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Abstract— Effect of alisporivir (a mitochondrial permeability transition pore inhibitor) on the development of mitochondrial
dysfunction under hyperglycemic conditions in the primary culture of mouse lung endothelial cells was investigated in this
work. We demonstrated that hyperglycemia (30 mM glucose for 24 h) leads to the decrease in viability of the pulmonary en-
dotheliocytes, causes mitochondrial dysfunction manifested by the drop in membrane potential and increase in superoxide
anion generation as well as facilitates opening of the mitochondrial permeability transition pore (MPT pore). Incubation of
endothelial cells with 5 uM alisporivir under hyperglycemic conditions leads to the increase in cell viability, restoration of
the membrane potential level and of the MPT pore opening activity to control values. Hyperglycemia causes increased mito-
phagy in the lung endothelial cells: we observed increase in the degree of colocalization of mitochondria and lysosomes and
upregulation of the Parkin gene expression. Alisporivir restores these parameters back to the levels observed in the control
cells. Hyperglycemia results in the increase in the expression of the Drp 1 gene in endotheliocytes responsible for synthesis of
the protein involved in the process of mitochondria fission. Alisporivir does not significantly alter expression of the genes. The
paper discusses mechanisms of the effect of alisporivir on mitochondrial dysfunction in murine pulmonary endotheliocytes
under conditions of hyperglycemia.
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INTRODUCTION

Diabetes mellitus is a metabolic disease caused either
by inadequate secretion of insulin by pancreatic B cells
(type I diabetes mellitus) or by insulin resistance of the
human and animal organs and tissues (type Il diabetes
mellitus). In both cases this leads to the development of
hyperglycemia, accompanied by dysregulation of protein
and lipid metabolism. These disorders lead to patholog-
ical changes in the organs and tissues of the body [1-5].

Mitochondrial dysfunction is generally recognized
as one of the processes involved in the development of
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diabetes mellitus at the cellular level [6, 7]. Indeed, for
many organs and tissues, as well as cell lines, it has been
demonstrated that diabetes mellitus or hyperglycemia
lead to the increased generation of reactive oxygen spe-
cies by mitochondria, disruption of oxidative phosphory-
lation processes, and drop of the membrane potential. It
is believed that this is due to dysregulation of the cellular
quality control of mitochondria, intracellular system re-
sponsible for mitophagy, mitochondrial biogenesis, and
mitochondrial dynamics [6-9].

Opening of the Ca?"-dependent pore (mitochondri-
al permeability transition pore, MPT pore) in the inner
mitochondrial membrane is one of the important signs
of mitochondrial dysfunction [10, 11]. The MPT pore is
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considered to be a protein mega-channel formed in the
inner and outer membranes of mitochondria in the pres-
ence of excessive concentration of Ca?*, development of
oxidative stress, and under effect of a number of other
modulators. Under conditions of maximum penetrabil-
ity, this channel is permeable for compounds with mo-
lecular weight up to 1500 Da, which causes collapse of
the membrane potential, disruption of ion homeostasis,
swelling of organelles, and their destruction [12-14]. De-
spite the fact that the mitochondrial pore has been stud-
ied for more than 50 years, its structure and mechanism
of formation are still far from being resolved. The only
reliably established protein involved in the MPT pore
induction is mitochondrial matrix cyclophilin D. Cyclo-
philin D is considered as a regulator of the MPT pore,
and inhibitors of this protein (cyclosporine A, alispori-
vir) suppress opening of the MPT pore at submicromolar
concentrations [10-16]. At present, adenine nucleotide
translocator and ATP synthase are considered as hypo-
thetical MPT pore proteins in the inner membrane [14].
Analysis of the literature data suggests that the de-
velopment of diabetes mellitus is accompanied by the
tissue-specific changes in the sensitivity of mitochondria
to MPT pore induction [6]. In particular, a number of
organs and tissues (skeletal muscles, heart, pancreas)
show increase in the sensitivity of mitochondria to the
factors triggering opening of the MPT pore during the
development of diabetes mellitus [6, 17-19]. At the same
time, liver mitochondria become more resistant to MPT
pore opening [20, 21]. Possibly, this also explains why the
pharmacological and genetic modulation of MPT pore
does not always lead to the development of a therapeutic
effect. In particular, on the one hand, knockout of cyclo-
philin D or its inhibition did not affect the development
of diabetic nephropathy [22]. On the other hand, mice
lacking cyclophilin D under conditions of high-fat diet
showed the ability to increase glucose uptake by the skel-
etal muscle cells [23], and MPT pore inhibitors were able
to reduce the size of the infarct zone in the diabetic an-
imals during ischemia/reperfusion [6, 24]. In the previ-
ous studies, we have shown that the long-term (3 weeks)
administration of the MPT pore inhibitor alisporivir (a
non-immunosuppressive analogue of cyclosporine A) to
the mice with induced diabetes leads to alleviation of the
effects of diabetic mitochondrial dysfunction in the skel-
etal and cardiac muscles. Moreover, alisporivir increases
the rate of glucose utilization from the blood of diabetic
animals during the glucose tolerance test [25, 26]. In the
present work, we continue to study the effect of alispori-
vir on mitochondrial dysfunction induced by hyperglyce-
mia. Research at the cellular level often reveals molecular
and intracellular mechanisms that cannot be observed
in vivo in animal experiments. The objectives of this study
were: (i) to determine the effect of alisporivir on viabili-
ty of the primary culture of mouse lung endothelial cells
in hyperglycemia; (ii) to evaluate the effect of alisporivir
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on hyperglycemia-induced mitochondrial dysfunction of
pulmonary endotheliocytes; (iii) to determine the effect
of alisporivir on colocalization of mitochondria and ly-
sosomes in the pulmonary endothelial cells under con-
ditions of hyperglycemia, thereby determining possible
effect of this agent on mitophagy; (iv) to determine the
level of expression of genes encoding proteins responsi-
ble for mitochondrial biogenesis, mitophagy, and mito-
chondrial dynamics in the lung endotheliocytes under
conditions of hyperglycemia in the absence and presence
of alisporivir.

