increase in the 
activity of the mitochondrial respiratory chain complexes, 
but when administering L-carnitine at a dose of 25 mg/kg, 
there was an increase (relative to the NC group of animals) 
of the activity of complex I, complex II, complex IV, and 
complex V by 1.9 times (p < 0.05), 1.5 times (p < 0.05), 
1.8 times (p < 0.05), and 1.7 times (p < 0.05), respectively. 
At the same time, when L-carnitine was used at a dose of 
50 mg/kg and 100 mg/kg, the changes in the activity of mi-
tochondrial complexes were comparable (Fig. 4). It should 
be noted that when administering L-carnitine at the doses 
of 200 mg/kg, 400 mg/kg, 600 mg/kg, and 800 mg/kg, the 
most pronounced change in the activity of mitochondrial 
respiratory chain complexes was observed. So, with the 

use of L-carnitine at a dose of 200 mg/kg, the activity of 
complex I increased (relative to the NC group of rats) by 
3.4 times (p < 0.05); complex II – 4.1 times (p < 0.05), 
complex IV – 2.9 times (p < 0.05), complex V – 3.2 times 
(p < 0.05), while when administering L-carnitine at a dose 
of 800 mg/kg, the activity of complexes I; II; IV, and V 
increased by 3.7 times (p < 0.05), 4.6 times (p < 0.05), 
3.6 times (p < 0.05), and 4.2 times (p < 0.05), respectively 
(Fig. 4). However, it is worth noting that there were no 
statistically significant differences in the activity of com-
plex I in the animals treated by L-carnitine at the doses of 
50 mg/kg, 100 mg/kg, 200 mg/kg, 400 mg/kg, 600 mg/
kg, and 800 mg/kg. Also, the activity of complex IV and 
V with the use of L-carnitine at a dose of 100 mg/kg did 
not statistically significantly differ from those of the rats 
that were treated by L-carnitine at the doses of 200 mg/kg, 
400 mg/kg, 600 mg kg, and 800 mg/kg (Fig. 4).

The results of the L-carnitine effect on the change of 
the citrate synthase activity in rats’ brain under the 
cerebral ischemia conditions

When assessing the changes in the activity of citrate syn-
thase in the brain supernatant in rats under the cerebral 
ischemia conditions, it was found that in the NC group 
there was a decrease in the activity of this enzyme in 
comparison to the SO rats by 3.4 times (p < 0.05). At the 

Figure 3. The effect of L-carnitine at various doses on the change in the intensity of anaerobic processes in rats with cerebral ischemia. 
Note: SO – sham-operated rats; NC – group of animals of negative control; # – statistically significant relative to the SO group of rats; 
* – statistically significant relative to the NC group of rats; β – statistically significant relative to the group of rats treated by L-carnitine 
at a dose of 25 mg/kg; α – statistically significant relative to the group of rats treated by L-carnitine at a dose of 50 mg/kg; Δ – statisti-
cally significant relative to the group of rats treated by L-carnitine at a dose of 100 mg/kg. In all cases, the Newman-Keuls test, p < 0.05.
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Figure 4. The effect of L-carnitine at various doses on the change in the activity of mitochondrial respiratory chain complexes in 
rats with cerebral ischemia. Note: SO – sham-operated rats; NC – group of animals of negative control; # – statistically significant 
relative to the SO group of rats; * – statistically significant relative to the NC group of rats; β – statistically significant relative to 
the group of rats treated by L-carnitine at a dose of 25 mg/kg; α – statistically significant relative to the group of rats treated by 
L-carnitine at a dose of 50 mg/kg; Δ – statistically significant relative to the group of rats treated by L-carnitine at a dose of 100 mg/
kg. In all cases, the Newman-Keuls test, p < 0.05.

