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The study is devoted to the development of new promising nano-
component compositions with membrane-modulating properties.
The effect of a solution of hydrated fullerene C, and a cell suspen-
sion of blue-green algae Spirulina platensis on the activity of free
radical lipid peroxidation and oxidative phosphorylation in mi-
tochondria of rat liver was studied. Fullerene C_ and suspension
of Spirulina platensis cells were administered to Wistar rats for 30
days, once a day, intragastrically, both jointly and singly. The rate
of oxygen consumption of phosphorylating and non-phosphory-
lating mitochondria (in V, and V, states), the rate and efficiency
of ADP phosphorylation (ADP/At and ADP/O), respiratory con-
trol coefficient (RC) were changed in rat liver mitochondria. In
the same samples, the concentration of diene, triene, oxodiene,
and tetraene fatty acids was measured. The results of our studies
have shown that the solution of hydrated fullerene C_ serves as
a structural modifier of the lipid bilayer of cell membranes, the ef-
fect of which can be corrected by using an antioxidant component
such as a suspension of Spirulina platensis cells.
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INTRODUCTION

In this regard, the study into the formation and
metabolism of ROS in the body is an important

Recently the presence of reactive oxygen species
(ROS) in the body is no longer associated exclu-
sively with the development of various pathologi-
cal processes. ROS has been shown to participate
in a variety of physiological and metabolic events,
such as intercellular transduction, gene expres-
sion and formation of biologically active com-
pounds (Panieri, Santoro, 2015; Green et al., 2014;
Kobayashi et al., 2014; Chelombitko et al., 2016;
Bieberich, 2012).

* Corresponding author. Email: o.v.falko@gmail.com

theoretical scientific task, and the development of
methods for the chemical regulation of the ROS
generation is its practical component.

Fullerenes are a poorly studied allotropic form
of carbon (Piotrovsky, 2006). The prospect of us-
ing C_, fullerene is of interest worldwide. Its mol-
ecule is a truncated icosahedron consisting of 20
hexagons and 12 pentagons. There is a cavity of
about 0.5 nm in diameter inside of the icosahe-
dron, (Popov et al.,, 2013). Fullerenes are highly
reactive molecules, wherein the carbon atoms in
the spherical carcass are in sp2 hybridization, thus
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achieving a high steric intensity of the molecule
and a strong propensity to join the nucleophilic
addition reactions (Hirsch, 1999).

To date, information on the antioxidant
properties of fullerenes is quite contradictory
(Yang et al., 2014). At the same time, a num-
ber of authors, using various living objects,
proved the involvement of these substances in
the inhibition of free radical processes (An-
drievsky et al., 2005; Hu et al., 2007; Lin et al.,
1999; Tsai et al., 1997). There is a variety of
mechanisms of their antioxidant action. For ex-
ample, their ability to act as traps for free radicals
of superoxide anion and hydroxyl (Xiao et al.,
2005) has been shown to cause an increase in
catalase activity and glutathione-S-transferase
in the body of Daphnia rulex crustaceans when
administered in vivo (Klaper et al., 2009).

It is known that unlike fullerenes, the blue-
green alga Spirulina platensis in the form of
powders, tablets, capsules, and the like has an-
tioxidant properties that enables it to be used
for the correction of pro- and antioxidant bal-
ance in the body (Ovsyannikova et al., 1998;
Mazokopakis et al., 2014; Wu et al., 2016).
We believe that the use of modulators of free
radical processes of fullerenes in combination
with the cell culture of Spirulina platensis, hav-
ing an undoubted antioxidant effect, is prom-
ising for the development of effective and safe
drugs.

The bulk of the injected fullerene is probably
metabolized in liver (Gharbi et al., 2005), how-
ever, a terminal degradation of xenobiotics (in-
cluding the Spirulina platensis chemical com-
ponents) occurs in liver. It is also known that
mitochondria are among the main producers
of reactive oxygen species in cells (Chelombit-
ko et al., 2016; Czarna, Jarmuszkiewicz, 2006).
In connection with the foregoing, the aim of
our work was to study the effect of the solu-
tion of hydrated fullerene C,, (C60FWS) and
cell suspension of Spirulina platensis, separately
and in combination in vivo, on the activity of
free radical lipid peroxidation (LPO) and oxi-
dative phosphorylation processes in mitochon-
dria of rat liver.

