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Autologous transplantation of cryopreserved fragments of an immature testis is an actively developing approach to save fertility in
patients facing a gonadotoxic therapy. The use of bioavailable fullerene C60 as a powerful antioxidant opens up a new potential for
the prevention and correction of ischemic-reperfusion pathological processes in tissues including those associated with freezing-
thawing procedure. In this work, we aimed to study the antioxidant status, apoptotic/necrotic processes, and morphological
characteristics of cryopreserved fragments of the seminiferous tubules of testis (CrFSTT) of immature rats after incubation in
media with different concentrations of fullerene C60 (10, 15, and 20 ug/mL). Our results indicated that the addition of C60 in a
concentration of 15 pg/mL decreased ROS production, cytochrom C release, and degree of histological damage of spermatogenic
epithelium as well as increased the activity of the mitochondria, antioxidant defense system, and cell density in histological
sections of CrFSTT compared to the control. Fullerene C60 at investigated concentrations did not impact significantly on
apoptosis in cells of CrFSTT but, after incubation with 15 ug/mL C60, a percentage of living cells was 1.2-fold higher and a
value of necrotic ones in this group was 1.6-fold lower than the control samples (p < 0.05). Relative amount of cells of the
spermatogonia germ layer did not differ between the studied concentrations. The general analysis of obtained data showed that
the C60 addition in the concentration of 15 yg/mL was the most optimal for the rehabilitation of CrFSTT. The results can be

used for the development of an effective rehabilitation medium for the cryopreserved testicular tissue.

1. Introduction

Currently, an autologous transplantation of cryopreserved
fragments of an immature testis is an actively developing
approach to restore fertility of adolescent patients facing
gonadotoxic therapy [1]. The advantage of this method is a
preservation of spermatogenic cell niche, due to the support
of cellular contacts and interactions, which contributes to
the normal development of germ cells. But there are other,
no less difficult tasks: minimization of tissue damage by ice
crystals and avoidance of ischemic-reperfusion pathological
processes associated with cryopreservation.

Some properties of nanoparticles can be useful in solving
these problems. For example, oxidized quasicarbon nitride
quantum dots can inhibit ice growth/recrystallization
through the density of hydrogen bonds formed with ice [2].

And nanoparticle-mediated trehalose delivery technology
helps to overcome the major limitation of ultralow perme-
ability of this disaccharide resulting in favorable postthaw
cell survival rates without the need of any organic solvent [3].

But the capabilities of nanoparticles are not limited to
freeze-thaw processes, because they can also be used for
the rehabilitation of biological objects after cryopreserva-
tion. Since oxidative stress is one of the cryodamage fac-
tors, the use of carbon nanoparticles as components of
rehabilitation media is a promising direction for the cell
and tissue regeneration after cryopreservation. So, the idea
of our study is to increase the efficiency of cryopreserva-
tion of seminiferous tubules using water-soluble fullerene
C60 as an antioxidant agent.

Fullerene C60 has unique structural and functional prop-
erties, including nanosize, low surface energy, high chemical
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stability, spherical shape, weak intermolecular bonding, and
high load-bearing capacity [4]. The C60 molecule is able to
interact with biological membranes, penetrating into the
intracellular space by passive diffusion or endocytosis [5].

Previous biological in vitro and in vivo screening of
unmodified fullerene C60 aqueous colloid solution showed
that it does not have acute toxic effects on normal cells at
low concentrations, is not immunogenic, is nonallergenic,
and is able to neutralize the excess of free radicals [6, 7].
Thus, the use of bioavailable fullerene C60 as a powerful anti-
oxidant opens up a new potential for the prevention and cor-
rection of ischemic-reperfusion pathological processes in
tissues associated with the freezing-thawing procedure.

Here, we present a study on how different concentrations
of fullerene C60 affect the antioxidant status, apoptotic/ne-
crotic processes, and morphological characteristics of cryo-
preserved fragments of the seminiferous tubules of the testis
(CrFSTT) of immature rats.