MATERIALS AND METHODS

Isolation and culturing of mouse endothelial cells.
Endothelial cells were isolated from mouse lung mi-
crovessels by indirect magnetic separation [27, 28].
BALB/c mice (male, weight 20-22 g) were used in the
work. Animals were euthanized by cervical dislocation.
Under sterile conditions, lungs were removed from the
chest, washed in DMEM (Gibco, USA), and minced
with surgical scissors. After grinding, the tissue sam-
ple was incubated in 0.2% collagenase type 11 solution
(Abcam, UK) for 40 min at 37°C and constant stirring.
The samples were resuspended and passed through a
sieve with a pore diameter of 70 um (Greiner Bio-One,
Austria). A 20%-serum was added to the cell suspension
and then centrifuged twice at 500g for 8§ min. Cells were
resuspended in a phosphate-buffered saline without cal-
cium and magnesium salts and supplemented with 2 mM
EDTA and antibodies against CD31 (Abcam) (1 : 100 di-
lution) followed by incubation for 15 min with constant
stirring, washed by centrifugation at 500g for 8§ min. After
washing, the cells were incubated for 15 min with mag-
netic particles conjugated with the secondary antibodies
(1:100 dilution) (Thermo Fisher, USA). Separation of
CD31* cells was performed with a MagJET magnetic
rack (Thermo Fisher). Cells were washed five times with
phosphate buffered saline and seeded into culture flasks
with bottom pretreated with a solution of 0.2% gelatin
from bovine skin (Sigma-Aldrich, USA). The resulting
cells were cultured according to the standard protocol in
a DMEM : F12 medium (1 : 1) supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/ml pen-
icillin, 100 ug/ml streptomycin, and 25 ug/ml ampho-
tericin B (all from Gibco) and 50 ug/ml endothelial cell
growth supplement (Sigma-Aldrich). The culture was ob-
tained by combining cells from three animals [27]. Cells
of passage 7-10 with viability estimated by propidium
iodide staining of at least 98% were used in the experi-
ments. Round coverslips (25 mm diameter) were placed
one at a time into the wells of 6-well plates. A solution of
0.2% gelatin was applied to coverslips, dried, and next a
suspension of endothelial cells in the culture medium was
added. The cells were cultured for 3 days until confluence
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level of 90% or more was reached.

Modeling of hyperglycemia. Hyperglycemia was
modeled by cell incubation in a culture medium with
an elevated glucose concentration of 30 mM for 24 h in
a CO, incubator (Sanyo, Japan) [29]. Control cells were
incubated for 24 h in a culture medium with a glucose
concentration of 5 mM. Half of the samples were incu-
bated with 5 uM alisporivir. Alisporivir (Medchemex-
press, Monmouth Junction, USA, cat. no. HY-12559)
was added to the culture medium as a solution in DMSO
(1:2000 dilution), cells without alisporivir were incubat-
ed for 24 h after addition of the appropriate volume of
DMSO.

