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ABSTRACT

Aim. To evaluate the functional state of mitochondria isolated from peripheral blood mononuclear leukocytes using
flow cytometry in patients with chronic heart failure receiving ubidecarenone (coenzyme Q).

Materials and methods. The study included 53 patients with chronic heart failure who had experienced myocardial
infarction. The patients were divided into two groups: group 1 received optimally chosen standard therapy,
while group 2 received optimally chosen standard therapy and ubidecarenone (“Kudevite”). The mitochondrial
membrane potential was evaluated by flow cytometry using propidium iodide and 3,3'-dihexyloxacarbocyanine
iodide (DiOC6(3)). The levels of coenzyme Q were determined using high-performance liquid chromatography
with ultraviolet (UV) detection.

Results. A direct correlation was established between the coenzyme Q levels in the blood plasma and the percent-
age of DIOC6(3)-positive cells (R = 0.39; p < 0.05) in the patients with chronic heart failure. In group 1, no signif-
icant differences in the coenzyme Q levels and the percentage of DiOC6(3)-positive and DiOC6(3)-negative cells
before and after the therapy were observed. In group 2, a significant increase in the proportion of DiOC6(3)-positive
cells and a significant decrease in the percentage of DiOC6(3)-negative cells were revealed.

Conclusion. The increase in the functional activity of mitochondria in the patients with chronic heart failure
receiving ubidecarenone was identified. Flow cytometry can be used to evaluate the functional state of mitochondria
and observe the efficiency of the selected therapy.
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OueHKa pYyHKLMOHANbHOro COCTOAHNA MUTOXOHAPUIN MOHOHYKJ/1eapHbIX

NenKounToOB MeTOA0M NPOTOYHON LUTOMETPUN Y NaLNEHTOB
C XpPOHNYECKON cepie4HHON HeA0CTaTOYHOCTbIO NOoA BIIAHNEM
ybunpgekapeHoHa
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PE3IOME

Henp — oneHUTHs (DYHKIIMOHAIBHOE COCTOSHIE MHUTOXOHAPHH MOHOHYKJIEAPHBIX JISHKOIUTOB NepH(epruIecKoi
KPOBH C IIPUMEHEHNEM METO/Ia IIPOTOYHOH IIUTOMETPUH y MAlIEHTOB ¢ XPOHUUECKOH Cep/IeyHOH HeJJ0CTaTOUHO-
CTBIO Ha (poHE MmpueMa mpenapaTa yonaekapeHona (kosuzuma Q).

Marepuajbl 1 MeTo/Abl. B nccnenoBanue BKIIOYEHBI 53 MalMeHTa ¢ XPOHUYECKOW CepACYHON HEeI0CTaTOYHO-
CTBIO TI0CTIE IEPEHECEHHOr0 HH(papKTa MHOKapaa. I1arueHTs! Obln pachpesienensl B ABE TPYIIIBI: HepBas rPyIma
MOTy4asa TONbKO ONTHMAaIbHO MOAO0OPaHHYIO CTAaHAAPTHYIO TEPAIuIo, BTOpast IPyMIa — JOTMOIHUTENBHO K ONTH-
MaJIPHO TI0Z00OpaHHON MEAMKaMEHTO3HOH Tepamuu moitydyana mpenapaT youaekapeHoHa («Kymesutay). Ouenka
MHTOXOHPHAITEHOTO MEMOPAaHHOTO TTOTEHIIMAA TPOBOIUIACE METOJOM IPOTOYHOM IIUTOMETPUH C IPUMEHEHUEM
Hoaucroro mponuaus u Hoaun 3,3 -murexcunokcakapooruanuaa (DiOC6(3)). Onpenenenue coaepKaHus KOdH-
3uMa Q B KPOBH IPOBOAMIOCH METOZOM BBICOK03()(heKTUBHOI KUAKOCTHON XpoMaTorpaduu ¢ yapTpaduoaeToBoit
JIETEKLUEH.

