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Abstract
Introduction: In this research, we evaluate the effect of intravenously administrated solubilized ubiquinol on 4-week 
monocrotalin-induced pulmonary hypertension (PH) in rats.

Materials and methods: To reproduce the model, some male Wistar rats were subcutaneously injected with alcohol 
solution of monocrotaline 60 mg/kg and the rest – with alcohol solution (Control). Those with monocrotaline (MCT) 
were divided into 3 groups. They underwent intravenous administration of 1% ubiquinol solution 30 mg/kg (MCT-Ubi-
quinol), the vehicle (MCT-Vehicle) and saline (MCT-saline) three times on days 7, 14 and 21, depending on the group. 
The hemodynamic parameters were measured in anesthetized rats on day 29. Right ventricle hypertrophy, pulmonary 
arteries reactivity and expression of miRNA-21 and miRNA-34a were estimated after euthanasia.

Results and discussion: All MCT-groups demonstrated an increase in right ventricle systolic pressure and hypertro-
phy in comparison with the control group. An increase in lung weight was shown in MCT-Vehicle and MCT-Saline; 
however, the MCT-Ubiquinol indicators did not differ from those of the Control. There was an increased vasodilatation 
response to acetylcholine at concentrations of 1*10-6M and 1*10-5M in MCT-Ubiquinol in contrast to the other two 
MCT-groups. A significantly lower level of expression of miRNA-34a was observed in MCT-Ubiquinol.

Conclusion: Our findings suggest that a triple ubiquinol injection influences pulmonary changes and endothelium-de-
pended vasodilatation, which contributes to pulmonary vascular tone and reactivity. A decrease in miRNA-34a expres-
sion in MCT-Ubiquinol group demonstrates the ubiquinol anti-inflammatory properties.
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MCT-induced pulmonary hypertension, CoQ10, ubiquinol, oxidative stress, inflammation, endothelial dysfunction, 
miRNA-34a.
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Introduction
Coenzyme Q10 (CoQ10) is an endogenous component of 
the mitochondrial respiratory chain of almost any cell in 
the body. CoQ10 can be regarded as an antioxidant due to 
its redox potential. Antioxidant properties of CoQ10 are 
mediated mainly by neutralization of reactive oxygen 
species (ROS) by ubiquinol and prevention of oxidative 
stress development. Oxidative stress is closely related to 
inflammation, and one can be easily caused by the other. 
Thus, the biological role of ubiquinol may also be deter-
mined by its possible anti-inflammatory activity (Bessler 
et al. 2010; Fan et al. 2017; Liu et al. 2017).

Many studies have shown the therapeutic efficacy of 
CoQ10 for chronic heart failure (Langsjoen and Langsjoen 
2008; Littarru et al. 2011; Sharma et al. 2016), coronary 
heart disease (Kuimov and Murzina 2013; Ayers et al. 
2018), and a positive effect of CoQ10 on the prognosis of 
pulmonary hypertension (Sharp et al. 2014) and endothe-
lial vascular dysfunction (Littarru et al. 2011; Gao et al. 
2012; Sharma et al. 2016). However, it should be noted 
that oral CoQ10 administration is characterized by rather 
low bioavailability at the level of only 0.1–3% (Khari-
tonova et al. 2013). In this connection, soluble form of 
ubiquinol for intravenous administration was developed 
to overcome the problem of its low bioavailability (Khari-
tonova et al. 2013; Kalenikova et al. 2017; Shapoval et al. 
2018). The intravenous form provides an instant increase 
in plasma level of CoQ10 and gradual replenishment of 
its tissue level. This fact is demonstrated in a rapid and 
long-lasting correction of the redox imbalance in oxida-
tive stress and accompanying pathologies (Kalenikova et 
al. 2015; Shapoval et al. 2018).

