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Age-specific effects of redox-active nanoparticles (NPs) (rare-earth orthovanadates and
Ce0,) of various geometrical parameters on mitochondrial potential (A¥,) have been
studied in isolated rat hepatocytes. It was shown that extra small (1-2 nm) CeO, NPs at
high concentrations cause a slight decrease of A¥,, only in the hepatocytes of 3-month-old
rats. The orthovanadate NPs suppress A¥, in concentration-dependent manner, whereas
the sensitivity of mitochondria to the lower NPs concentration is higher for 20 month-old
rats. Thiol protector glutathione was shown to prevent completely NPs-induced AV,
decrease. For the old animals, thiol protection against the NPs as well as exogenic
pro-oxidants (H,0, and t-BHP) action was more expressed. AY¥, stabilization in the
presence of the NPs was observed at pro-oxidant conditions only for the young rats. It was
suggested that the reduction of mitochondrial functions under effect of the orthovanadate
NPs is due to increase of reactive oxygen species (ROS) production, and it had age-related
character and depended on the thiol buffer system.

Keywords: Rare-earth based nanoparticles, oxidative stress, mitochondrion, hepato-
cytes, prooxidant, antiradical, age.

WccnemoBaHbl BO3pAcTHBIE OCOOEHHOCTH BJIHSAHHUS DPeNoKC-aKTUBHBIX HaHouactur (HY)
(oproranagaTos u CeO,) ¢ PasIMYHLIME TeOMETPUYECKUMM IIapaMeTPaMU Ha MHTOXOHJDH-
anpHLI moTennuan (AY,) B M30JMPOBAHHBIX TemMaTONUTaX Kpwic. Ilokasano, uTo sKcTpama-
asie HY (1-2 um) CeO2 B BBICOKOW KOHIEHTPAIMY BHISBIBAIOT HESHAUMTENbHOE CHuenue AV,
TOJBKO B TeIaTONUTAX 3-X MecAYHbIX Kpeic. Oprosamanataeie HY mogasnaior AY, B sasu-
CUMOCTH OT KOHIIEHTPAIIUN U YYBCTBUTEJIbHOCTH MUTOXOHJAPUI K MEHBLIIUM KOHIEHTPAIIUAM
HY Bpime y 20-u MeCAUYHBIX KUBOTHBIX. THOJBHBIN MPOTEKTOP TJIYTATHOH HpPefoTBpAaIaeT
BoizBannoe HY cummenue AW, mosHOCTBIO. ¥V CTAPBIX KUBOTHBIX 3AIMUTHOE AeWCTBUE TUO-
JIOB TIpOTHB BosgelicTBua kKak HY, Tak m oksoremHerx mpoorcmpantos (H,0, and ¢-BHP)
Gosee Buipaxkeno. Crabunuzanua AY, B npucyrctsuu HY mox BospelicTBreM MPOOKCUAAHTOR
HAO0JI0AAIach TOJbKO Yy MOJOABIX MMBOTHBIX. MOJKHO TPEAIONOKUTh, UTO CHUMKEHUE MUTO-
XOHAPUANBLHON (GYHKIINHU, BuI3BaHHOe HY, 3aBUCUT OT BO3pacTaHUS TeHepalui aKTUBHBIX (hopM
KHCJIOpOoa, MMeeT BO3PACTHBIE OCODEHHOCTU W 3aBUCHUT OT THUOJBLHOM Oy(epHOoil CHCTEeMEI.

Birosi oco6auBocri sminm mitoxomgpiaapHoro morenmiaxy (AY,), Burankani Hamouac-
TUHKAMU Ha OCHOBI pigrosemenpHux enementis. K.A.Agepuenro, H.C.Kaeorx, B.K.Knoukos,
CJL.E€pimosa, M.JO.Manwxina, 0.0.Cedux, CA.Kaimos.