2. Materials and Methods

2.1. Animals. All the manipulations were carried out in
accordance to the European convention for the protection
of vertebrate animals used for experimental and other scien-
tific purposes (Strasbourg, 18.111.1986). The protocols were
approved by the Bioethics Committee of Institute for Prob-
lems of Cryobiology and Cryomedicine of the NAS of
Ukraine (permit no. 2016-05).

Outbreed white sexually immature male rats (aged 7-8
weeks, n=50) were used in the study. Humane euthanasia
by CO, asphyxiation was performed to obtain testes of
experimental animals right before the study. Excised testes
were rinsed in L-15 medium (Leibovitz) (prod. no.
L0300500, BioWest, Nuaille, France). Tunica albuginea
was removed using sterile medical instruments, and the
testes were then rinsed again. Fragments of the seminifer-
ous tubules of the testis weighing 75+ 5mg were isolated
mechanically and cryopreserved.

2.2. Cryopreservation. Cryoprotective medium based on a
fibrin gel with the addition of glycerol (prod. no. G5516,
Sigma-Aldrich, St. Louis, USA) at the final concentration
of 0.7M was made ex tempore. Fibrin gel was received
from the fresh blood of animals, which was obtained from
a cardiac vein and centrifuged for 12min at a rate of
1000g. The tissue fragments were transferred into 2mL
TPP® cryotubes (prod. no. Z760951, Sigma-Aldrich, St.
Louis, USA), where they were exposed to the cryoprotec-
tive medium for 30 min at 4°C [8]. Then, cryotubes with
samples were cooled in vapors of liquid nitrogen for
40min down to -70°C and transferred to liquid nitrogen
(-196°C) [9]. Cryotubes were stored in a cryobank for a
month and then were warmed up in a water bath at
40°C until a liquid phase appearance. After thawing, cryo-
protectants were removed from the samples by a three-
step change of the solution to the L-15 medium.

2.3. Manipulations with Fullerene C60. Fullerene-Cg, (99.9%)
was purchased from Sigma-Aldrich, St. Louis, USA (prod.
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no. 572500). It consisted of agglomerates of spherical or
fibrous primary particles. To obtain an aqueous suspen-
sion of fullerene C60, a method based on the transfer of
this carbon nanostructure from toluene to water followed
by sonication was used [10]. The result was a typical col-
loid solution of C60.

The thawed CrFSTT were incubated at 22°C for 30 min in
the L-15 medium with the addition of fullerene C60 at final
concentrations of 10, 15, and 20 ug/mL. The samples incu-
bated in the L-15 medium without C60 served as a control.

The scheme of experiment is shown in Figure 1.

2.4. Analysis of Total Antioxidant Status (TAS). The samples
of CrFSTT were homogenized, filtered, and centrifugated
(1000 g for 10 min). TAS activity was estimated quantitatively
by the method of UV spectrophotometry (ERBA CHEM 7,
Erba Lachema s.r.o., Brno, Czech Republic) using test kits
(prod. no. NX2332, Randox Laboratories Ltd., Crumlin,
UK) according to the manufacturer’s instructions and nor-
malized to 1 mg of protein (prod. no. TP8336, Randox Labo-
ratories Ltd., Crumlin, UK).

2.5. Flowcytometry Analysis. The cell suspension was
obtained from CrFSTT by enzymatic disaggregation: the
samples were incubated with 0.25% trypsin (37°C for
30 min), filtered, and centrifugated (1000 g for 10 min).

Intracellular reactive oxygen species (ROS) was estimated
quantitatively using a fluorometric test kit (prod. no. MAK-
142, Sigma-Aldrich, St. Louis, USA). In brief, the cells of
CrESTT (0.5mL) at a concentration of 1 x 10° cells/mL were
suspended with 1 L of ROS detection reagent stock solution
and incubated under 5% CO, at 37°C for one hour.