MATERIALS AND METHODS

The experiments were carried out in sexu-
ally mature Wistar white rats. The animals
were divided into four groups. Control group
(Group 1) was represented by intact animals.
The experimental groups included: Group 2,
which consisted of the rats that were intragastri-
cally administered with 500 mg/kg suspension
of Spirulina platensis cells; Group 3 included
the animals which were intragastrically ad-
ministered with 1.0 ml of a solution of hydrat-
ed fullerene C_ at a concentration of 10~ M;
Group 4 was made up of the rats co-adminis-
tered with a suspension of Spirulina platensis
cells and a C_; fullerene solution in the above
doses. All the manipulations with animals were
performed prior to feeding in the morning, dai-
ly for 30 days. The animals were kept at the stan-
dard Animal House conditions under natural
illumination and nutritional regimen recom-
mended for these animals. The studies were
conducted according to the national “General
Ethical Principles of Experiments on Animals”
(Reznikov, 2003), which are consistent with
the provisions of the “European Convention for
the Protection of Vertebrates Used for Experi-
mental and Other Scientific Purposes” (Stras-
bourg, 1986). At the end of the experiment,
the animals were removed from the experiment
by decapitation and the liver was isolated. Mi-
tochondria were isolated from the hepatocytes,
in which the indices of their functional activ-
ity and concentration of LPO primary products
were determined.

Mitochondria from the animals’ liver were
isolated by the standard method of differen-
tial centrifugation (Severin, Solovyova, 1989).
The isolation medium contained 250 mM su-
crose, | mM EGTA, 5 mM Tris-HCI (pH 7.4).
To remove endogenous fatty acids, mitochon-
dria were pre-incubated with fatty acid-free
BSA. A mitochondrial suspension (60-70 mg of
mitochondrial protein in 1 ml of isolation me-
dium) was stored on ice. The protein was deter-
mined by the Bradford method, BSA was used
as the standard (Severin, Solovyova, 1989).
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Recording the respiration of a mitochon-
drial suspension. Mitochondrial respiration
was recorded at a temperature of 25°C by
means of Clark electrode and a polarograph
(Severin, Solovyova, 1989). The concentra-
tion of the mitochondrial protein in an oxygen
cell was 0.7-1.3 mg/ml. The incubation me-
dium contained 200 mM sucrose, 5 mM KH-
2P0, 20 mM KCl, 5 mM potassium succinate,
2 mM MgCL, 0.5 mM EGTA, 10 mM Tris-HCI
(pH 7.4). Immediately after the mitochondrial
2 uM rotenone was added to the oxygen cell. In
determining the respiration rate during the ox-
idative synthesis of ATP (V, state), in addition,
200 pM ADP were added to the mitochondria
additionally 2-3 min after the rotenone.

Tris, potassium succinate, fatty acid-free
BSA (“Sigma”, USA), rotenone, EGTA (“Serva,
Germany), sucrose (“Fluka” Germany), KCl,
MgCl, (“Merck’, Germany) were used. Other
reagents of “chemically pure” and “extra pure”
grades were produced in the CIS.

The concentrations of LPO products were
spectrophotometrically measured determin-
ing their absorption spectra at different wave-
lengths in the ultraviolet region of the spectrum,
after extraction of LPO products with the hep-
tane-isopropanol mixture. Accordingly, the fol-
lowing were measured: diene conjugates (DC)
at 233 nm, molar extinction coefficient ¢, =
2.2x105cm™- M triene (TC) at 268 nm, molar
extinction coefficient g = 4.34 x 10 cm™ - M
oxodiene (ODC) at 276 nm, molar extinction
coefficient & = 2.7 x 10° cm™ - M tetraene
(TET) - at 287 nm, the molar extinction coeffi-
cient for TET was not determined. The calcula-
tion was carried out using the molar extinction
coefficients. The data were expressed in nmol
per 1 mg of protein for DC, TC, UDC, and in
extinction units per 1 mg of protein for TET
(Shvedova, 1992).