Hocaimxeno Bikoel ocobnmBocTi BILIMBY penoKc-akTuBHHX HaHouacTuHOK (HY) (oproBa-
Hagarie ra CeO,) 3 pisHMMEU reoMeTPUYHNME IIapaMeTPaMy HA MiTOXOHIPialbHIH IOTeHIiaN
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(AY,,) B izonboBanux remaTonurax nrypis. Ilorkasamo, mo excrpamani HY (1-2 am) CeO, y
BHUCOKill KOHIEHTpalil BUK/JIMKAIOTL He3HauHe magina AW, Tiapkm y remaronmrax 3-micau-
Hux mypis. Oprosanagarai HY mpuraiuyors AV, saxemno Bix Kommenrpanii i uyramsicTs
miToxouapift 10 mMeHmux kKouHmeHTtpamiii HY sume y 20-micaunmux TBapmH. Tioapuuit mpo-
TexTop rayrarion (GSH) mosmicTio samobirae sukaukanomy HY summennio AY, . ¥V crapux
TBAPWH 3aXMcHa Aia Tiosis mporm BmnmuBy Ak HY, Tak i exsoremmmx mpoorcmzpantie (H,0,
and ¢-BHP) 6inem supasxena. Crabimisania AY, y npucyrnocti HY mix snmusoM mpooxcu-
MaHTiB cmocTepirasacda TiNBKM y MOJMOAMX TBapmH. MoKHa TPUMYCTUTH, IO SHUIKEHHS
miToxoHApianbHOI (pyHKIIT, BukIANKane HY, sajmeuTs Bijg 3pocTanHsA reHepallil akTUBHUX
¢opM KucHIO, Mae BiKoBi ocobamBocTi i 3anme:XuTh Bix TioambHOI Oydepnoi cucremu.

1. Introduction

Nanotechnologies have opened numerous
perspectives in biomedical area. Nanomate-
rials allow multiple functionalization, opti-
cal and magnetic properties, redox activity
to be combined that lead to development of
the novel imaging and therapy approaches.
Biomedical applications of rare-earth based
nanoparticles (NPs) were also reported [1,
2]. Recently it was shown that the rare-
earth based NPs can be used for in vitro and
in vivo bio-object imaging [3, 4]. Such NPs
exhibit stable light emission, narrow lumi-
nescence bands and size-independent emis-
sion wavelength. Gd3* ions being the most
commonly used ions for T1-based MRI con-
trast enhancement [5] or antioxidant like
sensors. It was shown that the antioxidant
sensor properties of the NPs can be ex-
plained by the smaller size rendering the
role of the surface more important or by
differences of the surface properties due to
the citrate complexes or of crystallinity
[6].

Oxygen nonstoichiometry is responsible
for the activity of cerium oxide NPs in bio-
chemical redox processes when they react
with reactive oxygen species (ROS) and free
radicals. Use of CeO, NPs as free radical
scavengers has great prospects because the
oxidative stress plays a critical role in dam-
aging of vital functions (e. g. at irradiation)
[7, 8]. The reason for the antioxidant activ-
ity of CeO, is interconversion of the redox
processes associated with the interconver-
sion Ce#* Ce3* on the nanoparticles sur-
face. We suppose that in orthovanadate
Eud* doped NPs such mechanism is also ap-
plicable as a result of the conversion Eu3*
Eu2*. However, it is known that NPs not
containing variable-valency ions can also
have antioxidant activity, for example,
fullerenes. Data about properties of the
nanoceria is contradictory: some researches
report about ability of CeO, NPs in in vitro
system demonstrate the activity like super-
oxide dismutase (SOD) [9-11] and have

220

neuroprotective [12] and anti-inflamatory
properties. But data about cytotoxic and
proapoptic effects of CeO, are also reported
[18, 14]. Prooxidant\antioxidant properties
of all NPs depends on their sizes, shapes,
hydrophilicity/hydrophobicity, heterogene-
ity and porosity of the surface and this is
may determine the end result of interaction
between the particles and biological mi-
croenvironment. The nanocrystals growth
mechanisms also have particular relevance
for the NPs that may undergo chemical
transformations in environmental or bio-
logical milieu. So, demonstrated by the NPs
prooxidant or antioxidant action, namely,
the change of oxidative balance in living
systems has to be investigated in different
levels and in dynamics as well. Obviously,
that in the cells toxic effects of NPs imple-
mented through the imbalance of the ROS
generation. Cells mitochondria are primary
sources and main targets of the ROS, and
they are very sensitive to the oxidative
damage. The mitochondrial transmembrane
potential (AY,,) allows assessing the mito-
chondrial activity and cell viability, as well
as apoptosis activation in the cell [15, 16].
Quantitative microfluorimetry with JC-1
allow monitoring of the A¥,, in single living
cells [17-19]. In the present research we
report ability of rare-earth based NPs (lumi-
nescent orthovanadates nReVO,Eu3* (Re =
Gd, Y, La) and CeO, with different form-
factors) to alter the mitochondrial potential
of isolated hepatocytes of different aged
rats — 38 month-old and 20 month-old.

