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Abstract—Methylene blue, a phenothiazine dye, that is widely used in medicine and is under clinical trials as
an agent for treatment of Alzheimer’s disease. One of the factors of the unique therapeutic effect of methylene
blue is its redox properties, allowing implementation of alternative electron transport: the dye accepts elec-
trons from reducing equivalents in mitochondria and transfer them to other components of the respiratory
chain or molecular oxygen. Azure I, an N-dimethylated metabolite of methylene blue, is potentially a more
effective compound than methylene blue, but its ability for alternative electron transport has not been studied
yet. We have shown that in contrast to methylene blue, azure I is unable to restore the membrane potential in
isolated mouse brain mitochondria, inhibited by rotenone and, therefore, is unable to perform bypass of the
respiratory chain complex I. Moreover, addition of azure I does not affect the rate of mitochondrial respira-
tion in contrast to methylene blue, which increases the rate of non-phosphorylation respiration. At the same
time, both dyes stimulate an increase in H2O2 production. Thus, only methylene blue is capable of alternative
electron transport, while azure I does not produce complex I bypass. This limits its therapeutic application
only as a mitochondrial-targeted agent, but does not question its antidepressant effects.
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INTRODUCTION
Mitochondria are the most important center of the

cell where not only metabolic but also signaling path-
ways determining cell fate (cell survival or death) con-
verge. Mitochondria are the main source of energy
and the site of production of large quantities of reac-
tive oxygen species (ROS). ATP production requires a
high membrane potential, at which the maximum
ROS production is observed [1]. Animal mitochon-
dria have systems for uncoupling the coupled respira-
tory chain, but they are not characteristic of all tissues
and are less efficient than, for example, alternative
plant respiratory chains [2]. Therefore, pharmacolog-
ical approaches to uncoupling the mitochondrial elec-
tron transport chain (ETC) represent a promising
approach to treat metabolic diseases.

2,4-Dinitrophenol was one of the first metabolic
modulators widely used in medicine, particularly, for
the treatment of obesity. However, later a wide range
of side effects was identified, which led to its complete
ban in some countries, for example, in the USA and
UK [3]. During the last decade, the concept of “alter-
native electron transport” was formulated, which, to
some extent, could be also considered as the way to

uncouple coupled respiration [4]. Methylene blue
(Fig. 1a) belongs to the class of phenothiazines; due to
its unique redox properties methylene blue can accept
electrons from reducing equivalents (e.g. NADH or
FADH2) and transfer them to other components of the
respiratory chain (for example, complex III or cyto-
chrome c) or molecular oxygen. Using this approach it
is possible to bypass damaged or inhibited site of the
respiratory chain [4]. In contrast to 2,4-dinitrophenol,
methylene blue is a safe compound lacking serious
side effects. It is widely used to treat methemoglobin-
emia, malaria, and cyanide poisoning. The photody-
namic activity of the compound makes it possible to
use methylene blue in the treatment of oncological
diseases and as an antiviral agent [5]. Certain evidence
exists that the dye is effective against Covid-19 [6].

However some side effects of methylene blue have
been also described. Methylene blue treatment of met-
hemoglobinemia in patients with glucose-6-phos-
phate dehydrogenase deficiency leads to a sharp
decrease in NADPH levels and can cause hemolysis
[7], which can also occur in newborns treated with this
compound [8]. Intra-amniotic administration of
methylene blue causes hemolytic anemia [9] and liver
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Fig. 1. Structural formulas of methylene blue (a) and
azure I (b).
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damage [10]. The review [11] describes rare cases of an
allergic reaction to methylene blue during laparos-
copy. In a recent study, we have found that at high
concentrations, methylene blue (50 mg/kg/day for
4 weeks per os) can induce changes in the composition
of the gut microbiome that are associated with the
development of dysbiosis [12].