Pulmonary hypertension (PH) is defined as a chronic 
disease with remodeling of small and medium pulmonary 
vessels, which leads to an increase in pulmonary blood 
pressure, heart failure and, ultimately, possible death (Ru-
bin 1997). Morphological changes are mainly inflammato-
ry in character in the chronic form of PH and include ap-
optosis-resistant proliferation of endothelium and smooth 
muscle cells of the pulmonary artery. Inflammation reduces 
the activity of NO-synthase in endothelial cells, increases 
the permeability of the endothelium, and increases its sen-
sitivity to vasoconstrictors (Schermuly et al. 2011; Thenap-
pan et al. 2018). Eventually, it leads to the narrowing of ar-
terioles lumen and compensatory hypertrophy of the right 
ventricle (RV) with subsequent disruption of its function. 
In addition to proliferative changes in vessels walls due to 
inflammation accompanied with oxidative damage, the en-
dothelial dysfunction develops (Schulz et al. 2011), which 
also contributes significantly to the increasing pressure in 
the pulmonary artery. Thus, oxidative stress and inflam-
mation in endothelial cells and endothelial dysfunction are 
among the main factors in the pathogenesis of PH.

Nowadays there is a large number of studies showing 
the critical role of miRNAs as markers of cell prolifera-
tion (Wang et al. 2013), inflammation processes (Sessa 
2011), apoptosis (Fu et al. 2018), and other reactions. A 

number of miRNAs mediating the proliferation and mi-
gration of smooth muscle cells (miR-21, miR-124, miR-
17–92, etc.) in PH have been identified, some of which 
may also participate in the proliferation of endothelial 
cells and fibroblasts (Boucherat et al. 2015; Zhou et al. 
2015). A group of miRNAs involved in the development 
of the inflammatory process accompanying PH (miR-124, 
miR-223, miR-34a, miR-132, etc.) has also been identi-
fied, but they are poorly studied (Zhou et al. 2015). Thus, 
the expression of sensitive miRNAs can be considered 
as a potential therapeutic target for research of various 
drugs, including CoQ10.

A significant obstacle faced when studying the CoQ10 
effect on cardiovascular diseases (CVD) is the way it is 
administered. In most studies, the drug was administered 
orally (Sharp et al. 2014; Fan et al. 2017; Ayers et al. 
2018), which leaves open the question of how effective 
CoQ10 is when its bioavailability is gradually increased. 
Therefore, in this study we used water soluble form of 
ubiquinol for intravenous administration.

As noted above, CoQ10 administration has a therapeu-
tic effect in various cardiovascular diseases (CVDs), in-
cluding PH. Therefore, in this study we have tested the 
hypothesis that the reduced form of CoQ10 (ubiquinol) 
can reduce a degree of PH progression, which is based on 
the antioxidant properties of ubiquinol. It was shown that 
the oxidative vascular damage can disrupt the function of 
NO-synthase (Schulz et al. 2011; Silva et al. 2012). As the 
result, the level of NO decreases, leading to an increase in 
vascular resistance. Hence, ubiquinol as an antioxidant can 
potentially affect these triggers of PH development by low-
ering the level of ROS. The aim of this work was to evalu-
ate the effect of intravenous administration of new solubi-
lized form of ubiquinol on the development of endothelial 
dysfunction and on the biomarkers of inflammation.

Materials and methods
Animals and experimental design

The experiments were carried out on the 2-month-old 
male Wistar rats (weight 180–230 g). All the manipula-
tions with the animals were carried out according to the 
Council Directive 86/609/EEC principles. The animals 
were obtained from the vivarium of the Research Institu-
te of General Pathology and Pathophysiology (Moscow, 
Russia). The rats were kept under the 12-hour daylight 
conditions with the free access to water and food.

The experiment involved 4 groups, with 15 animals in 
each group. On the first day of the experiment, the ani-
mals were injected with a single subcutaneous injection 
of MCT (60 mg/kg) in three groups. In the fourth group, 
the animals were injected with a monocrotaline solvent 
(alcohol solution), i.e. the control group to MCT injection 
was regarded as a group without PH (Control).