Assessment of cell viability. To assess cell viability,
immediately after the end of incubation cells were washed
three times with Hank’s solution (PanEco, Russia) and
incubated for 30 min with 5 ug/ml of Hoechst 33342 vital
dye and 5 uM propidium iodide (both from Thermo Fish-
er) at 37°C. Fluorescence of the cells was recorded using a
LED imaging system based on an AE31E inverted micro-
scope (Motic, Spain) equipped with a Motic PLAN FLU-
AR 10% N.A. 0.3 objective [30]. Image analysis was per-
formed using the Image J2 (Fiji) software (NIH, USA).

Determination of the mitochondrial membrane poten-
tial in endotheliocytes. A fluorescent dye rhodamine 123
(Thermo Fisher) was used to determine potential on the
inner mitochondrial membrane. Immediately after the
end of incubation, the cells were washed three times with
Hank’s solution and stained with rhodamine 123 (exci-
tation wavelength 485 nm, emission wavelength 525 nm)
at concentration of 2.5 ug/ml for 30 min at 37°C. Next,
the cells were washed three times with Hank’s solution.
Cell fluorescence was recorded using the LED imag-
ing system described above. All measurements were
performed at constant excitation light source current
(80 mA), exposure time (1 s), gain (x623), and pixel av-
eraging (2x%2). Fluorescence intensity of rhodamine 123
was expressed as the ratio of fluorescence intensity at each
point (F) to average fluorescence intensity under basic
conditions (F). To assess the membrane potential, 2 uM
FCCP was added and change in the fluorescence inten-
sity was determined. For the convenience of comparing
data between the samples, the membrane potential was
expressed as a percentage. Change in the fluorescence in-
tensity in the control cells was taken as 100%.

Determination of colocalization of mitochondria and
lysosomes in endotheliocytes. Colocalization of mito-
chondria and lysosomes in endotheliocytes was assessed
using confocal microscopy based on colocalization of flu-
orescent dyes Mitolracker DeepRed FM (200 nM) and
LysoTracker Green (50 nM) (both from Thermo Fisher)
in the cells [31]. Confocal images were obtained using a
DMI16000 microscope (Leica, Germany). A 488 nm ar-
gon laser was used to excite Lysolracker Green fluores-
cence, and emission was measured at 505-530 nm. Fluo-
rescence of MitoTracker DeepRed was excited at 638 nm
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with a Ne/He laser. Fluorescence was measured at 650-
680 nm. Colocalization analysis was performed using the
Image J2 (Fiji) software (NIH, USA). Proportion of the
area of colocalization of mitochondria and lysosomes was
calculated as a fraction of the total area of mitochondria
in the field of view (taken as 100%). For each sample, at
least 10 fields of view were analyzed. For each experimen-
tal condition, four biological replicates were performed
(coverslip with cells of a separate culture).

Determination of mitochondrial pore opening in en-
dotheliocytes. Mitochondrial pore induction was assessed
using a calcein-AM fluorescence in the presence of | mM
CoCl, [32, 33]. After incubation with the studied agents,
the cells from four experimental groups were washed three
times with Hank’s solution and incubated for 30 min
at 37°C in the presence of 1 uM calcein-AM, 200 nM
MitoTracker Red (for visualization of the mitochondri-
al structure), and 1 mM CoCl,. After staining, the cells
were washed with Hank’s balanced salt solution and flu-
orescence images were acquired using a DMI6000 con-
focal microscope (Leica). Mitochondria were identified
using MitoTracker DeepRed fluorescence and intensity
of the calcein-AM fluorescence (excitation wavelength
494 nm, emission wavelength 517 nm) in them was mea-
sured. Image analysis was performed using the Image J2
(Fiji) software (NIH, USA). Background fluorescence
intensity was subtracted from the cell fluorescence inten-
sity. Fluorescence intensity of calcein-AM was calculat-
ed relative to fluorescence intensity of MitoIracker. For
each experimental condition, four biological repetitions
were performed (two coverslips with cells of a separate
culture).