Methylene blue is actively studied as a potential
neuroprotector. It is currently undergoing clinical tri-
als as a possible drug for the treatment of Alzheimer’s
disease [13]. Methylene blue inhibits monoamine oxi-
dase, which makes it a fairly potent antidepressant
[14]. However, relatively recently, it has been shown
that the N-demethylated metabolite of methylene
blue, azure I (Fig. 1b), is a more potent of monoamine
oxidase inhibitor [14, 15]. Probably, this may explain
much higher (14-fold) tissue penetrating capacity of
azure I [16]. Since azure I is metabolized better than
methylene blue, its safety and efficacy are higher in
some parameters. Azure I is also more effective in
inhibiting the proinflammatory cytokine tumor
necrosis factor (TNFα, Tumor necrosis factor-alpha)
[17]. There is evidence that azure I is as effective as
methylene blue in inhibiting caspases [18] and sup-
pressing the expression of mutant proteins responsible
for tau aggregation and the development of Alzhei-
mer’s disease [19]. Azure I may be also used as an anti-
dote for cyanide poisoning, even at lower concentra-
tions than methylene blue. In terms of the therapeutic
effect the azure I dose of 4 mg/kg corresponds to the
methylene blue dose of 20 mg/kg [20].

Thus, according to some parameters, azure I is
more effective than methylene blue, but, despite this
fact, it has been studied much worse. There are no data
on whether azure I, like methylene blue, is capable of
alternative electron transport in the mitochondrial
ETC. Potentially, the use of azure I at lower doses
would solve the problem of side effects associated with
high concentrations of methylene blue.

The aim of this study was to compare the effects of
azure I and methylene blue on the bioenergetic prop-
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erties of isolated mitochondria, particularly, to com-
pare their effects on the rate of mitochondrial respira-
tion, membrane potential, and the rate of ROS pro-
duction. Understanding the bioenergetic properties of
azure I at the level of intact mitochondria will help
evaluate its therapeutic potential in treatment of
pathologies associated with mitochondrial dysfunc-
tions.

MATERIALS AND METHODS
Research Objects

Eight male C57BL/6 mice were used in experi-
ments. The animals were kept under standard vivar-
ium conditions at 25°C and air humidity of at least
40%. Mice received a standard laboratory diet and
drinking water ad libitum. Animals were sacrificed by
rapid cervical dislocation followed by decapitation
without the use of anesthetics, since the use of anes-
thetics can cause changes in the bioenergetic charac-
teristics of mitochondria, in particular, uncoupling of
oxidative phosphorylation [21]. All bioenergetic
parameters of mitochondria were measured in at least
six technical repeats.

Isolation of Brain Mitochondria
After decapitation, the mouse brain was removed

and homogenized using a KIMBLE Dounce tissue
grinder (Sigma-Aldrich, USA) in buffer A, containing
225 mM mannitol (Sigma-Aldrich), 75 mM sucrose
(Dia-M, Russia), 5 mM Hepes (BioClot, Germany),
1 mM ethylene glycol tetraacetic acid (EGTA)
(Sigma-Aldrich), pH 7.4 with the addition of
2 mg/mL fatty acid-free bovine serum albumin (BSA)
(Dia-M). The wash buffer (buffer B) used in the cen-
trifugation step had the same composition except
BSA. The resulting homogenate was centrifuged using
a Z 36 HK centrifuge (Hermle Labortechnik, Ger-
many) for 5 min at 900 g. The supernatant was trans-
ferred into clean tubes and centrifuged for 10 min at
14000 g. After that, the supernatant was removed, and
the pellet was resuspended in 100 μL of buffer B and
after addition of digitonin (Sigma-Aldrich) (0.02%
final concentration) the susnepsion was incubated on
ice for 2 min. The tubes were centrifuged for 15 min at
14000 g. The supernatant was removed again, the pel-
let was resuspended in 100 μL of buffer B, and then
centrifuged for 10 min at 14000 g. The last step was
repeated twice. The resulting pellet was resuspended in
20 μL of buffer B [22].

Measurement of Bioenergetic Parameters
All subsequent experiments, performed in six inde-

pendent measurements, were carried out in buffer A
(its composition was described above). The rate of
mitochondrial respiration was measured using an
Oxygraph high-resolution respirometric system (Han-
 BIOMEDICAL CHEMISTRY  Vol. 16  No. 2  2022
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satech Instruments, UK) and a closed Clark type elec-
trode by registering reduction of the oxygen concen-
tration in the assay medium. The substrate, 5 mM
pyruvate + 5 mM malate (Sigma-Aldrich), 4 mM
phosphate (KН2PO4), and 10 μL of mitochondrial
suspension (100 μg/mL), were added to 1 mL of
buffer A. Mitochondrial respiration was stimulated by
adding 200 nM ADP (Sigma-Aldrich). Changes in
respiration intensity were recorded after the addition
of 1 μM methylene blue (Sigma-Aldrich) and 1 μM
azure I (Interkhim, Russia) in separate measurements
(independently of each other).