MCT-induced PH model was chosen as the most con-
venient, technically simple and reproducible. It includes 
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all special links: vascular remodeling, smooth muscle cell 
proliferation of pulmonary vessels and changes in the level 
of pro-inflammatory markers (Gomez-Arroyo et al. 2012).

On days 7, 14 and 21 after MCT administration, the ani-
mals were divided into 3 groups. The group MCT-Ubiquinol 
was injected into the tail vein with 1% solubilized ubiquinol 
at a dose of 30 mg/kg; MCT-Vehicle was administered 
only a vehicle without ubiquinol 0.9 ml/kg (the vehicle 
includes solubilizer and 0.05–0.2% of direct antioxidants 
that may also have an impact, i.e. it was the control to the 
use of ubiquinol), and MCT-Saline was injected with 0.9% 
NaCl solution 0.9 ml/kg (it was the control to the healthy 
rats showing the influence of MCT and at the same time 
to MCT-Vehicle). The control group of healthy rats was 
also injected with a vehicle. Water soluble ubiquinol and 
vehicle were provided by Scientific Production Associa-
tion “House of Pharmacy”, St. Petersburg, Russia (patent 
#RU2635993-C1). Thus, a total of 4 groups were formed: 
one normotensive (Control) and 3 hypertensive groups 
(MCT-Ubiquinol, MCT-Vehicle and MCT-Saline).

It is important to note that our previous study did not re-
veal any effects of intravenous injection of ubiquinol or its 
vehicle on any of the PH diagnostic parameters in healthy 
rats, which is why no data from it are included here.

Measurement of hemodynamic parameters

Hemodynamic parameters were measured on the 29th day 
after injection of MCT. The animals were anesthetized 
with urethane (water solution, 1.2 g/kg, 0.6 g/ml) intrape-
ritoneally. Mean systemic arterial pressure and right ven-
tricle systolic pressure (RVSP) were estimated directly by 
a Statham transducer (Statham Instrument Inc., USA), an 
operational amplifier and a multichannel analog-to-digital 
converter L-Card E14-140 (Russia). For this purpose, a 
PE10 catheter was inserted into the femoral artery and a 
PE 50 catheter (Medsil, Russia) – through the right jugu-
lar vein of the anesthetized rats was placed in the right 
ventricle (RVSP). The level of RVSP was used to evaluate 
severity of pulmonary hypertension.

Morphometric measurement

A morphological study of myocardium was carried out 
after registration of the hemodynamic indices. After eu-
thanasia, the heart was taken out and washed in a saline 
solution; the atrium was cut out, and the left ventricle was 
separated from the right ventricle and an interventricular 
septum. An assessment of a degree of right ventricular 
(RV) hypertrophy was carried out relative to the sum of left 
ventricular (LV) and interventricular septum (S) weights 
(RV/(LV+S)). The lung weight was also measured.

Measurement of the pulmonary arteries reactivity

Right after euthanizing by decapitation, a segment of a 
similar size was isolated from the 3rd order branches of the 
pulmonary artery of each animal. In order not to damage 

the vessel, the segment was isolated and fixed on a perfu-
sion needle (with ٴinternal diameter of 0.5 mm) together 
with the surrounding tissues. The isolated vessels were 
perfused with a modified Krebs-Hensleit physiological 
solution (content of substances in mM: NaCl – 118, KCl 
– 4.7, CaCl2 – 3.3, MgSO4 – 2.4, KH2PO4 – 1.18, gluco-
se – 5.05, and NaHCO3 – 24.9; pH 7.4). Perfusion was 
performed at a constant internal flow rate of 2 ml/min 
and external flow rate of 4 ml/min. The reaction of ves-
sels was evaluated by the changes in perfusion pressure 
measured by a Statham transducer (Statham Instrument 
Inc., USA), which was recorded by means of PowerGraph 
3.0 software (Russia). Temperature of perfusion solution 
was maintained at 37–37.5 °C. The recording of perfusion 
pressure was started 20 minutes after stabilization of vas-
cular tone. Serotonin was used to create a contractile tone 
as a vasoconstriction agent at a concentration of 3*10-6М. 
Dose-dependent vasodilatation was measured on acetyl-
choline (ACh) in a concentration ranging from 1*10-9M to 
1*10-5M. The solution was changed to a more concentra-
ted one after a response having reached the plateau.