Assessment of oxidative stress in endotheliocytes. The
level of oxidative stress was assessed by flow cytometry
using a Muse Cell Analyzer (Luminex, USA). For flow
cytometry, endothelial cells of each group were detached
from the substrate using a solution containing trypsin
(0.05%) and EDTA (0.53 mM) for 10 min at 37°C. The
detached cells were transferred into 5 ml of DMEM me-
dium with 10% fetal bovine serum to inhibit trypsin,
mixed, and centrifuged at 350g for 8 min, the pellet was
resuspended in 100 ul of sterile Hank’s solution. Glucose
was added to hyperglycemic cells to a concentration of
30 mM. Quantification of the cell population exposed to
oxidative stress was assessed using a Muse Oxidative Stress
Kit (MCH100111) (Luminex). All experiments were per-
formed strictly according to the manufacturer’s protocol.

ROS production was also assessed using a fluo-
rescent dye 2',7'-dichlorodihydrofluorescein diacetate
(H,DCFDA) (Thermo Fisher). Cells of the four exper-
imental groups were stained with 20 uM H,DCFDA for
30 min at 37°C. Next, the cells were washed with Hank’s
solution and analyzed using a LED imaging system at
490 nm excitation and 520 nm emission wavelengths.

Quantitative real-time PCR. The level of expression
of genes encoding proteins responsible for mitophagy, mi-
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List of gene-specific primers for RT-PCR analysis

Gene Forward (5-3") Reverse (5'-3")

Dmpl TTACAGCACACAGGAATTGT TTGTCACGGGCAACCTTTTA
Mfn2 CACGCTGATGCAGACGGAGAA ATCCCAGCGGTTGTTCAGG
Ppargcla CTGCCATTGTTAAGACCGAG GTGTGAGGAGGGTCATCGTT
Pinkl TTGCCCCACACCCTAACATC GCAGGGTACAGGGGTAGTTCT
Parkin AGCCAGAGGTCCAGCAGTTA GAGGGTTGCTTGTTTGCAGG
Rplp2 CGGCTCAACAAGGTCATCAGTGA AGCAGAAACAGCCACAGCCCCAC

tochondrial biogenesis, and mitochondrial dynamics was
determined using real-time reverse transcription PCR
(RT-PCR) [26]. Total RNA was obtained from cell sus-
pension samples using an ExtractRNA reagent (Evrogen,
Russia) according to the manufacturer’s protocol. Re-
al-time PCR was performed using a QuantStudio 1 am-
plifier (Thermo Fisher) with a qPCRmix-HS SYBR kit
(Evrogen), where SYBR Green Il was used as a fluorescent
intercalating dye. Selection and analysis of the gene-spe-
cific primers was performed using Primer-BLAST [34]
(the sequence of oligonucleotides is presented in table).
The Rp/p2 mRNA level was used to normalize expression
of each gene. Calculation of AACt was carried out accord-
ing to the formula AACt = ACt (Control) — ACt (exper-
iment); each ACt value was calculated using the formula
ACt = Ct (tested gene) — Ct (Rplp2) [35].

Statistical data processing. GraphPad Prism ver-
sion 7.0 for Windows (GraphPad Software Inc., USA)
was used for statistical data analysis. One-way ANOVA,
followed by Tukey’s post hoc test, was used to assess sta-
tistical significance of differences between groups. The
results were presented as mean = standard deviation
(n = 4-6, where n is the number of experiments with dif-
ferent cultures).
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Fig. 1. Effect of alisporivir (Ali, 5 uM) on survival of the mouse lung
endothelial cells under conditions of normo- (5 mM glucose) and hy-
perglycemia (30 mM glucose). The data are presented as mean + SD
(n=06).

RESULTS

Alisporivir increases viability of the mouse lung en-
dotheliocytes under hyperglycemia. Viability of the cells
in the primary culture of mouse pulmonary endothelial
cells maintained under conditions of normo- (5 mM) and
hyperglycemia (30 mM) and in the absence and presence
of 5 uM alisporivir is shown in Fig. 1 and Fig. S1 in the
Online Resource 1. This concentration of alisporivir was
chosen based on a series of preliminary experiments on
isolated mitochondria (data not shown). One can see that
incubation of cells for 24 h under hyperglycemic condi-
tions resulted in the significant reduction in the number
of live cells. Presence of alisporivir in the incubation me-
dium Ied to the increase in viability of the mouse lung en-
dotheliocytes under conditions of hyperglycemia.