The membrane potential was measured using a Hita-
chi F-7000 fluorescent spectrophotometer (Hitachi
High Technologies, Japan). The value of the transmem-
brane potential was measured by the fluorescence inten-
sity of the cationic lipophilic probe safranin O (Sigma-
Aldrich). The excitation wavelength was 495 nm, and the
emission wavelength was 586 nm. The substrate, 5 mM
pyruvate + 5 mM malate, 4 mM phosphate (KН2PO4),
1 μM safranin O, and 10 μL of mitochondrial suspension
(concentration 100 μg/mL), were added to 1 mL of buf-
fer A. The membrane potential was inhibited by adding
1 μM rotenone (Sigma-Aldrich). Restoration of the
membrane potential was stimulated by the addition of
1 μM methylene blue and 1 μM azure I in separate mea-
surements (independently of each other).

The rate of H2O2 production in mitochondria was
measured using an Amplex Ultra Red fluorescent
marker (Invitrogen, USA). The excitation wavelength
was 530 nm, the emission wavelength was 590 nm. The
substrate, 5 mM pyruvate + 5 mM malate, 4 mM
phosphate (KH2PO4), 1 U Amplex Ultra Red, 4 U
horseradish peroxidase (Amresco, USA) and 10 μL of
mitochondrial suspension (100 μg/mL) were added to
1 mL of buffer A. Changes in the rate of H2O2 produc-
tion were recorded after addition of 1 μM methylene
blue and 1 μM azure I in separate measurements
(independently of each other). The H2O2 concentra-
tion was measured as the f luorescence intensity of
resorufin formed in the reaction of Amplex Ultra Red
oxidation.

The protein concentration was measured using the
PierceTM BCA Protein Assay Kit (ThermoFisher Sci-
entific, USA).

Statistical Data Processing

Statistical analysis was performed using STATIS-
TICA 10 software. Data are presented as means ±
error of the mean. Distribution normality was tested
using the Shapiro−Wilk test (W-test). Differences
between groups were assessed using the Mann−Whit-
ney test (U-test). The paper discusses only statistically
significant differences at p < 0.05.
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
RESULTS AND DISCUSSION
Mitochondrial Membrane Potential

Methylene blue has a wide range of functions
within the cell; one of the most discussed is alternative
electron transport in the mitochondria ETC. Earlier, it
has been repeatedly shown that methylene blue
bypasses complex I block [4, 23]. Rotenone is a classic
inhibitor of complex I, which inhibits the movement
of electrons in the immediate vicinity of the ubiqui-
none binding site [24]. Figure 2 shows that this con-
tributed to the suppression of the membrane potential
as evidenced by an increase in the level of safranin O
fluorescence. The subsequent addition of 1 μM meth-
ylene blue led to a partial restoration of the membrane
potential, as shown by a decrease in the level of safr-
anin O fluorescence (Fig. 2). The addition of 1 μM
azure I did not cause changes in the safranin O fluo-
rescence, therefore, there was no restoration of the
membrane potential, which was inhibited by rotenone
(Fig. 2). Thus in contrast to methylene blue, azure I is
not capable of bypassing mitochondrial ETC compo-
nents, at least complex I.