2. Experimental

2.1. Synthesis of the NPs

Synthesis of nReVO,Eu3* (Re = Gd, Y,
La) and CeO, water colloidal solutions was
carried out according to the method re-
ported earlier [4, 20]. NPs with different
form-factor, namely — spherical (with aver-

age size of 1-2 nm), spindle form (25x8 nm),
rod-like (57x6—8 nm), CeO, (with the aver-
age size of 1-2 nm and 8-10 nm) were ob-
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tained. The NPs were characterized using
Transmission electron microscopy (TEM-
125K electron microscope, Selmi, Ukraine).
Standard deviation does not exceed +10 %
from the average size of the particle.

Dynamic Light Scattering and Phase
Analysis Light Scattering of the NPs were
performed to find out the question about
influence of the cell culture medium (the
Eagle’s medium with 10 % fetal serum pH
= 7.4) on the particle size distributions and
{-potential was measured wusing Zeta-
PALS/BI-MAS (Brookhaven Instruments
Corporation, USA) kit like ascribed in [21].
Changes in distribution of the fractions and
coagulation of the NPs in the Eagle’s me-
dium were not observed.

2.2. Fluorescence analysis of the cells

Fluorescence analysis of the cells was
performed with JC-1 (5,5%,6,6"-tetrachloro-

1,1/,8,8 -tetraethylbenzimidazolocarbocyanine
iodide) as described in [21, 22]. Hepatocytes
were isolated from 8 month-old and 20
month-old male the Wistar normal rats by
the method described earlier [28] in accord-
ance with the International Rules of "The
European Convention for the protection of
vertebrate animals used for experimental
and other scientific purposes” (Strasbourg,
1986) approved by the III-rd National con-
gress on bioethics of Ukraine (Kyiv, 2007).
The cells number was counted and their vi-
ability was evaluated by trypan blue exclu-
sion. In the experiments the samples with
viability higher than 90 % were used. The
cells (5x10° cell/ml) were stained with JC-1
(1076 M) in the Eagle’s medium with 10 %
fetal serum pH 7.4 at the room temperature
for 60 min. After the cell staining, 25 or
50 uL of the stock NPs solution (1 g/L) was
added to each well, then the cells were
treated by the NPs for 24 h and assayed for
mitochondrial membrane potential. The
final concentrations of the NPs in the sam-
ples were 0.025 or 0.05 g/L, respectively.
In separate experiments inorganic hy-
droperoxide H,O, (1 mM) and organic hy-
droperoxide ¢-butylhydroperoxide (¢-BHP)
(50 uM or 5 uM) were used as model oxi-
dants. 2 mM glutatione (GSH) or 5 mM n-acetyl
cysteine (NAC) were applied as protectors
against development of oxidative stress:
after staining of the cells with JC-1, the
thiols were added to the wells 1 h before
adding of the oxidants or the NPs.
Microfluorimetry was described else-
where [24, 25]. Further modifications of the
quantitative image method were made to
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improving the accuracy of the measure-
ments permitted to analyze the mitochon-
drial function in situ [26—28, 21]. The fluo-
rescence microscopy was performed using
inverted epifluorescence microscope (IX-71;
Olympus, Tokyo, Japan). Images were taken
using digital camera (C-5060 Olympus,
Tokyo, Japan) connected to the microscope.
DP-soft 5.0 software (Olympus, Tokyo,
Japan) was used for the images processing.
Ratio imaging was done using Adobe Pho-
toshop CS8 (Adobe Systems, San Jose, CA)
to measure the mean green and red intensi-
ties of the objects. The relative AY,,
changes occurring in the cellular area at the
time point was evaluated by using F exp/F control®
The data was averaged from ~25-30 cells
per cover slip for every analyzed point. Re-
sults were expressed as the mean +SEM of
five repetitions.

The results were statistically processed
by means of the software Statistika v. 5.0
(StatSoft, USA) and Origin 6.1 (Origin Lab
Corporation, USA) using the Student’s ¢-cri-
terion. The results differed statistically and
significantly at p < 0.05.

3. Results and discussion

In our previous research we have shown
that in biotic and abiotic systems the NPs
influence on free-radical processes differs
significantly. In dependence of the microen-
vironment and experimental conditions the
NPs demonstrate protective properties or
enhanced induction of oxidative stress [29].
Also we have shown that the main target of
orthovanadate NPs with different form-fac-
tors is mitochondrion, and interaction of
mitochondrion with the NPs depends on
time of interaction and shape of the NP
[21]. In present research we investigate age-
associated features of the NPs influence on
the mitochondrion of isolated hepatocytes.