PesyabTatbl. BrisBieHa mpsMas KOppesLMOHHAs 3aBUCUMOCTb MEXIY COJIEp)KaHMeM Ko3H3uMa Q B IuiazMe
KkpoBH u nporieHToM DiOC-no3utuBHBIX KiIeToK (R = 0,39; p < 0,05) y manueHToB ¢ XpOHUYECKOW CepACUHOM
HEJI0CTAaTOYHOCTHIO. B rpyrme nanneHToB, MolyyaBLIIkX TOJIBKO ONTHMAIIBHO MOJOOPaHHYIO CTaHAAPTHYIO Tepa-
MO, HE BBISIBJICHO CTaTUCTUYECKU 3HAUUMBbIX PA3IM4YUi B COAECPIKaHUU KOIH3UMA Q U IPOLIEHTHOM COJIeP KaHUU
DiOC-no3uruBHbIX 1 DiOC-HeratuBHBIX KJIETOK JI0 Hadalla ¥ [0cjie Tepanuy. B rpymnmne naiueHTos, Nory4aBunx
JIOTIOJIHUTEIIBHO IpernapaT youaeKkapeHoHa, ocje Teparii HabIo aoch CTATUCTUYECKH 3HAaUMMOE YBEJINUCHUE
o DiIOC-1o3uTHBHBIX KJIETOK U yMEHbIIeHHE 10 DiOC-HeraTuBHBIX KJIETOK.

3akiiloueHue. Y CTaHOBJICHO TIOBBIIIICHUE Q)yHKHPIOHaJII;HOI;‘I AKTUBHOCTHU MI/ITOXOH,Z[pI/Iﬁ Yy MalfueHTOB C XpOHU4YEC-
CKOM Cepﬂe‘{HOﬁ HEAOCTATOYHOCTBIO Ha (1)0He Teparu npernapaTrom y6Hz[eKapeHOHa. MeTOZ[ HpOTO‘IHOf/i OUTOME-
TPHUU MOKET OBITh HCITOJIb30BaH JJI OEHKH (byHKHHOHaJ'[I;HOFO COCTOsIHUSA MI/ITOXOHZ[pI/Iﬁ 1 KOHTPOJIsL 3(1)(1)6KTI/IB-
HOCTH HpHMeHS{eMOﬁ Teparuu.

Ki1roueBble c10Ba: MUTOXOHPUH, XPOHUYECKAs CEpledHasi HeJOCTATOYHOCTb, KO3H3UM (), IPOTOYHAs LIUTOME-
TpUsi, MUTOXOHAPHAIBHBIH MEMOPaHHBIN MOTEHIHAI

KonpaukT uHTEpecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBUE SIBHBIX U MOTEHIMAIBHBIX KOH(OINKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIUKaNKeil HACTOSIIECH CTaThH.

HUcTouHuk (bmlancnponamm. ABTOpI:I 3asIBIISIIOT 00 OTCYTCTBHUHU (bI/IHaHCI/IpoBaHI/IH Ipy MPOBECACHUUN UCCIIEN0-
BaHUA.

CooTBeTcTBHE NIPHHIMIIAM dTHKH. Bee yuacTHHKY nccienoBanus oAnucaal HHGopMupoBanue coriacue. Vc-
CJIC/IOBAaHME OI00PEHO JIOKATbHBIM dTHdeckuM KomureroM C3I'MVY mm. M.M. Meunnkosa (mportokon Ne 12 ot
10.12.2014).

Jst murupoBanmst: Jlo6anosa O.A., Iaiikosas JI.B., [lananu B.A., Epmakos A .., Kyxapunk I'.A. Ouenka ¢pyHk-
LHOHAJILHOTO COCTOSIHUSI MUTOXOHAPUH MOHOHYKJICAPHBIX JICHKOLIUTOB METO/IOM IIPOTOYHON IUTOMETPUH Y Ia-
[IUEHTOB C XPOHMYECKOH CepJeYHOM HEOCTATOUHOCTBIO 110/ BIMSHUEM yOuaekapeHoHa. bioanemens cubupckol
meduyunsl. 2022;21(2):90-96. https://doi.org/10.20538/1682-0363-2022-2-90-96.
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INTRODUCTION

The use of ultrastructural analysis to study patho-
logical processes in the myocardium has shown that
mitochondria are the first to respond to any impact
[1]. Identifying the nature and degree of mitochondri-
al damage in patients with chronic heart failure (CHF)
is an important clinical and laboratory task, as it can
determine the severity of the disease course [2, 3]. In
addition, mitochondria are seen as a potential target
for heart failure therapy [4—6].