miRNA measurement

After decapitation, a heart was cut out; a RV was separated 
from the LV and the interventricular septum, and then weig-
hed. After being isolated and weighed, the right ventricle 
tissue was immediately frozen in liquid nitrogen and stored 
at -80 °C. Total RNA extraction was carried out after tissue 
homogenization, using a set of RNA extraction kits (Sintol, 
Russia) according to the manufacturer’s instructions.

The levels of expression of miRNA were determined in 
two stages. During the first stage, the reverse transcription 
of RNA was performed, using a miScript II RT Kit (Qia-
gen GmbH, Germany) in accordance with the manufac-
turer’s instructions. The second stage of real-time quanti-
tative Polymerase Chain Reaction (PCR) was performed 
using a SYBR Green PCR Kit (Qiagen GmbH, Germa-
ny). PCR cycles were performed on a Real-Time CFX96 
Touch amplifier (Bio-Rad Laboratories, Inc., USA). PCR 
was performed under the following conditions: prima-
ry denaturation – 95 °C/5 minutes; then 50 cycles, each 
included denaturation – 94 °C/15 seconds, annealing – 
55 °C/30 seconds and elongation (extension) of 70 °C/30 
seconds. All the reactions were made in three recurrences.

The expression levels of miRNA-21 and miRNA-34a 
were calculated by the ΔΔCt method. Small nuclear 
RNAs U6 (U6 small nuclear RNAs) were used as inter-
nal control. As a result of processing the measurements, 
the values of gene expression levels were obtained in the 
samples of experimental groups relative to miRNA in the 
control group.

Bioethical approvement

The research protocol was approved by Bioethics com-
mission of Moscow State University, Institute of Biology 
(Protocol №113-G, 19.06.2020)
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Data analysis

A statistical analysis was performed by Student’s t-test, 
one-way and two-way ANOVA, using GraphPad Prism 
8 software. All the data are represented as the mean 
value ± standard error of the mean (SEM) of n expe-
riments. EC50 – the logarithm of the acetylcholine con-
centration producing 50% of the Emax – was calculated 
by non-linear regression analysis, with Emax being a 
maximum relaxation response to acetylcholine (1*10-

5). Correlation was analyzed using Spearman correlati-
on coefficient.

The differences were considered statistically signifi-
cant at the permissible error probability of p ≤ 0.05.

Results and discussion

Systemic blood pressure and heart rate measurement did 
not reveal any statistically significant differences between 
the animals of all the groups (Table 1).

In the animals injected with MCT, these RVSP values 
were statistically significantly higher – on average by 1.5 
times – compared to the control group (p ≤ 0.05, Table 1), 
which indicates the development of PH in these groups. 
However, the RVSP values did not statistically differ be-
tween the experimental groups.

The measurement of a RV hypertrophy degree 
demonstrated similar changes: in the MCT groups, the 
RV was significantly higher in comparison with that 
of the Control group (p ≤ 0.01, Table 1). It should be 
noted that the direct correlation between the increased 
RVSP parameters and the degree of RV hypertrophy 
was observed only in the group of MCT-Saline (r = 
0.9524, p ≤ 0.05).

Lung weight of rats in the MCT-Vehicle and MCT-Sa-
line groups was higher in comparison with that in the 
Control (p ≤ 0.05, Figure 1). For the MCT-Ubiquinol 
group, no differences of this kind were observed.