The apoptotic/necrotic processes in cells of CrFSTT were
studied using Annexin-V-FITC (Annexin V) (prod. no.
556419 BD Pharmingen™, San Jose, USA) and 7-
aminoactinomycin D (7AAD) (prod. no. 559925, BD Phar-
mingen™, San Jose, USA) dyes. The cells of CrFSTT
(0.5mL) at a concentration of 1x 10° cells/mL were sus-
pended with 5 yL of Annexin V and 5 uL of 7AAD. The sam-
ples were incubated at 22°C for 20 min.

The functional state of the mitochondria was investigated
using a mitochondrial membrane potential detection kit JC-1
(prod. no. 551302, BD Pharmingen™, San Jose, USA). Incu-
bation of the cells with the JC-1 working solution
(0.5mL/sample) for 15min at 37°C in a CO, incubator was
performed. Then, cells were washed twice.

The number of cells positively stained for cytochrome C
was determined using the test system Cyt.C (prod. no.
560263, BD Pharmingen™, San Jose, USA). The cells of
CrFSTT (0.5mL) at a concentration of 1 x 10° cells/mL sus-
pended with 5 L of Cyt.C and incubated at 22°C for 20 min.

All investigations were performed according to the man-
ufacturer’s instructions. BD FACSCalibur™ (Becton Dickin-
son, San Jose, USA) was used for these tests. Data were
analyzed using WinMDI v.2.8.

2.6. Histomorphology. The samples of CrFSTT for histologi-
cal examination were fixed in 10% formalin solution (prod.
no. HT501128, Sigma-Aldrich, St. Louis, USA). Sections
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FiGure 1: Experimental scheme.

were cut from paraffin-embedded blocks (7pum thick),
stained with hematoxylin and eosin, and studied using Zeiss
Axio Observer Z1 inverted microscope (Carl Zeiss Micros-
copy GmbH, Jena, Germany). Obtained images were proc-
essed using ZEISS ZEN 2 (blue edition) (Carl Zeiss
Microscopy GmbH, Jena, Germany). Histomorphology was
carried out maintaining blinding by involving the third per-
son who did not take part in the experiment. The integrity
and the structural changes of spermatogenic epithelium in
the fragments of the semeniferous tubules of the testis sec-
tions were evaluated semiquantitatively. They were scored
as follows: (i) retraction of spermatogenic epithelium cells
scored as 0 if absent, as 1 if slight, and as 2 if more obvious;
(ii) nuclei condensation was scored as 0 if absent or present
in only 1 nucleus, as 1 if 40% of nuclei were condensed,
and as 2 if 40% were pyknotic; (iii) detachment of cells from
the basement membrane was scored as 0 if absent, as 1 if par-
tial, and as 2 if total or observed on 75% of the circumference;
and (iili) gap formation and shrinkage were scored as 0 if
absent, as 1 if slight, and as 2 if more obvious. Therefore,
the total score for each section of the seminiferous tubules
was between 0 and 8. It was determined in 30 seminiferous
tubules with the calculation of the average value for each
observation. The minimal total score (0-1) corresponded to
the intact structure of the spermatogenic epithelium. A score
more than 1 to 3 points inclusively was accepted as mild
damage of spermatogenic epithelium, more than 3 to 6 points
inclusively as moderately expressed ones, and in the case of
more than 6 points, changes were considered pronounced.
An average cell density of the spermatogenic epithelium (a
number of nuclei per area unit) was also evaluated.

2.7. Immunohistochemical Study. Immunohistochemical
staining of deparaffinized sections of CrFSTT was performed

using polyclonal antibodies to Melanoma Antigen Family B1
(MAGE-BI, prod. no. PA5-51532, 1:500, Invitrogen™, New
York, USA) according to the protocol recommended for the
peroxidase detection system Ultra Vision Quantro HRP
DAB (prod. no. TL-060-QHD, Thermo Fisher Scientific, Fre-
mont, USA). We counted MAGE-B1" cells using ZEISS ZEN
2 (blue edition) (Carl Zeiss Microscopy GmbH, Jena, Ger-
many) and determined their relative amount as the ratio of
the number of stained cells to the total number of cells in
the tubule section, which was taken as 100%. For the negative
control, MAGE-B1 was replaced by a mouse immunoglobu-
lin G isotype control (prod. no. 02-6502; Invitrogen™, New
York, USA).