Figure 5. The effect of L-carnitine at various doses on the change in the activity of citrate synthase in rats wuth cerebral ischemia. 
Note: SO – sham-operated rats; NC – group of animals of negative control; # – statistically significant relative to the SO group of rats; 
* – statistically significant relative to the NC group of rats; β – statistically significant relative to the group of rats treated by L-carnitine 
at a dose of 25 mg/kg; α – statistically significant relative to the group of rats treated by L-carnitine at a dose of 50 mg/kg; Δ – statisti-
cally significant relative to the group of rats treated by L-carnitine at a dose of 100 mg/kg. In all cases, the Newman-Keuls test, p < 0.05.
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same time, the administration of L-carnitine within the 
studied dose range contributed to the restoration of the 
citrate synthase activity. For instance, administering 
L-carnitine at the doses of 25 mg/kg, 50 mg/kg, and 
100 mg/kg, the activity of citrate synthase increased 
in comparison with that in the NC group of animals by 
1.4 times (p < 0.05), 1.8 times (p < 0.05), and 1.9 times 
(p < 0.05), respectively. More significant changes were 
observed when administering L-carnitine at high doses: 
the activity of citrate synthase with the use of L-carnitine 
at a dose of 200 mg/kg increased by 2.3 times (p < 0.05) 
relative to that in the NC group of animals; at a dose of 
400 mg/kg – by 2.4 times (p < 0.05); 600 mg/kg – 2.5 
times (p < 0.05), and 800 mg/kg – 2.8 times (p < 0.05). 
Moreover, it should be noted that statistically signi-
ficant differences in the activity of citrate synthase in 
the groups of rats treated by L-carnitine at the doses of 
200 mg/kg, 400 mg/kg, 600 mg/kg, and 800 mg/kg have 
not been established (Fig. 5).

The results of the L-carnitine effect on changes in the 
mitochondrial membrane potential in rats’ brain un-
der the cerebral ischemia conditions

Under the conditions of modeling cerebral ischemia 
in NC rats, there was observed a 5-time decrease in 
the value of the mitochondrial membrane potential 
(Fig. 6) relative to the parameter of the SO animal group 
(p < 0.05). When administering L-carnitine to the rats, 
there was an increase in the membrane potential of mi-
tochondria relative to that in the NC group of animals, 
while with the use of L-carnitine at a dose of 25 mg/kg, 
the mitochondrial membrane potential increased by 1.8 
times (p < 0.05). With the administration of L-carnitine 
at the doses of 50 mg/kg, 100 mg/kg, and 200 mg/kg, 

the membrane potential of mitochondria increased by 
2.1 times (p < 0.05), 2.3 times (p < 0.05), and 2.4 times 
(p < 0.05), respectively. It is worth noting that the most 
significant changes in the mitochondrial membrane po-
tential were registered when administering L-carnitine 
at the doses of 400 mg/kg, 600 mg/kg, and 800 mg/kg, 
by which the membrane potential of mitochondria incre-
ased by 2.9 times (p < 0.05), 3.0 times (p < 0.05), and 3.1 
times (p < 0.05), respectively (Fig. 6).

The results of the L-carnitine effect on the change in 
the latent time of mitochondrial permeability transi-
tional pore opening in rats’ brain under the cerebral 
ischemia conditions

Assessing the change in the latent opening time of the 
mitochondrial permeability transitional pore, it was 
found that in the NC group of animals, this indicator 
decreased by 2.36 times (p < 0.05) relative to that in 
the SO group of rats. When using L-carnitine at the do-
ses of 25 mg/kg, 50 mg/kg, and 100 mg/kg, there was 
observed an increase in the latent time of opening of 
the mitochondrial permeability transitional pore by 1.3 
times (p < 0.05), 1.4 times (p < 0.05), and 1.47 times 
(p < 0.05), respectively. At the same time, when ani-
mals were treated by L-carnitine at the doses of 200 mg/
kg, 400 mg/kg, 600 mg/kg, and 800 mg/kg, the latent 
opening time of the mitochondrial permeability transi-
tional pore was higher by 1.69 times (p < 0.05), 1.79 
times (p < 0.05), 1.81 times (p < 0.05), and 1.83 times 
(p < 0.05), respectively, than that in the NC group. It is 
worth noting that no statistically significant differences 
between the groups of animals treated by L-carnitine 
at the doses of 200 mg/kg, 400 mg/kg, 600 mg/kg, and 
800 mg/kg were found (Fig. 7).