To assess the functional state of mitochondria (M),
there is a fairly large set of methods based on mea-
suring the rate of oxygen uptake, autofluorescence of
NADH and flavoproteins, the activity of M enzymes,
and ATP levels [7]. However, not all methods can be
used in clinical diagnostic laboratories. First of all, this
is due to high complexity of research algorithms and
analysis methods. One of the promising methods for
studying the functional state of M is the assessment
of changes in the mitochondrial membrane potential
(MMP) using flow cytometry. The advantages of the
method include a small amount of biological material
required for the study and higher throughput capacity.

A drop in MMP can serve as an integral indica-
tor of the functional state of M, since one of the most
important functions of M is energy supply of cells, in
which the respiratory chain plays an important role.
The activity of the respiratory chain is accompanied
by release of protons into the intermembrane space,
which leads to the formation of a proton gradient,
which triggers the activity of ATP synthase. Metabol-
ic disorders, as well as the structure and integrity of
the mitochondrial membrane, can ultimately result in
a decrease in the MMP [8, 9].

Determination of MMP changes using flow cytom-
etry is based on the use of special fluorescent dyes. Ex-
amples of such dyes are 3,3’-dihexyloxacarbocyanine
iodide (DiOC6(3)) and propidium iodide (PI) [10, 11].
DiOC6(3) belongs to the group of lipophilic cationic
dyes, which are called “mitochondrial probes” in the
literature. Due to its lipophilic properties, DiOC6(3)
is able to freely penetrate into the bilipid membranes
of the cell, and, due to its cationic properties, this dye
accumulates in areas with a high concentration of pro-
tons, that is, in mitochondria. This effect is accompa-
nied by a change in the intensity of cellular fluores-
cence in the green region of the spectrum, which is
recorded by flow cytometry [12]. If the proton con-
centration in the M is reduced, the dye will accumu-
late in them less efficiently, and, as a consequence, the
intensity of its fluorescence will decrease. Thus, it is

possible to distinguish between cells with efficiently
functioning M and, consequently, high fluorescence
intensity (DiOC6(3)-positive cells) and cells in which
the functioning of M is impaired (DiOC6(3)-negative
cells). Such cells have reduced fluorescence intensity.

In later stages of cell destruction, the integrity of the
cell membrane is disrupted and, as a result, cell death
occurs. To detect these late stages, another fluorescent
dye, PI, is used, which cannot penetrate through cell
membranes, but as it degrades, it begins to penetrate
into the cell, accumulating in the cytoplasm and nu-
cleus and interacting with DNA and RNA. As a result,
the cell acquires the ability to fluoresce in the red re-
gion of the spectrum.

Thus, the method of flow cytometry using two flu-
orescent dyes makes it possible to detect not only cells
with preserved functional state M, but also to identify
cells at different stages of apoptosis, which is a conse-
quence of developing mitochondrial dysfunction [13].

Given the complexity of obtaining human cardiac
tissue for research purposes, one of the approaches
for studying pathogenetic changes in the myocardium
is to determine biochemical parameters in peripheral
blood cells. The literature contains evidence of a cor-
relation between changes in internal organs, including
the myocardium, and changes in peripheral blood cells
[14-16]. Thus, the works by E. Cortez et al. showed
a correlation between changes in the biochemical pa-
rameters in peripheral blood mononuclear leukocytes
and cardiomyocytes. The following parameters were
determined: cellular respiration rate, carnitine palmi-
toyltransferase I, UCP 2, GLUT 1 [14].

The aim of the study was to assess the function-
al state of M of peripheral blood mononuclear leu-
kocytes using flow cytometry in patients with CHF
against the background of ubidecarenone (coenzyme
Q) administration.

The objectives of the study were to determine the
possibility of evaluating the effectiveness of ubide-
carenone therapy by monitoring changes in the MMP
in blood cells in CHF patients.

MATERIALS AND METHODS

The study included 53 patients with CHF who
experienced myocardial infarction (MI) in the last
6 months before inclusion in the study. The patients
were treated at St. Petersburg State Government-Fund-
ed Healthcare Institution “Elizavetinskaya Hospital”.
The study was conducted in accordance with the
Declaration of Helsinki “Recommendations Guiding
Physicians in Biomedical Research Involving Human
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Subjects” and the requirements outlined in the main
regulatory documents on clinical trials in the Russian
Federation. The average age of the patients was 68 £
8.1 years, including 28 men and 25 women. The diag-
nosis of CHF was based on the criteria of the Society
of Heart Failure Specialists.