The vasodilatation effect of pulmonary arteries to ace-
tylcholine (1*10-9-1*10-5M) in the groups with MCT-in-
duced PH was significantly lower in comparison with that 
in the Control group. In the MCT-Ubiquinol, MCT-Vehi-
cle and MCT-Saline groups, the difference was found in 
the concentrations ranging from 1*10-7 to 1*10-5M. The 
ubiquinol injection resulted in a significant increase in 
the vasodilatation response to acetylcholine at a concen-
tration of 1*10-6M (-14.05 mm Hg) by 13.5% compared 
to the MCT-Vehicle group (-10.76 mm Hg) and by 14.8% 
compared to MCT-Saline (-12.17 mm Hg); at 1*10-5M 
(-16.13 mm Hg) by 14.3% (-12.82 mm Hg) and 17.4% 
(-13.44 mm Hg), respectively (p ≤ 0.05). At 1*10-7M, 
there were significant differences in the experimental 
groups only with the Control group (Fig. 2A).

Emax values in the experimental groups significantly 
differ from those in the Control. However, no significant 
changes in vascular sensitivity (EC50) to acetylcholine 
were found (Fig. 2B, Table 2).

The expression levels of miRNA-21 and miRNA-34 in 

RV tissue samples significantly differ in the experimen-
tal groups in comparison with those in the Control (p ≤ 
0.05). The expression of miRNA-21 in MCT-Ubiquinol 
increased by 3.92 times, in MCT-Vehicle – by 4.26 times, 
and in MCT-Saline – by 4.29 times. However, the groups 
did not differ significantly between each other.

Table 1. Hemodynamic Parameters and Morphometry in All 
Experimental Groups by the End of 4-week MCT-induced PH 
(Systemic Blood Pressure, Heart Rate, Right Ventricular Sys-
tolic Pressure and Relative Weight of the Right Ventricle of the 
Heart in Rats of All Experimental Groups)

Group Parameter 
Systemic 

blood 
pressure, 
mm Hg 

Heart rate, 
beats/min

Right 
ventricular 

systolic pressure, 
mm Hg 

RV/(LV+S) 
ratios 

Control (n = 12) 98.3 ± 3.24 354.2 ± 10.31 38.6 ± 1.45 0.30 ± 0.03
MCT-Ubiquinol  
(n = 11)

100.2 ± 5.0 342.4 ± 17.40 58.27 ± 2.96* 0.46 ± 0.03$

MCT-Vehicle (n = 10) 97.4 ± 2.6 362.9 ± 11.65 57.58 ± 2.89# 0.44 ± 0.03€

MCT-Saline (n = 8) 95.8 ± 4.7 359.1 ± 13.4 58.38 ± 3.45& 0.46 ± 0.02₽

Note: *,#,&,$,€,₽ MCT-groups vs Control, p ≤ 0.01, one-way ANOVA; Abbreviations: 
RV – right ventricle mass, LV – left ventricle mass, S – interventricular septum.

Table 2. EC50 and Emax of Rat Pulmonary Arteries to Acetylcho-
line (1*10-9-1*10-5M)

Parameter Group
Control MCT-Ubiquinol MCT-Vehicle MCT-Saline

Emax, % 39.20 ± 0.73* 33.95 ± 0.61# 26.06 ± 1.41 26.88 ± 1.16
EC50 4.25 * 10-8 7.22 * 10-8 5.38 * 10-8 3.47 * 10-8

Note: *Control vs MCT-Ubiquinol, MCT-Vehicle, MCT-Saline, p ≤ 0.05; #MCT-
Ubiquinol vs MCT-Vehicle, MCT-Saline, p ≤ 0.05, one-way ANOVA.

Figure 1. Lung mass in all experimental groups by the end of 
4-week MCT-induced PH. Note: *MCT-Vehicle, MCT-Saline vs 
Control, p ≤ 0.05, one-way ANOVA.

https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/9962735
https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/9962735
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/9962735
https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/9962735
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/9962735
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/9962735
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/9962735
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/Monocrotalin
https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-chloride


Research Results in Pharmacology 7(3): 23–31 27

The expression of miRNA-34a was significantly high-
er in all the experimental groups in comparison with the 
Control. However, the miRNA-34a expression was sig-
nificantly lower in the animals with ubiquinol injection: 
miRNA-34a expression was 2.24 times higher for MCT-
Ubiquinol, while for MCT-Vehicle and MCT-Saline it 
was 2.80 and 2.76 times higher, respectively, compare to 
the rate of the Control.