Figure 6. The effect of L-carnitine at various doses on the change in the mitochondrial membrane potential in rats with cerebral ischemia. 
Note: SO – sham-operated rats; NC – group of animals of negative control; # – statistically significant relative to the SO group of rats; 
* – statistically significant relative to the NC group of rats; β – statistically significant relative to the group of rats treated by L-carnitine 
at a dose of 25 mg/kg; α – statistically significant relative to the group of rats treated by L-carnitine at a dose of 50 mg/kg; Δ – statistically 
significant relative to the group of rats treated by L-carnitine at a dose of 100 mg/kg. In all cases, the Newman-Keuls test, p < 0.05.
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The results of the L-carnitine effect on changes in the 
concentration of calcium in the brain supernatant in 
rats under the cerebral ischemia conditions

In the course of assessing the change in the concentration 
of calcium ions (Fig. 8) in the supernatant of the animal 
brain, it was found that in the NC group, the was observed 
an 83% increase in the content of intracellular calcium 
(p < 0.05). When administering L-carnitine at the doses 
of 200 mg/kg, 400 mg/kg, 600 mg/kg, and 800 mg/kg, 
the concentration of ionized calcium was less by 25.1% 
(p < 0.05), 29% (p < 0.05), 30% (p < 0.05), and 31% 
(p < 0.05), respectively, than the corresponding indicator 
of the NC rat group (Fig. 8). It should be noted that the 
administration of L-carnitine to the animals at the doses 
of 25 mg/kg, 50 mg/kg, and 100 mg/kg did not signifi-
cantly affect the change in the content of calcium ions in 
the supernatant of the rats’ brain.

The results of the L-carnitine effect on the change in 
the size of the brain necrosis zone in rats under the 
cerebral ischemia conditions

In the NC group of rats, the zone of cerebral necrosis was 
45.2 ± 1.298% (Fig. 9). With the administration of L-car-
nitine at a dose of 25 mg/kg, there was observed a 19.6% 
decrease in the zone of cerebral infarction (p < 0.05) in 
comparison with that in the NC group. When adminis-
tering L-carnitine at the doses of 50 mg/kg, 100 mg/kg, 

and 200 mg/kg, the brain necrotic area was less by 21.5% 
(p < 0.05), 23.5% (p < 0.05), and 28.8% (p < 0.05), res-
pectively, than the same indicator for the NC group. The 
most pronounced changes in the size of the brain necrosis 
zone happened with the use of L-carnitine at the doses of 
400 mg/kg, 600 mg/kg, and 800 mg/kg, which decreased 
the necrotic area in relation to the NC group of animals by 
36.9% (p < 0.05), 39.4% (p < 0.05), and 38.1% (p < 0.05), 
respectively (Fig. 9).

Discussion

Carnitine (L-3-hydroxy-4-N, N, N-trimethylaminobuty-
rate, vitamin B11) is an essential water-soluble nutrient. 
One of the main functions of L-carnitine is to transport 
long-chain fatty acid residues through the mitochondrial 
membrane from the cytosol to the mitochondrial matrix 
with the goal of β-oxidation and, accordingly, the forma-
tion of macroergic compounds and generation of cellular 
energy (Pietrocola et al. 2015). In addition, L-carnitine is 
involved in metabolic reactions that maintain the balance 
of acyl-CoA/CoA, which is also necessary to maintain the 
proper energy status of the cell (Bene et al. 2018). The di-
rect precursor of L-carnitine in the human body is 6-N-tri-
methyllysine, formed from lysine and methionine, which 
are donors of the hydrocarbon skeleton and 4-N-methyl 
groups. Some endogenous proteins containing N-methyl 
lysine residues in their structure can also be precursors 