2.8. Statistical Analysis. Kruskal-Wallis ANOVA test and
multiple comparisons p values were applied to compare the
difference between the groups using Statistica 8 (StatSoft
Inc., Tulsa, USA) software. Histological scores were com-
pared using a Mann-Whitney U-test.

3. Results and Discussion

3.1. Effect of Fullerene C60 on TAS and ROS Generation in the
CrFSTT. The obtained results showed a 1.5- and 1.7-fold
increase (p < 0.05) of TAS activity and decreased content of
ROS+ cells in CrFSTT by 1.2 and 1.3 times (p < 0.05), respec-
tively, after C60 addition at concentrations of 10 and
15 pg/mL versus control (Figures 2(a) and 2(b)). The use of
20 ug/mL fullerene C60 did not lead to changes in studied
parameters relative to the control and as a result had a signif-
icant difference with the previous two concentrations. Thus,
the addition of C60 (10 and 15ug/mL) to the incubation
medium decreased the ROS generation and increase TAS
activity in the CrFSTT.
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FiGURE 2: The effect of incubation in the media with C60 addition on TAS activity (a) and content of ROS" cells (b) in CrFSTT. Notes:
Adifference is significant versus the control (p < 0.05); ®difference is significant versus C60_15 ug/mL (p < 0.05).

It is known that oxidative stress occurs in response to
damage, when the antioxidant activity and absorption capac-
ity of a biological object cannot neutralize free radicals caused
by a harmful effect. ROS are involved in different pathophys-
iological processes in the testis; as a result, oxidative stress
causes a testicular dysfunction due to inhibition of steroido-
genesis and vasomotion [11]. The main antioxidant enzymes
that neutralize the ROS in semen and various parts of the
male reproductive system are superoxide dismutase, glutathi-
one peroxidase, and catalase. But, many others so-called
“indirect” antioxidant enzymes are also associated with the
mechanism of antioxidative protection because they promote
the biosynthesis/recycling of thiols or contribute to excretion
of oxidized metabolites [12]. At the same time, the increase of
TAS activity after the use of C60 at concentrations of 10 and
15 pg/mL is apparently associated with the direct antioxidant
action of fullerenes. Due to the presence on the surface of a
system of m-conjugated double bonds between hexa- and
pentagonal structures, fullerenes collect and bind free radi-
cals to each other, while they themselves remain unchanged
[13]. Thus, the addition of 10 and 15 pg/mL C60 to the reha-
bilitation medium helps to neutralize oxidative stress in
CrFSTT triggered by cryopreservation without significant
difference between these two concentrations.

3.2. Effect of C60 on Apoptotic and Necrotic Processes in
CrFSTT of Rats. The results obtained by flow cytometry
(Table 1) suggested that C60 at all investigated concentra-
tions did not cause the development of necrosis/apoptosis
in cells. Conversely, C60 addition at the concentration of
15 pg/mL led to the 1.2-fold increase (p < 0.05) of percent-
age of live cells (Annexin V/7AAD") and to the 1.6-fold
decrease (p<0.05) in the number of necrotic cells
(AnnexinV*/7AAD"* and Annexin V/7AAD") compared
to the control samples.

The processes for initiating apoptosis are identical for
most of the cells. Wherein changes of plasma membrane
are observed, phosphatidyl serine goes from the cytoplas-
matic part of the bilayer to the outer one, leading to the acti-
vation of caspase cascade, chromatin condensation,

dysfunction of the mitochondria, and ultimately stopping
ATP synthesis. Thus, programmed cell death can be caused
by receptor-mediated physiological stimuli due to genetic
disorders, physical or chemical triggers, and other changes
in cells [14].