The expression level of miRNA-21 directly correlated 
with the increase of RV mass (p ≤ 0.05). For miRNA-34a 
such a correlation was not found.

Discussion

One of the characteristics of pulmonary hypertension 
is the endothelial dysfunction in the small circle (Xu 
and Erzurum 2011; Thenappan et al. 2018). It leads to 
an increase in pulmonary vascular resistance and wall 
enlargement as well as an increase in the vascular basal 
tone (Nemery et al. 1983). During the study of pulmo-
nary vascular reactivity, significantly higher values of 
the initial tone in the animals injected with MCT were 

Figure 2. Dose-dependent decrease in the perfusion pressure in the isolated pulmonary artery response to perfusion with acetyl-
choline in rats of all experimental groups by the end of 4-week MCT-induced PH; A – response in mm Hg; B – response in %. 
Note: *,αControl vs MCT-groups, p ≤ 0.05; **Control vs MCT-Vehicle, MCT-Saline, p ≤ 0.05; #,βMCT-Ubiquinol vs MCT-Vehicle 
MCT-Saline, p ≤ 0.05, two-way ANOVA.

Figure 3. Relative miR-21 (A) and miR-34a (B) expression levels in RV tissue of rats with 4-week MCT-induced PH. Note: *, 
**MCT-groups vs Control, p ≤ 0.05; #MCT-Ubiquinol vs MCT-Vehicle, MCT-Saline, p ≤ 0.05; --- reference line of Control group, 
n = 9, Mann-Whitney test.
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found. The three-time injection of water soluble ubi-
quinol in the animals with 4-week MCT-induced PH 
contributed to the correction of this pathological state 
and an increase in endothelium-dependent dilatation to 
acetylcholine. Similar results were obtained earlier on 
a less severe model of 3-week MCT-induced PH, where 
the protective effect of ubiquinol on RV hypertrophy 
had also been demonstrated (Abdullaev et al. 2019). 
These results indicate that administration of ubiquinol 
helps to restore the pathological reactivity of pulmo-
nary arteries to vasoactive factors, even in case of se-
vere PH.

The balance between the levels of vasoconstrictors 
and vasodilators originates from increased permeabili-
ty of the smooth muscle layer and damage to the en-
dothelium. (Christman et al. 1992; Wharton et al. 2005; 
Ghofrani et al. 2006). The production of NO, one of the 
most important vasodilating factors, in endothelium is 
controlled by endothelial NO synthase (eNOS). Under 
physiological conditions, even a small amount of NO 
can have a powerful vasodilator effect, but in oxidative 
stress conditions, much higher levels of NO excretion 
may have a negligible effect on vascular tone and even 
contribute to oxidative damage to endothelium. The 
interaction of ROS with NO disrupts eNOS, causing 
peroxynitrite synthesis, and lowers the bioavailability 
of already released NO, which aggravates endothelial 
dysfunction (Münzel et al. 2005). Thus, the bioactivity 
of NO is a more important parameter than just a level 
of eNOS expression or NO release (Vásquez-Vivar et 
al. 1998).

One of the possible mechanisms of CoQ10 action in 
CVDs is its ability to improve endothelial function and 
facilitate vascular dilation (Kumar et al. 2009; Huo et al. 
2018). Being in the inner mitochondria membrane, CoQ10 
increases NO production and its bioavailability (Sab-
batinelli et al. 2020), and reduces its oxidation to perox-
initrites. It has also been shown that CoQ10 is capable of 
modulating the activity of both endothelial and inducible 
NO synthase (iNOS), providing an optimal non-toxic lev-
el of NO (Tsai et al. 2012).