Figure 7. The effect of L-carnitine at various doses on the change in the latent time of mitochondrial permeability transition pore 
opening in rats with cerebral ischemia. Note: SO – sham-operated rats; NC – group of animals of negative control; # – statistically 
significant relative to the SO group of rats; * – statistically significant relative to the NC group of rats; β – statistically significant 
relative to the group of rats treated by L-carnitine at a dose of 25 mg/kg; α – statistically significant relative to the group of rats 
treated by L-carnitine at a dose of 50 mg/kg; Δ – statistically significant relative to the group of rats treated by L-carnitine at a dose 
of 100 mg/kg. In all cases, the Newman-Keuls test, p < 0.05.
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of L-carnitine (in this case, L-carnitine is synthesized in 
transmethylation reactions, in which S-adenosylmethioni-
ne acts as a methyl group donor). In the classical version, 
the biosynthesis of L-carnitine consists of four sequenti-
al reactions, where in the end L-carnitine is synthesized 

from γ-butyrobetaine under the influence of γ-butyrobe-
taindeoxygenase (Rebouche 2004).

The main food sources of L-carnitine are meat, fish, and 
milk products. In plant foods, the content of L-carnitine is 
not high. True vegetarians have more than 90% of total 

Figure 8. The effect of L-carnitine at various doses on the change in the intensity of anaerobic processes in rats with cerebral ischemia. 
Note: SO – sham-operated rats; NC – group of animals of negative control; # – statistically significant relative to the SO group of rats; 
* – statistically significant relative to the NC group of rats; β – statistically significant relative to the group of rats treated by L-carnitine 
at a dose of 25 mg/kg; α – statistically significant relative to the group of rats treated by L-carnitine at a dose of 50 mg/kg; Δ – statisti-
cally significant relative to the group of rats treated by L-carnitine at a dose of 100 mg/kg. In all cases, the Newman-Keuls test, p < 0.05.

Figure 9. The effect of L-carnitine at various doses on the change in the size of the brain necrosis zone in rats with conditions of cerebral 
ischemia. Note: SO – sham-operated rats; NC – group of animals of negative control; # – statistically significant relative to the SO group 
of rats; * – statistically significant relative to the NC group of rats; β – statistically significant relative to the group of rats treated by L-car-
nitine at a dose of 25 mg/kg; α – statistically significant relative to the group of rats treated by L-carnitine at a dose of 50 mg/kg; Δ – statis-
tically significant relative to the group of rats treated by L-carnitine at a dose of 100 mg/kg. In all cases, the Newman-Keuls test, p < 0.05.
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L-carnitine synthesized endogenously (Rebouche 2004). 
The bioavailability of L-carnitine from food is about 54–
86%. The highest content of L-carnitine can be found in 
the intracellular space, in which about 99% of the total 
level of L-carnitine in the body is localized. In this regard, 
the concentration of L-carnitine in the blood is relatively 
low and is approximately 22–50 µmol/L (26–53 µmol/L in 
men and 19–44 µmol/L in women) (Opalka et al. 2001).

L-carnitine is one of the key molecules necessary for the 
optimal functioning of mitochondria. As mentioned above, 
L-carnitine provides for β-oxidation reactions, transporting 
residues of fatty acids to the mitochondrial matrix during 
the reactions of the carnitine-acyl carnitine cycle, which 
consists of three successive stages. At the first stage, long-
chain fatty acid fragments interact with carnitine palmitoyl 
transferase I to form acyl carnitine equivalents of fatty ac-
ids, which are transported to the mitochondrial matrix by 
means of carnitine acylcarnitine translocase (stage II). At 
the final stage, carnitine palmitoyl transferase II reduces the 
acyl carnitine derivatives on the inner mitochondrial mem-
brane to the starting products (Yan et al. 2015).