The next stage of the study was the quantitative evalua-
tion of the mitochondrial activity and cytochrome C release
in cells of CrFSTT after incubation with C60. The results
obtained by flow cytometry (Figures 3(a) and 3(b)) showed
that C60 addition in concentrations of 10 and 20 ug/mL did
not affect investigated indexes. The use of C60 in concentra-
tion of 15 ug/mL led to a 1.15-fold increase (p < 0.05) in the
content of JC* cells (orange fluorescence) and to a 1.3-fold
decrease (p < 0.05) in the number of Cyt.C* cells compared
to the control samples.

The analysis of the results showed a decrease in the
release of cytochrome C into the cytosol and a high mito-
chondrial activity in the CrFSTT cells, which had the
highest viability index by staining with Annexin V and
7AAD (Table 1, C60_15 pg/mL). As known, the mitochon-
dria play a major role in cellular partitioning of death-
regulating signals; the loss of mitochondrial membrane
potential is an early event in several types of apoptosis.
The high transmembrane potential of healthy cells loaded
with JC-1 allows for the formation and sequestration of
JC aggregates in the mitochondrion that is detected by a
peak in red/orange fluorescence (585nm) [15]. The vari-
ous key events in apoptotic processes focus on the mito-
chondria, including the release of caspase activators (such
as cytochrome C), changes in electron transport, loss of
mitochondrial transmembrane potential, and activation of
lipid peroxidation processes in cells. The various signals
that converge in the mitochondria to trigger or inhibit
these events and their subsequent effects determine several
major pathways of physiological cell death [16, 17].

3.3. Effect of Fullerene C60 on Histomorphological Parameters
of CrFSTT of Rats. The histological structure in control sam-
ples of CrFSTT of rats was characterized by moderate dam-
age according to the semiquantitative scale (Figure 4(a)).
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TasLE 1: Cytofluorimetric analysis of cells from CrESTT after incubation with C60, staining with Annexin V and 7AAD, % of cells.

Sample/region Annexin V'/7AAD" (live) Annexin V*/7AAD" (apoptosis) AnnexinV*/7AAD"+AnnexinV /7AAD™ (necrosis)

Control 69.31+1.27 6.02+0.77 24.67 +1.12
C60_10 pg/mL 74.91 +2.35 5.92 +0.54 19.17 + 1.02
C60_15 pg/mL 79.86 +1.24° 428+1.18 15.86 +0.95*
C60_20 pg/mL 65.25+1.01° 6.60 +1.12 28.15+1.08°

Notes: “difference is significant versus the control (p < 0.05); *difference is significant versus C60_15 ug/mL (p < 0.05).
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CrFSTT in the media with the addition of C60 at the con-
centrations of 10 and 15ug/mL had a generally positive
effect on the histostructure compared to the control.

The desquamation of the spermatogenic epithelium and
swelling of the basement membrane were almost absent;
the frequency of pyknosis of cell nuclei decreased with a
more pronounced effect in the case of 15 yg/mL C60 addition
(Figure 4(b)). The degree of the spermatogenic epithelium
damage in this group decreased to 2.89 points, which corre-
sponds to mild changes. The samples of CrESTT incubated
with C60 at a concentration of 20 yg/mL had a similar to con-
trol histological structure; only small foci of necrosis were
observed in the central parts of the seminiferous tubules.

Cells positively stained for MAGE-B1 were located in a
dense layer on the inner surface of the spermatogenic epithe-
lium and had a rounded shape with a dense cytoplasm and a
rounded nucleus (Figure 5(a)).

In histological sections of CrFSTT, it was possible to dis-
tinguish a population of typical spermatogenic cells which
were positively stained by MAGE-BI. Stratification and dis-
ruption of the structural architecture of the tubules were
observed; as a result of which the spermatogonia germ layer
(MAGE-B1") was shifted to the center. Relative amount of
MAGE-B1" cells in CrFSTT did not change between the
investigated media and ranged within 70-80% (Figure 5(b)).
Thus, incubation with fullerene C60 did not have a selective
effect on the population of MAGE-B1" cells in the spermato-
genic epithelium (p < 0.05).