Respiration of Isolated Mitochondria
The rate of mitochondrial respiration using

NADH-dependent substrates without the addition of
ADP was 21.59 ± 1.81 nmol O2 min–1 mg–1 of protein.
The addition of 1 μM methylene blue stimulated an
increase in the respiratory rate to 30.67 ± 3.77 nmol O2
min–1 mg–1 of protein (p < 0.05) (Fig. 3a). These data
are consistent with results showing that methylene
blue increases the rate of ADP-unstimulated respira-
tion with succinate as the respiration substrate of iso-
lated rat liver mitochondria [25]. At the same time,
methylene blue did not affect the rate of ADP-stimu-
lated respiration thus suggesting that methylene blue
could uncouple oxidative phosphorylation [25]. We
have shown that methylene blue addition to mito-
chondria in the presence of ADP did not affect the rate
of respiration (165.39 ± 11.07 nmol O2 min–1 mg–1 of
protein in the control and 182.57 ± 19.83 nmol O2
min–1 mg–1 of protein in mitochondria after the meth-
ylene blue addition) (Fig. 3b). Similar data (an
increase in the respiration rate without ADP addition
and the absence of stimulation of mitochondrial respi-
ration in the presence of ADP) were obtained [23]
using succinate, α-glycerophosphate, and malate +
glutamate as the respiration substrates.

We have shown that the addition of 1 μM azure I
did not affect the rate of either ADP-unstimulated
mitochondrial respiration (21.58 ± 2.74 nmol O2 min–1

mg–1 protein) (Fig. 3a) or the rate of ADP-stimulated
respiration of mitochondria (140.23 ± 35.99 nmol O2
min–1 mg–1 protein) (Fig. 3b). Thus, azure I does not
exhibit the properties of an oxidative phosphorylation
uncoupler.
S B: BIOMEDICAL CHEMISTRY  Vol. 16  No. 2  2022
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Fig. 2. Change in membrane potential of intact mouse brain mitochondria after addition of rotenone, methylene blue (dark gray
line), or azure I (light gray line). Mito—addition of a suspension of mitochondria.
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The Rate of H2O2 Production by Isolated Mitochondria

The rate of H2O2 production by isolated mitochon-
dria was 45.39 ± 5.95 pmol H2O2 min–1 mg–1. The
addition of 1 μM methylene blue more than tripled the
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B:

Fig. 3. The effect of methylene blue (MB) and azure I on
the respiration rate of intact mouse brain mitochondria.
Differences are statistically significant, * p < 0.05.
(a) Mitochondrial respiration not stimulated by ADP.
(b) ADP-stimulated mitochondrial respiration.
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rate of H2O2 production (177.6 ± 14.99 pmol H2O2

min–1 mg–1; p < 0.01). The addition of 1 μM azure I
also stimulated H2O2 production by isolated mito-
chondria (150.23 ± 7.34 pmol H2O2 min–1 mg–1, p <
0.01) (Fig. 4). Thus, on the one hand, the data suggests
that Azur I produces 15% less H2O2. However, if we
calculate the proportion of H2O2 formed from O2 con-
sumed, the results will be opposite. Mitochondria
without the addition of phenothiazines produced
0.21% H2O2. The addition of methylene blue resulted
in an H2O2 content to 0.58%, while the addition of
azure I increases this proportion to 0.7%. These data
partially correlated with LD50 values. The LD50 value
for Azure I administered intravenously to mice is
65 mg/kg [26], which is slightly lower than for methy-
lene blue (77 mg/kg) [27].

However, these results cannot indicate that Azur I
may be potentially more toxic to the body. Certain evi-
 BIOMEDICAL CHEMISTRY  Vol. 16  No. 2  2022

Fig. 4. Effect of methylene blue (MB) and azure I on the
rate of H2O2 production by intact mouse brain mitochon-
dria. Differences are statistically significant, ** p < 0.01.
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dence exists that azure I penetrates into tissues 14
times better [16], and the therapeutic effect of 4 mg/kg
azure I corresponds to the dose 20 mg/kg of methylene
blue [20].

CONCLUSIONS
Thus, both methylene blue and azure I can increase

the rate of H2O2 production by isolated mitochondria
in vitro. This is not entirely consistent with the notion
that they can be mild uncouplers, since an increase in
the rate of H2O2 production is impossible at a high
membrane potential [1]. We can speculate that alter-
native electron transport is a form of noncoupled res-
piration, but it is not associated with a decrease in
ROS production. In this case, only methylene blue is
able to perform alternative electron transport, bypass-
ing ETC components. Azur I, the demethylated form
of methylene blue, does not bypass complex I. This
limits its functionality as a mitochondria-targeted
drug, but does not question its therapeutic potential as
a potent inhibitor of monoamine oxidase, inflamma-
tory and apoptotic processes.