Several studies have shown that L-carnitine is a poten-
tially effective neuroprotective agent. Ueno et al. (2015) 
showed that the oral administration of L-carnitine at high 
doses (600 mg/kg) under the conditions of chronic brain 
hypoperfusion in animals caused by bilateral occlusion 
of the common carotid arteries contributed to the resto-
ration of the memory trail in rats, and also a decrease in 
the oxidative modification of cell structures by lipid per-
oxidation type. The neuroprotective effect of L-carnitine 
was supposed to be associated with the regulation of the 
PTEN/Akt/mTOR signaling pathway, improved myeli-
nation of nerve fibers, and reduction of oxidative stress. 
The study by Binienda et al. (2006) found that intraperi-
toneal prophylactic administration of L-carnitine at a dose 
of 100 mg/kg reduced the negative metabolic changes in 
the striatum of rats under hypoxia conditions, which were 
expressed in the up-regulation of the UCP2 protein and 
D1 dopamine receptors (administration of L-carnitine 
suppressed these changes). The study by Al-Majed et al. 
(2006) demonstrated that the administration of 300 mg/kg 
L-carnitine to rats with cerebral ischemia contributed to 
the normalization of the restored glutathione concentra-
tion, an increase in ATP concentration and a decrease in 
TBARS (2-thiobarbituric acid active products). However, 
according to (Ferreira and McKenna 2017), more detailed 
studies are needed to evaluate other aspects of the L-car-
nitine neuroprotective effect. Conducted study showed 
that therapeutic administration of L-carnitine at a dose 
range of 25 mg/kg, 50 mg/kg, 100 mg/kg, 200 mg/kg, 
400 mg/kg, 600 mg/kg, and 800 mg/kg contributed to the 

restoration of mitochondrial function in rats under condi-
tions of permanent cerebral ischemia. At the same time, 
the use of L-carnitine at low doses (25 mg/kg – 100 mg/
kg) improved the state of the respiratory function of mi-
tochondria, but had less effect on the change in the lev-
el of intracellular calcium. The administration of L-car-
nitine within the dose range of 200 mg/kg – 800 mg/kg 
stabilized the respiratory function of mitochondria, which 
was reflected in an increase in the ATP-generating ability, 
maximum respiration level, respiratory capacity, glyc-
olytic capacity, and glycolytic reserve, as well as a de-
crease in the intensity of anaerobic processes. In addition, 
the use of high-doses of L-carnitine restored the activity 
of complexes I, II, IV, and V of the mitochondrial respira-
tory chain, increased the mitochondrial membrane po-
tential, and decreased the latent time of formation of the 
mitochondrial permeability transition pore and the level 
of intracellular calcium. Moreover, in a number of experi-
mental studies, there are data proving that the compounds 
capable of suppressing the formation of mitochondrial 
permeability transition pore are promising neuroprotec-
tors (Kalani et al. 2018). As a result, the observed chang-
es in mitochondrial function contributed to a decrease in 
the cerebral infarction zone (it is most pronounced when 
L-carnitine was administered at the doses of 400 mg/kg, 
600 mg/kg, and 800 mg/kg). It should be noted that a con-
sistent increase in the dose of L-carnitine from 200 mg/
kg to 800 mg/kg (per os) did not lead to an increase in the 
pharmacological effect. However, one should not deny 
other possible mechanisms of the L-carnitine neuropro-
tective effect, for example, the antioxidant or endotheli-
oprotective effect (Fielding et al. 2018), which, together 
with the restoration of mitochondrial function, potentiate 
the neuroprotective effect of L-carnitine.

Conclusion

The study showed the promise of the use of L-carnitine 
at a dose above 200 mg/kg mg/kg (oraly) as a neuropro-
tective agent aimed at restoring mitochondrial function 
under conditions of permanent focal cerebral ischemia. 
At the same time, a neuroprotective effect is achieved 
when administering L-carnitine at low doses (25 mg/kg – 
100 mg/kg), but without a significant effect on the change 
in the concentration of intracellular calcium.
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