According to the results of measuring of the average den-
sity of spermatogenic epithelial cells, it can be concluded that
the addition of fullerene C60 to the rehabilitation medium
for CrFSTT was effective at a concentration of 15 yg/mlL, sig-

nificantly increasing this parameter relative to the control (by
1.6 times (p < 0.05)) and other investigated concentrations
(10 and 20 ug/mL) (Figure 5(c)).

So, the histological examination showed a decrease of
spermatogenic epithelium damage down to the mild degree
and an increase of the average cell density of spermatogenic
epithelium after incubation with 15 yg/mL C60. At the same
time, it is important that the relationship between the sper-
matogenic epithelium and basement membrane was pre-
served because the last one in the testis serves as a reservoir
of uniquely important cytokines to regulate junction dynam-
ics that are associated with germ cell cycle progression and
movement [18].

The use of modern cryopreservation technologies allows
obtaining a stock of reproductive cells and tissues with their
subsequent long-term storage at low temperatures, which
allows them to be free transported and defrosted immediately
before therapeutic use [19]. Determining the optimal condi-
tions for cryopreservation of testicular tissue fragments is
crucial for further restoration of fertility. It is known that
freezing-thawing leads to a decrease in antioxidant protec-
tion of biological systems that causes the damage of the cell
membrane integrity and activation of apoptosis and necrosis
[20]. Free radicals initiate the processes of lipid peroxidation
and inhibit mitochondrial enzymes of the respiratory chain,
ATPase activity, etc. [21]. Interaction of highly reactive
hydroxyl radicals with polyunsaturated fatty acids causes sig-
nificant damage to cells and tissues, which in turn leads to
increased permeability of cell membranes [22].

Thus, this research was aimed at comprehensively study-
ing the effect of different concentrations of fullerene C60 on
the antioxidant capacity, apoptotic/necrotic processes, and
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morphological characteristics of CrFSTT of immature rats.
One of the important conditions for manifestation of the bio-
logical effect of fullerene C60 is their interaction with cell
membranes. The C60 molecule is characterized by the hydro-
phobic properties and affinity to the biological membranes.
Fullerenes can affect cellular membranes both through
adsorption on the surface and through incorporation into
the lipid bilayer [23]. The authors [24] reported that C60 in
the concentration of 10°M is able to penetrate the bilayer
lipid membrane (phosphatidylcholine-cholesterol (1:1))
locally increasing its conductivity. In addition, the authors
[25] showed that molecules of fullerene C60 are connected
predominantly with the mitochondria inside the cell. And
this is very important because the mitochondria are very sus-
ceptible to oxidative damage due to large amounts of patho-
genic mutant mtDNA can accumulate in the testis resulting
mitochondrial respiratory dysfunction in spermatogenic cells
that ultimately induces meiotic arrest and abnormalities in
sperm morphology [26].

4. Conclusions

Our results demonstrated that 10 and 15 ug/mL C60 simi-
larly affected TAS activity and ROS generation, but the use
of fullerene C60 at concentration of 15 ug/mL led also to an
increase in the activity of mitochondria, to a decrease in cyto-
chrom C release, and to an increase in the cell density in his-
tological section. Furthermore, all studied concentrations of
fullerene C60 did not lead to significant changes in the level
of processes of apoptosis in cells from CrFSTT of rats. At
the same time, it should be noted that the percentage of living
cells after incubation with 15 ug/mL C60 was higher and a
value of necrotic ones was lower than in the control samples.
In our study, the fullerene C60 regardless of concentration
had no effect on the relative amount of MAGE-B1" cells in
CrFSTT of rats but at a concentration of 15 ug/mL reduced
the degree of histological damage of spermatogenic epithe-
lium. So, the general analysis of obtained data showed that
the fullerene C60 can be used for rehabilitation of CrFSTT
and it is the most optimal in the concentration of 15 yg/mL.
The results can be used for the development of an effective
rehabilitation medium for CrFSTT using C60. These findings
relate to the applied nanotechnology in its extension to
reproductive medicine.
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