All patients were initially evaluated for the func-
tional state of M of peripheral blood mononuclear leu-
kocytes and the content of total coenzyme Q (CoQ)
in the blood plasma. Besides, standard clinical and
biochemical examinations were performed. The pa-
tients were then divided into two groups by block
randomization (2 x 2). Group 1 included 28 patients
who received optimally chosen standard therapy in ac-
cordance with the clinical guidelines for the diagnosis
and treatment of coronary artery disease (CAD) and
CHF. Group 2 encompassed 25 patients who received
optimally chosen standard therapy and ubidecarenone
(“Kudevite™) at a dose of 120 mg per day (2 capsules
(30 mg per capsule) in the morning and 2 capsules in
the evening).

Patients of groups 1 and 2 were comparable in gen-
der and age: the average age in group 1 was 70.0 £
6.9 (56.0; 78.0) years, in group 2 — 66.8 £ 9.5 (49.0;
78.0) years (p > 0.05). In group 1, men accounted for
48%, in group 2 — for 52%. All studies were carried
out twice: at hospitalization and 3 months after the
start of the therapy.

To assess changes in MMP by flow cytometry,
blood was collected in tubes containing EDTA. The
leukocyte suspension was isolated using urograf-
in. The obtained supernatant was used for the study.
Then, a 20-fold DiIOC6(3) solution (Invitrogen, USA)
was added to 100 pl of the cell suspension, resulting
in a final concentration of DiOC6(3) equal to 20 nM.
The samples were then thoroughly mixed and incubat-
ed for 20 minutes at 37 °C in a 5% CO2 atmosphere
in a dark place. The resulting cell suspension was add-
ed to 10 ul of a propidium iodide (PI) solution (Sig-
ma-Aldrich, USA), obtaining a final concentration of
PI equal to 1 pg / ml. The samples were then incu-
bated for 10 minutes at room temperature in the dark
place. Upon completion of the incubation, 200 pl of
phosphate-buffered saline was added to the samples,
and flow cytometric counting was performed. The ob-
tained results were analyzed using the Kaluza ™ soft-
ware (Beckman Coulter, USA).

The total plasma CoQ was determined by high-per-
formance liquid chromatography (HPLC) with ultra-
violet (UV) detection on the Agilent 1200 series gra-
dient system [17, 18]. CoQ determined in the blood

plasma of group 1 patients before the start of the treat-
ment was endogenous CoQ. In the patients of group 2,
the determined CoQ was the sum of the endogenous
CoQ and that obtained together with the drug.

As a drug containing ubidecarenone (CoQ), the
drug “Kudevite” (PIK-PHARMA, Moscow) was used
in the study. A feature of this pharmaceutical prepa-
ration is a high-tech substance ALL-Q produced in
Switzerland, which provides optimal bioavailability
of ubidecarenone. This substance has increased hy-
drophilicity, which makes it possible to convert poor-
ly absorbed hydrophobic ubidecarenone into a wa-
ter-soluble form that is optimal for absorption.

The research materials were statistically processed
using parametric and nonparametric tests. Accumula-
tion, correction, and systematization of the baseline
data and visualization of the results were carried out in
Microsoft Office Excel 2016 spreadsheets. Statistical
analysis was carried out using the STATISTICA 10
software (StatSoft.Inc., USA).

Aggregates of quantitative variables with non-nor-
mal distribution were presented as the median and the
interquartile range Me (Q —Q,). To compare aggregates
of independent variables with non-normal distribu-
tion, the Mann — Whitney U-test was used. In order to
study the relationship between the quantitative data, the
Spearman’s rank correlation coefficient was used. The
values of the correlation coefficient p were interpreted
in accordance with the Chaddock scale (Table 1).