Alisporivir suppresses development of mitochondri-
al dysfunction in the mouse lung endotheliocytes under
hyperglycemia. In the previous studies, we have shown
that in vivo administration of alisporivir to the mice with
type II diabetes normalizes functioning of heart and skel-
etal muscle mitochondria [25, 26]. In this work, we evalu-
ated the effect of alisporivir on mitochondria functioning
in the primary culture of mouse lung endotheliocytes un-
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Fig. 2. Effect of alisporivir (Ali, 5 uM) on AW (%) of mitochondria of
the mouse lung endotheliocytes under conditions of normo- (5 mM glu-
cose) and hyperglycemia (30 mM glucose). The data are presented as
mean = SD (n =4).
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Fig. 3. Effect of alisporivir (Ali, 5 uM) (c and d) on production of reactive oxygen species by the pulmonary endotheliocytes under conditions of
normo- (5 mM glucose) (a and c¢) and hyperglycemia (30 mM glucose) (b and d). a-d) Typical distribution diagrams of the cell population in four
experimental groups. ) Calculation of ROS-positive cells (%) in the experimental groups. f) Level of DCF fluorescence in the cells of four experi-

mental groups. The data are presented as mean = SD (n = 4-5).

der conditions of hyperglycemia. Figure 2 shows that the
endotheliocytes incubated in the medium with high con-
centration of glucose (30 mM) had a reduced membrane
potential (AW) compared to the control cells (5 mM glu-
cose). Incubation of the cells with 5 uM alisporivir un-
der hyperglycemic conditions resulted in normalization
of the mitochondrial membrane potential to control level
(Fig. S2 in the Online Resource 1).

In parallel with mitochondrial depolarization, ox-
idative stress develops under conditions of hyperglyce-
mia. Typical flow cytometry data reflecting the number of
ROS-positive and ROS-negative cells in each group are
shown in Fig. 3, a-d. One can see that under the used con-
ditions, there is an increase in the number of ROS-posi-
tive cells (population of the cells with superoxide-induced
fluorescence related to the M2 peak) indicating increased
generation of superoxide anions in endotheliocytes. In
the presence of alisporivir, we did not find a significant
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decrease in the number of ROS-positive cells under con-
ditions of hyperglycemia, although a downward trend was
observed (Fig. 3e). Similar results were obtained by flu-
orescence microscopy using the DCF probe (Fig. 3f and
Fig. S3 in the Online Resource 1).

Alisporivir is an MPT pore inhibitor [15]. In this re-
gard, in the next part of the work, we determined its effect
on the opening of the MPT pore in the cells of the primary
culture of mouse lung endothelial cells exposed to hyper-
glycemia. The MPT pore activity in the mitochondria of
endotheliocytes was assessed from fluorescence of calcein
in mitochondria in the presence of cobalt ions. In the case
of disruption of the integrity of mitochondrial membrane,
including formation of the MPT pore, CoCl, penetrates
into mitochondria and causes quenching of the calcein
fluorescence. Thus, decrease in the intensity of calcein
fluorescence in mitochondria indicates opening of the
MPT pore. Figure 4 shows typical pulmonary endothe-
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Fig. 4. MPT pore induction in the mouse lung endotheliocytes. a) typical images of mitochondrial calcein fluorescence in the presence of CoCl, in
the endothelial cells of the experimental groups. Scale bar — 40 um. b) Intensity of calcein fluorescence in mitochondria of the mouse lung endothe-
liocytes from four experimental groups. The data are presented as mean = SD (n = 4).
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liocytes under four experimental conditions stained with
calcein in the presence of cobalt ions. It should be noted
that the MPT pore can be in both a high- and a low-con-
ductance states [12]. Cobalt ions can penetrate into the
mitochondrial matrix in both states. Thus, one could
assume that the fluorescence quenching observed in the
control cells is associated with the spontaneous low-con-
ductance state of the MPT pore. It can be seen that the
mitochondria of endotheliocytes under conditions of el-
evated glucose content show a significant decrease in the
intensity of calcein fluorescence compared to the control
cells (Fig. 4). This suggests that hyperglycemia increases
the MPT pore opening activity in endotheliocytes.