It is known that the PH pathogenesis also involves 
an increase in pro-inflammatory cytokines IL-1β, IL-6 
(Humbert et al. 1995; Steiner et al. 2009; Groth et 
al. 2014) and TNF-α (Steiner et al. 2009; Groth et al. 
2014). Oxidative stress that accompanies PH and ROS 
formation activates NF-κB, which in turn increases the 
expression of TNF-α and IL-6 (Schmelzer et al. 2008; 
Wang et al. 2013). It is also worth noting that the role 
of NO is, on the one hand, prevention of activation of 
NF-κB and subsequent production of inflammatory me-
diators, which promote leukocyte adhesion (Chen et al. 
2003), and activation of macrophages (Chen et al. 2004) 
on the other hand, ROS reduces the bioactivity of NO, 
which also contributes to the development of inflamma-
tion in the vascular wall and endothelial dysfunction. In 
this context, the biological significance of CoQ10 may 

be determined by its possible anti-inflammatory activi-
ty (Schmelzer et al. 2007; Schmelzer et al. 2009; Wang 
et al. 2013). The meta-analyses confirm that the CoQ10 
administration decreases the level of pro-inflammato-
ry cytokines (IL-6, TNF-α, C-reactive protein) (Gao et 
al. 2012; Zhai et al. 2017). A possible anti-inflammato-
ry effect of CoQ10 is explained by inhibition of NF-κβ 
expression (Schmelzer et al. 2007; Wang et al. 2013), 
which in turn is mediated by the antioxidant effect of 
CoQ10 on ROSs which further activate the expression 
of NF-κβ.

Oxidative damage also affects the structure of lung 
tissue: growing fibrosis prevents adequate ventilation 
and perfusion of the lungs, causing even greater vas-
cular constriction and hypoxia. Fibrosis occurs not 
only due to increased synthesis of pro-inflammatory 
cytokines (Kumar et al. 2009; Groth et al. 2014; Huo 
et al. 2018), but also due to one of the leading fac-
tors of fibrogenesis – connective tissue growth factor 
(CTGF). In our work, both on a mild 3-week model 
and a 4-week model (Abdullaev et al. 2019), no relia-
ble differences in lung weight were observed between 
the MCT-Ubiquinol group and the Control. This may 
indicate relief of PH symptoms in rats of this group and 
may be associated with suppression of CTGF due to the 
use of CoQ10, which is confirmed by other studies (De 
Blasio et al. 2015).

A certain data on miRNA as biomarkers of PH and 
possible influence of various agents on their expression 
(Zhou et al. 2015; Gubrij et al. 2016; Batkai et al. 2017) 
created our interest to investigate miRNA as a potential 
target for the effects of CoQ10. Since the pathogenesis of 
MCT-induced pulmonary hypertension has significant in-
flammatory and proliferative components (Boucherat et 
al. 2015; Zhou et al. 2015), miRNA-21 was selected as a 
marker of RV hypertrophy, and miRNA-34a – as an indi-
cator of inflammation in RV tissue.

In our study, despite the fact that the use of ubiquinol 
did not influence the expression of miRNA-21, an in-
crease in its level in all the MCT-groups corresponds the 
development of RV hypertrophy and may be regarded as 
a possible therapeutic target.

The evaluation of the expression level of the miR-
NA-34 inflammatory marker showed that ubiquinol may 
have a positive effect on the level of PH development. 
Earlier, Schmelzer C. et al. (2007, 2009) reported that 
ubiquinol may reduce the expression of pro-inflammato-
ry markers, proving that the effect of the drug occurs on 
the level of modulation of NF-κβ expression (Pileczki et 
al. 2016).

Conclusion

A decrease in the expression of miRNA-34 in the ani-
mals injected by ubiquinol suggests that the recovery of 
the reactivity of pulmonary vessels is associated with a 
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decrease in inflammation in these animals. An indirect ar-
gument in favor of this assumption is a lower degree of 
an increase in the lung weight in these animals in compa-
rison with other groups with MCT-induced PH, the lung 
weight of which increased significantly.

A possible explanation for the positive effect of in-
travenous injection of ubiquinol on MCT-induced PH 
progression in rats could be the restoration of ubiquinol 
pool in the body, which is confirmed by the results of a 
study conducted by our colleagues earlier (Kalenikova et 
al. 2016).
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