RESULTS AND DISCUSSION

In the first part of the experiments, bioener-
getic parameters of rat liver mitochondria were
studied. The oxygen absorption rate in the third
phosphorylation state (V,) and the fourth non-

phosphorylation (V,) was calculated using po-
larograms. The respiration rate was expressed
as nanogram atoms per minute per milligram
protein. The ratio of the rate of phosphorylating
respiration to the rate of non-phosphorylating
respiration characterizes the coeflicient of re-
spiratory control (RC) according to Chance-
Williams. Its value is indicative of the degree of
conjugation of oxidation and phosphorylation,
as well as the degree of intactness of mitochon-
drial preparations. The ADP/O coeflicient char-
acterizing the efficiency of the phosphorylation
system was calculated as the ratio of the molar
amounts of added ADP and atomic oxygen ab-
sorbed by the mitochondrial suspension dur-
ing the phosphorylation of the added amount
of ADP. The rate of phosphorylation of ADP/
At was expressed in nmol of ADP per 1 min per
1 mg protein. The results are shown in Figs. 1 and
2. In the second part of the experiment, the ac-
tivity of free radical LPO processes in rat liver
mitochondria was studied, which was evaluated
by the formation of LPO primary products, i.e.,
LPO-diene, triene, oxodienic, and tetraene fatty
acid conjugates. The data are presented in Fig. 3.

The data in Fig. 1 demonstrate that the rate of
oxygen uptake by mitochondria in state V, (res-
piration of non-phosphorylation mitochondria)
did not have significant differences between
the groups, although there is a tendency to an in-
crease of this index in Group 3. But already with
phosphorylation (V,), the mitochondrial respi-
ration of rats receiving Spirulina and fullerenes
solely was more intense compared to the control
and the group with the mixture.

This was accompanied by a faster conver-
sion of ADP to ATP if compared to the control
(ADP/At). At the same time, the ADP/O phos-
phorylation efficiency decreased in the groups
of the animals that received the C_ fullerene
solution and suspension of Spirulina platensis
cells if compared to the control and group of
the rats treated with the mixture of C,_, fuller-
ene solution and suspension of Spirulina pla-
tensis cells, as shown in Fig. 2. That is, the rate
of respiration during phosphorylation in these
groups increased, but more oxygen was also
consumed to form ATP.
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Ratio of respiration rate V4 and V3 ADP/At in experimental
groups, rel/units
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Fig. 1. Respiration rate in states
of non-phosphorylation (V,) and
phosphorylation (V) rat liver mito-
chondria and ADP/At phosphoryla-
tion rate (* — significance versus
groups 1 and 4, p < 0.05)

Fig. 2. Phosphorylation efficiency
(ADP/O) and respiration control
coefficient in rat liver mitochon-
dria and ADP/At phosphorylation
rate (* — significance versus groups
1 and 4, p < 0.05; ** — significance
versus groups 1-3, p <0.05)

35
3
25 .
] Intact animals (control)
21— ] m S. platensis introduction
15 L — ——  MIntroduction of fullerenes
L — _ e Introduction of mixture of
S. platensis and fullerenes
05 | I -
0
ADF/O
== ntact animals (control)
== [ntroduction of fullerenes
TET* > TC

oDC

=== S, platensis introduction

e | ntroduction of mixture of
S. platensis and fullerenes

Fig. 3. Concentration
of LPO products in rat
liver mitochondria and
ADP/At  phosphoryla-
tion rate (scales of RC,
TC, ODC — nmol per
1 g protein, and TE
— 20 x one extinction

unit per 1 mg protein)
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In the group of the rats that received both
the C fullerene solution and a suspension of
Spirulina platensis cells, the rate of ATP forma-
tion did not increase statistically significantly
when compared to the control and the groups
that received the substances separately. It is
logical to assume that the fullerene and the sub-
stances containing Spirulina platensis successful-
ly compete for protons and oxygen with the pro-
cess of oxidative phosphorylation. In this case,
fullerene C_ interacts with protons, and Spiruli-
na platensis does with oxygen. This hypothesis is
supported by the fact that fullerene is character-
ized by quite a good solubility in fatty acid esters
(Cataldo, 2008). The result of the extraction of
oxygen and protons from the process of oxida-
tive phosphorylation is the change in the DC
value, which is lower in the group of the rats re-
ceiving the mixture of substances as compared
to other three groups (Fig. 2).