Incubation of the cells with alisporivir under con-
ditions of hyperglycemia leads to the significant increase
in the intensity of calcein fluorescence in mitochondria
compared to the mitochondria of endotheliocytes incu-
bated only in the presence of 30 mM glucose (Fig. 4).
This suggests that alisporivir inhibits opening of the MPT
pore in the inner mitochondrial membrane of endothe-
liocytes exposed to hyperglycemia. We also calculated
proportion of the mitochondria not stained with calcein:
in the control experiment, the content of such mitochon-
dria was 9.5 = 2.1%. Under the conditions of hyperglyce-
mia, proportion of such mitochondria increased signifi-
cantly to 23.2 £ 6.6%. In the presence of alisporivir, we
observed a trend towards decrease in the number of mi-
tochondria not stained with calcein to 17.6 = 6.2%. This
also confirms that hyperglycemia stimulates opening of
the MPT pore in endotheliocytes, and alisporivir inter-
feres with this effect.

Alisporivir inhibits hyperglycemia-induced colocal-
ization of mitochondria and lysosomes (mitophagy). Mito-
phagy (mitochondrial autophagy) is one of the adaptive
responses to hyperglycemia and reduced membrane po-
tential in mitochondria [6, 36]. In this work, we assessed
the level of mitophagy by the degree of colocalization of
mitochondria and lysosomes using the double cell stain-
ing method (Mitolracker DeepRed FM and Lysolracker
Green). We have found that under conditions of 24 h hy-
perglycemia, the degree of colocalization of mitochondria
and lysosomes significantly increases, which may indicate
increase in mitophagy. Under these conditions, incuba-
tion of the mouse lung endotheliocytes with 5 uM alis-
porivir led to normalization of the level of colocalization
of mitochondria and lysosomes to control values (Fig. 5).

Effect of alisporivir on changes in the level of mRINA
of proteins responsible for mitochondrial biogenesis, mi-
tochondrial dynamics, and mitophagy under conditions of
hyperglycemia. In the next part of the work, we evaluated
expression of the genes encoding proteins responsible for
mitochondrial biogenesis, mitophagy, and mitochondrial
dynamics. It was found that hyperglycemia is associat-
ed with the significant increase in the level of Drpl ex-
pression, which may indirectly indicate increase in the
amount of Drpl protein involved in the processes of mi-
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tochondrial fission (Fig. 6). Incubation of the cells with
5 uM alisporivir under hyperglycemic conditions did not
lead to the significant changes in the expression of this
gene, although there was a trend towards restoration of
the control values. In all the studied groups, there were no
significant differences in the expression of the Ppargcla
gene responsible for the synthesis of PGCla, a protein in-
volved in mitochondrial biogenesis, and of the Mfn2 gene
responsible for the synthesis of mitofusin 2, a protein in-
volved in the process of mitochondrial fusion. It should be
noted that hyperglycemic conditions are associated with
the significant increase in the expression of Parkin (but
not PinkI), which is responsible for the synthesis of a pro-
tein involved in mitophagy. This indirectly confirms the
data obtained in the previous part of the work demonstrat-
ing that hyperglycemia (30 mM glucose for 24 h) induces
mitophagy in the mouse lung endotheliocytes. Addition
of 5 uM alisporivir to the cells exposed to 30 mM glucose
resulted in the significant decrease in Parkin expression to
the control level.

DISCUSSION

Mitochondrial dysfunction is one of the main man-
ifestations of the development of diabetes mellitus [6]. A
number of studies have shown that the mitochondria-tar-
geted gene or pharmacological therapy restores structur-
al and functional parameters of mitochondria, reduces
complications of diabetes mellitus, including increase in
the insulin sensitivity of tissues and organs, and has a hy-
poglycemic effect [23, 25, 37]. In the previous studies, we
have shown that the long-term treatment of diabetic mice
with alisporivir (an MPT pore inhibitor) leads to both de-
crease in the mitochondrial dysfunction in skeletal and
cardiac muscles and increase in the rate of glucose utili-
zation from the blood during a glucose tolerance test [25].
In the present work, we examined intracellular mecha-
nisms that may underlie the protective effect of alisporivir
against the high glucose-mediated damage in the mouse
lung endotheliocytes.