Table 1
Chaddock scale
The values of the correlation Characteristics of the strength
coefficient r of the correlation

less than 0.1 no correlation

0.1-0.3 weak

0.3-0.5 moderate

0.5-0.7 noticeable

0.7-0.9 high

0.9-0.99 very high

The differences were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

The correlation analysis revealed a significant mod-
erate positive correlation between the content of endog-
enous CoQ in the blood plasma (0.55 = 0.11 pg / ml)
and the percentage of DiOC6(3)-positive cells
(R =0.39, p <0.05) in patients with CHF before the
treatment. Low concentration of CoQ in patients with
CHF is one of the factors leading to changes in mi-
tochondrial processes and activation of processes
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leading to cell death, which results in a decrease in
the percentage of DiOC6(3)-positive cells where the
functioning of M is preserved. The higher the con-
centration of CoQ, the more stable the mitochondri-
al membrane. Thus, the addition of ubidecarenone to
therapy can improve the functional state of M.

In group 1 (patients who received only optimally
chosen standard therapy), no statistically significant
differences in the percentage of cells before and af-
ter the therapy were revealed (Table 2). In group
2 (patients who additionally received ubidecarenone),
a statistically significant increase in the percentage of
DiOC6(3)-positive cells and a decrease in the percent-
age of DiIOC6(3)-negative cells were observed after
the therapy.

Table 2

The content of DiOC6(3)-positive and DiOC6(3)-negative
cells in patients with CHF before and after the treatment, %,

Me (0-0)

DiOC6(3)-
positive cells

DiOC6(3)-

Parameter X
negative cells, %

Group 0 (before the start
of the treatment)

Group 1 (standard ther-
apy)

Group 2 (standard therapy
+ “Kudevite”)

75.0 (67.0; 80.4) | 21.5(19.5;32.9)

77.0 (71.0; 85.4) | 21.8 (14.4; 28.9)

94.0 (80.0; 95.0)* | 4.2 (4.0; 19.5)**

* p=10.025 (when compared with group 0), p = 0.044 (when compared
with group 1).

** p = 0.031 (when compared with group 0), p = 0.043 (when
compared with group 1).

The correlation analysis in group 2 showed a sig-
nificant negative correlation between the content of
CoQ in the blood plasma and the baseline percentage
of DIOC6(3)-negative cells (R =—0.45, p <0.05).

DiOC6(3)-positive cells exhibit high fluorescence
in the green region of the spectrum, which is associ-
ated with active accumulation of the DiOC6(3) dye.
This indicates preservation of MMP and, consequent-
ly, the main processes aimed at its formation. Thus,
against the background of ubidecarenone therapy, an
increase in the functional activity of M is observed.
It is known that ubidecarenone, penetrating into cells,
is involved in the work of the respiratory chain and
participates in cellular energy supply [19, 20]. In ad-
dition, ubidecarenone has antioxidant properties and
reduces production of reactive oxygen species (ROS).
ROS, through the activation of MAP kinases, includ-
ing p38 and p53, activate proapoptotic factors (Bax,
Bak, and others) and contribute to opening of mito-
chondrial pores. A drop in ROS production leads to a

decrease in the release of proapoptotic proteins from
the mitochondrial matrix into the cytosol, suppression
of apoptosis, and, as a consequence, a decrease in
subsequent cell death. Thus, the functional activity of
M, including the work of the respiratory chain, is pre-
served. As a result, the release of protons into the in-
termembrane space is restored, leading to restoration
of the MMP.

Against the background of ubidecarenone therapy,
a decrease in the percentage of DiOC6(3)-negative
cells was observed, which may be associated with a
decrease in ROS production and suppression of apop-
tosis intensity. Due to the increased concentration of
protons in the intermembrane space of M, DiOC6(3) is
more intensively accumulated in M, leading to an in-
crease in the fluorescence intensity in the green region
of the spectrum. At the same time, due to the preser-
vation of the cell membrane structure following a de-
crease in the activity of lipid peroxidation, penetration
of another dye (PI) into cells and its accumulation in
them decreases. This is manifested through a decrease
in the fluorescence intensity in the red region of the
spectrum, which indicates a decrease in the number
of cells at the stage of early apoptosis and dying cells.

CONCLUSION

Thus, flow cytometry revealed an increase in the
functional activity of M in patients with CHF during
ubidecarenone therapy, which is confirmed by a sig-
nificant increase in the percentage of DiOC6(3)-pos-
itive cells. Determination of the functional state of M
of peripheral blood mononuclear leukocytes using
flow cytometry can be used to assess the functional
state of M and monitor the effectiveness of therapy in
patients with CHF.
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