FUNDING

This work was supported by a scholarship of the Presi-
dent of the Russian Federation for young scientists and PhD
students (Project SP-2802.2021.4), by the President grant
for support of leading scientific school (project NSh-
1375.2022.5), and the Russian Foundation for Basic
Research (project no. 19-44-360011 r_a).

COMPLIANCE WITH ETHICAL STANDARDS

Authors declare that they have no conflict of interest.
The maintenance and euthanasia of laboratory animals was
carried out according to the rules established by the Com-
mittee for the Care and Use of Animals of the Voronezh
State University, which comply with the directive estab-
lished by the European Union 2010/63/EU regarding
experiments using animals.

REFERENCES
1. Korshunov, S.S., Skulachev, V.P., and Starkov, A.A.,

FEBS Lett., 1997, vol. 416, no. 1, pp. 15–18. 
https://doi.org/10.1016/s0014-5793(97)01159-9

2. Ricquier, D., Front. Endocrinol., 2011, vol. 2, 85. 
https://doi.org/10.3389/fendo.2011.00085

3. Grundlingh, J., Dargan, P., El-Zanfaly, M., and
Wood, D.M., J. Med. Toxicol., 2011, vol. 7, no. 3,
pp. 205–212. 
https://doi.org/10.1007/s13181-011-0162-6

4. Wen, Y., Li, W., Poteet, E.C., Xie, L., Tan, C.,
Yan, L.J., Ju, X., Liu, R., Qian, H., Marvin, M. A.,
Goldberg, M.S., She, H., Mao, Z., Simpkins, J.W.,
and Yang, S.H., J. Biol. Chem., 2011, vol. 286, no. 18,
pp. 16504–16515. 
https://doi.org/10.1074/jbc.M110.208447
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
5. Schirmer, R.H., Adler, H., Pickhardt, M., and Man-
delkow, E., Neurobiol. Aging, 2011, vol. 32, no. 12,
pp. 2325.e7–2325.e16. 
https://doi.org/10.1016/j.neurobiolaging.2010.12.012

6. Hamidi-Alamdari, D., Hafizi-Lotfabadi, S., Bagheri-
Moghaddam, A., Safari, H., Mozdourian, M., Javida-
rabshahi, Z., Peivandi-Yazdi, A., Ali-Zeraati, A., Sed-
aghat, A., Poursadegh, F., Barazandeh-Ahmadaba-
di, F., Agheli-Rad, M., Tavousi, S.M., Vojouhi, S.,
Amini, S., Amini, M., Majid-Hosseini, S., Tavanaee-
Sani, A., Ghiabi, A., Nabavi-Mahalli, S., Morovat-
dar, N., Rajabi, O., and Koliakos, G., Rev. Invest. Clin.,
2021, vol. 73, no. 3, pp. 190–198. 
https://doi.org/10.24875/RIC.21000028

7. Scolding, N.J., Pasquini, M., Reingold, S.C., and Co-
hen, J.A., Brain, 2017, vol. 140, no. 11, pp. 2776–2796. 
https://doi.org/10.1093/brain/awx154

8. Cragan, J.D., Teratology, 1999, vol. 60, no. 11, pp. 42–
48. 
https://doi.org/10.1002/(SICI)1096-9926(199907)60:
1<42::AID-TERA12>3.0.CO;2-Z

9. Sills, M.R. and Zinkham, W.H., Arch. Pediatr. Adolesc.
Med., 1994, vol. 148, no. 3, pp. 306–310. 
https://doi.org/10.1001/archpedi.1994.02170030076017

10. McFadyen, I., BJOG: Int. J. Obstet. Gynaecol., 1992,
vol. 99, pp. 89–95.

11. Akazawa, M., Igarashi, A., Ebata, N., Murata, T., Ze-
niya, S., Haga, Y., Nozawa, K., Fujii, K., and
Taguchi, T., J. Pain Res., 2019, vol. 12, pp. 2785–2797. 
https://doi.org/10.2147/JPR.S203712

12. Gureev, A.P., Syromyatnikov, M.Y., Ignatyeva, D.A.,
Valuyskikh, V.V., Solodskikh, S.A., Panevina, A.V.,
Gryaznova, M.V., Kokina, A.V., and Popov, V.N.,
PLoS One, 2020, vol. 15, no. 11, e0241784. 
https://doi.org/10.1371/journal.pone.0241784