We have demonstrated that the exposure of pulmo-
nary endotheliocytes to hyperglycemic conditions led to
the development of mitochondrial dysfunction, manifest-
ed by the increased generation of reactive oxygen species,
MPT pore induction, and mitochondrial depolarization,
as a consequence of these factors (Figs. 2-5). These dys-
functions of mitochondria may underlie the cell death.
Indeed, we observed decrease in viability of the pulmo-
nary endotheliocytes under conditions of hyperglycemia
(Fig. 1). Incubation of the cells with alisporivir (5 uM)
under hyperglycemic conditions largely eliminates the
development of signs of mitochondrial dysfunction. We
have found that there is a decrease in the number of MPT
perforated mitochondria in endotheliocytes and, conse-
quently, normalization of the transmembrane potential of
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Fig. 6. Relative levels of Drpl, Mfn2, Pinkl, Parkin, and Ppargcla mRNAs in the mouse lung endotheliocytes from four experimental groups. The

data are presented as mean + SD (n = 6).

mitochondria, which becomes comparable with the mi-
tochondrial potential of the control cells. Decrease in the
production of reactive oxygen species in the cells under
hyperglycemic conditions in the presence of alisporivir
was not observed (only a trend towards decrease in the
production of ROS compared to the hyperglycemic con-
ditions was noted). Nevertheless, the alisporivir-induced
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normalization of mitochondrial functions described
above led to the increase in the number of surviving cells
under conditions of hyperglycemia.

Decrease in the transmembrane potential in mito-
chondria is considered to be one of the factors initiating
mitophagy [31, 38]. In our experiments under conditions
of hyperglycemia and reduced membrane potential, we
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observed increase in colocalization of mitochondria and
lysosomes and increase in the expression of the gene en-
coding Parkin protein involved in mitophagy in endothe-
liocytes. It is important to note that these methodological
approaches are indirect evidence of mitophagy. However,
they suggest activation of this protein under conditions of
hyperglycemia, which is in agreement with the literature
data. It is known that the stage of prediabetes is associat-
ed with activation of mitophagy, while the stage of type II
diabetes mellitus is associated with inhibition of this pro-
cess [6, 39]. In this case, activation of mitophagy is con-
sidered as an adaptive response. Apparently, exposure of
the primary culture of mouse endothelial cells for 24 h to
the medium containing 30 mM glucose causes decrease
in the cell viability and development of mitochondrial
dysfunction. However, the cells can alternatively activate
processes (in particular, mitophagy) that prevent this neg-
ative scenario.

Incubation of the cells under conditions of hypergly-
cemia with alisporivir led to the level of colocalization of
mitochondria and lysosomes, as well as the level of Par-
kin gene expression being indistinguishable from those
observed in the control cells. Thus, one could assume
that under hyperglycemic conditions, alisporivir not only
prevents formation of the MPT pore and decrease in the
mitochondrial membrane potential, but also, possibly, in-
hibits initiation of mitophagy in endotheliocytes. Further
studies evaluating mitophagy are needed to prove this as-
sumption.

One could debate whether the lack of adaptive re-
sponse such as mitophagy is beneficial during the develop-
ment of diabetes mellitus, but our previous studies suggest
that alisporivir has a therapeutic effect during long-term
administration to diabetic animals [25, 26]. Indeed, we
have previously demonstrated that the heart of diabetic
mice exhibits decrease in the expression of the PinkI and
Parkin genes, and long-term (3 weeks) administration of
alisporivir to diabetic animals leads to normalization of
the expression of these genes [26].

As shown in this work, in addition to the changes in
the Parkin gene expression, hyperglycemia causes increase
in the content of mRNA of the Drp1 protein responsible
for mitochondrial fission. These results indirectly confirm
the data available in the literature that the development of
diabetes mellitus in humans and animals, as well as in the
hyperglycemia cell models is accompanied by fragmenta-
tion of the mitochondrial network [6-8]. Under our con-
ditions, alisporivir could not reliably restore the level of
Drp 1 mRNA to control values.

As mentioned above, studies at the cellular level
make it possible to identify mechanisms and target mol-
ecules that cannot be detected in animal experiments.
Alisporivir, like its immunosuppressive analog cyclospo-
rin A, has several targets [40, 41]. In addition to the mito-
chondrial cyclophilin D, alisporivir is able to interact with
cytoplasmic cyclophilin A [41]. This action is associated

STARINETS et al.

with its ability to suppress replication of various viruses in
cells, including SARS-CoV-2 [42]. Therefore, the effects
obtained in this work may be due not only to the action
of this agent on mitochondria. However, it is clear that
alisporivir, both in in vivo experiments in animals and in
experiments with cell culture, suppresses development of
mitochondrial dysfunction in diabetes mellitus and con-
tributes to alleviation of the course of this disease.
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