The specifics of the electron-deficient fuller-
ene nucleus, which manifests itself as an oxidiz-
er in the aqueous medium due to the transition
to a superoxide radical, has been reported. In
the excited state, fullerene C_ is able to gener-
ate singlet oxygen and can interact with elec-
tron donors (Panteleev, 2012). Mitochondria
are the main source of free radicals in the cell.
It is believed that approximately 2-5% of elec-
trons passing through the electron transport
chain participate in the one-electron reduction
of oxygen to superoxide (Inoue et al., 1999). In
this connection, it was of interest to find out
how the situation with LPO is changing, in par-
ticular, with the accumulation of its primary
and later products, in mitochondria of the liver.
Data on the concentration of LPO products in
mitochondria are shown in Fig. 3.

In mitochondria of the liver of rats treated
with fullerenes, the level of both the early prod-
ucts of LPO-DC as compared with the con-
trol (pl) , < 0.05) and later products, i.e., TC
(Pl, , < 0.05) increases, which allows thinking
of the ability of fullerenes to loosen the mem-
brane lipid bilayer. Moreover, this indirectly
corresponds to the reports on the ability of

fullerenes to be accumulated and metabolized
in the liver (Yamago et al., 1995) and to be dis-
solved in fatty acids (Cataldo, 2008). Second-
ary products, ketodienes (ODCs), increased
compared with the control (pl, ,<0.02). All this
indicates an intensive development of peroxide
processes in mitochondria of animal liver, fed
with fullerenes. Thus, fullerenes in mitochon-
dria exhibit pro-oxidant properties.

In the group of rats receiving a suspen-
sion of Spirulina platensis cells, the changes in
the level of LPO products in mitochondria were
observed only in the form of a trend for ODC
(p,,<0.1) in comparison with the control. Spi-
rulina, being used in a cocktail with fullerenes,
suppressed the pro-oxidant effect of the latter.
The level of DC and TC in Group 4 increased in
comparison with the control (p, , <0.05, in both
cases) to the same extent as in the use of fuller-
enes solely, but the ODC decreased more than
2 times if compared with Group 3 (p, , < 0.02),
i.e., approached the control level (p , <0.1).

CONCLUSIONS

The results of our studies show that fullerene C_
acts as a structural modifier of the lipid bilayer of
membranes, and some chemical components of
Spirulina platensis reveal an antioxidant effect.
When self-administered, Spirulina cell culture
does not contribute to the antioxidant status of
mitochondria, being a common nutritional fac-
tor. In this connection, the use of the Spirulina
platensis (500 mg/kg) and C_, fullerene during
the subchronic period, both jointly and indi-
vidually, may be useful for initiating membrane-
modifying effects, both anti- and pro-oxidant.
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HIDRATUOTO FULERENO C_, SAVYBES,

MODIFIKUOJANCIOS MEMBRANA KAR-
TU SU SPIRULINA PLATENSIS LASTELIY

KULTURA

Santrauka
Tyrimas skirtas naujy, perspektyviy nanokom-
ponenty kompozicijy, turin¢iy membrang, kore-
guojanc¢ioms savybéms sukurti. Tirtas hidratuoto
fulereno C_ ir mélynai zaliy dumbliy Spirulina pla-
tensis lasteliy suspensijos poveikis laisvyjy radikaly
lipidy peroksidacijai ir oksidaciniam fosforilinimui
ziurkiy kepeny mitochondrijose. Fulerenas C,; ir
Spirulina platensis lasteliy suspensija “Wistar™ Ziur-
kéms buvo duodama 30 dieny kartg per dieng ir
kartu, ir atskirai. Buvo stebimas deguonies suvarto-
jimo pokytis fosforilinanciose ir nefosforilinanciose
ziurkiy kepeny mitochondrijose (V, ir V, stadijose),
stebétas ADP fosforilinimo (ADP / At ir ADP / O)
greicio ir efektyvumo bei kvépavimo kontrolés ko-
eficiento (RC) pokytis. Tuose paciuose méginiuose
matuota dieno, trieno, oksodieno ir tetraeno riebaly
ragscéiy koncentracijos. Tyrimo rezultatai rodo, kad
hidratuotas fulerenas C_ veikia kaip struktarinis
lasteliy membrany lipidy dvigubo sluoksnio modi-
fikatorius. Jo poveikj galima modifikuoti naudojant
antioksidanty komponenta, pvz., Spirulina platensis
lasteliy kultara.

Raktazodziai: hidratuotas fulerenas C_, Spiru-
lina platensis, lipidy peroksidacija, kepeny lasteliy
mitochondrijos, oksidacinis fosforilinimas