13. ClinicalTrials.gov Identifier: NCT03446001.
14. Delport, D., Schoeman, R., van der Merwe, N., van

der Merwe, L., Fisher, L.R., Geiger, D., and
Kotze, M.J., Metab. Brain Dis., 2014, vol. 29, no. 2,
pp. 377–384. 
https://doi.org/10.1007/s11011-014-9506-7

15. Petzer, A., Harvey, B.H., Wegener, G., and
Petzer, J.P., Toxicol. Appl. Pharmacol., 2012, vol. 258,
no. 3, pp. 403–409. 
https://doi.org/10.1016/j.taap.2011.12.005

16. Warth, A., Goeppert, B., Bopp, C., Schirmacher, P.,
Flechtenmacher, C., and Burhenne, J., Virchows Arch.,
2009, vol. 454, no. 3, pp. 341–344. 
https://doi.org/10.1007/s00428-009-0734-x

17. Culo, F., Sabolović, D., Somogyi, L., Marusić, M.,
Berbiguier, N., and Galey, L., Agents Actions, 1991,
vol. 34, pp. 424–428. 
https://doi.org/10.1007/BF01988739

18. Pakavathkumar, P., Sharma, G., Kaushal, V.,
Foveau, B., and LeBlanc, A.C., Sci. Rep., 2015, vol. 5,
13730. 
https://doi.org/10.1038/srep13730

19. Biberoglu, K., Yuksel, M., and Tacal, O., Chem. Biol.
Interact., 2019, vol. 299, pp. 88–93. 
https://doi.org/10.1016/j.cbi.2018.11.023
S B: BIOMEDICAL CHEMISTRY  Vol. 16  No. 2  2022



THE EFFECT OF METHYLENE BLUE AND AZURE I ON BRAIN MITOCHONDRIA 153
20. Haouzi, P., McCann, M., and Tubbs, N., Toxicol. Rep.,
2020, vol. 7, pp. 1459–1464. 
https://doi.org/10.1016/j.toxrep.2020.10.015

21. Rottenberg, H., Proc. Natl. Acad. Sci. USA, 1983,
vol. 80, no. 11, pp. 3313–3317. 
https://doi.org/10.1073/pnas.80.11.3313

22. Gureev, A.P., Shaforostova, E.A., Popov, V.N., and
Starkov, A.A., FEBS Lett., 2019, vol. 593, no. 5,
pp. 499–503. 
https://doi.org/10.1002/1873-3468.13332

23. Tretter, L., Horvath, G., Hölgyesi, A., Essek, F., and
Adam-Vizi, V., Free Radic. Biol. Med., 2014, vol. 77,
pp. 317–330. 
https://doi.org/10.1016/j.freeradbiomed.2014.09.024

24. Andreev, A.Yu., Kushnareva, Yu.E., and Starkov, A.A.,
Biochemistry (Moscow), 2005, vol. 70, no. 2, pp. 246–
264. 
https://doi.org/10.1007/s10541-005-0102-7

25. Visarius, T.M., Stucki, J.W., and Lauterburg, B.H.,
FEBS Lett., 1997, vol. 412, no. 1, pp. 157–160. 
https://doi.org/10.1016/s0014-5793(97)00767-9

26. Lutty, G.A., Toxicol. Appl. Pharmacol., 1978, vol. 44,
no. 2, pp. 225–249. 
https://doi.org/10.1016/0041-008x(78)90185-0

27. Necina, J., Jakubovic, A., and Mikulaskova, J., Cesk.
Farm., 1963, vol. 12, pp. 94–101.

Translated by A. Medvedev
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B: BIOMEDICAL CHEMISTRY  Vol. 16  No. 2  2022


	INTRODUCTION
	MATERIALS AND METHODS
	Research Objects
	Isolation of Brain Mitochondria
	Measurement of Bioenergetic Parameters
	Statistical Data Processing

	RESULTS AND DISCUSSION
	Mitochondrial Membrane Potential
	Respiration of Isolated Mitochondria
	The Rate of H2O2 Production by Isolated Mitochondria

	CONCLUSIONS
	REFERENCES

		2022-05-16T18:50:16+0300
	Preflight Ticket Signature