(1-2 nm) CeO, NPs at concentration of
0.05 g/1 caused slight decrease of AY,, only
in the hepatocytes of young rats that can
correlate with ability of the extrasmall NPs
to penetrate intracellular organelles includ-
ing mitochondria. According to literature
penetration of the extrasmall NPs into cells
occur by the mechanism of adsorption-diffu-
sion without endocytosis. It allows the NPs
to penetrate directly into cytosol and intra-
cellular substructures such as nucleus and
mitochondrion [30]. A¥,, changes are associ-
ated with high reactivity of the extrasmall
NPs and their tendency to aggregate and
ability to damage the cellular structures.
This data correlated with data about high
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Influence of exposure with NPs (1 — spherical, 2 — spindle, 3 — rod-like, 4 — CeO,

1-2 nm, 5 — CeO, 8-10 nm) in different concentrations (0.025 and 0.05 g/1) for 24 h on A¥,, of single
hepatocytes of different aged rats (a — 90 day; b — 20 month). (¥ p < 0.05 compared to control).

prooxidant activity of these particles in bio-
systems of different complexities [29]. Sup-
pression of the mitochondrial activity oc-
curs in dependence of concentration of the
orthovanadate NPs, and less concentration
(0.025 g/1) had more expressed effect for
20 month-old rats as compared to the
3 month-old rats (Fig. 1). In addition at
higher concentration (0.05 g/1) suppressive
effect for the extrasmall orthovanadate NPs
was more expressed. The most age differ-
ences in response of AY, to the NPs was
observed for the smallest orthovanadate
NPs: in hepatocytes of the old rats these
particles inhibited mitochondrion more sig-
nificantly. This fact can be explained by
different initial state and reactivity of the
antioxidant defense-system. Confirmation of
the age-associated features of influence of
the NPs on redox-balance of the cells was
obtained with using NAC and GSH as pro-
tectors against harmful influence of the
NPs on AY¥,,. GSH unlike to NAC neutral-
izes negative effects of the particles on mi-
tochondrion completely. GSH is one of the
main components of the thiol redox buffer
in the cell. Depletion of the pool of reduced
GSH and change in the GSH/GSSG ratio
may be mediated by enzymatic processes of
detoxification of the nanoparticles [31]. Ex-
ogenous GSH is able to penetrate the hepa-
tocytes unchanged and protect as extracellu-
lar, so the intracellular structures, and the
most importantly, mitochondrion and nu-
clei. NAC is able to protect cells and mito-
chondrion only partly because it is a pro-
genitor of energy-consuming process of syn-
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thesis of GSH and this effect may not be
enough for neutralization of the NPs in
conditions of decrease of the mitochondrial
function and synthesis of ATP. We found
that in the hepatocytes of 20 month rats
GSH expressed significant the protective ef-
fect against influence of the orthovanadate
NPs as well as oxidative stress developed by
prooxidants (H,O0, and ¢-BHP) (Fig. 2).
With the aging the activity of enzymes of
antioxidant defense system increases, but
the level of GSH exogenous substrate de-
creases and this fact explains the observed
differences of exogenic GSH influence in
the cells of 3 month-old and 20 month-old
rats (Fig. 2). NAC also demonstrates more
expressed protective effect against toxic
concentration of ¢-BHP in the cells of the
old rats.

Previously it was shown that in biotic
system the spherical orthovanadate NPs en-
hanced effect of oxidative stress simulated
by H,0, and ¢-BHP and pre-incubation of
samples with 8-10 nm CeO, prevented de-
velopment of oxidative stress induced by
H,O, [29]. Paradoxical stabilization of the
mitochondrial potential in hepatocytes of
the young rats in prooxidant conditions
modeled by H,0, and t-BHP was shown
(Fig. 3a, b). The effect was not observed in
hepatocytes of 20 month old rats. Conceiv-
ably, the adaptive resources of cells are mo-
bilized under influence of NPs and prooxi-
dants, and the final effect is the preserva-
tion of AY¥,, level. In contrast to the young
ones, in the old animals independently on
the presence of prooxidants the mitochon-
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(8 month and 20 month) with induction of oxidative stress using H,O, (1 mM) — (a) and #-BHP

Fig. 8. Effect of all types of nanoparticles (1 — spherical, 2 — spindle, 3 — rod-like, 4 — CeO,
(5 uM) — (b) (* p < 0.05 compared to control).

1-2 nm, 5 — CeO, 8-10 nm) (c
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drial potential decreased under influence of
the NPs: in presence of ¢-BHP (Fig. 3b) the
mitochondrial potential decreased more sig-
nificantly compared to H,O, (Fig. 8a). Such
differences can be explained by the higher
mobility of defense systems of the young
organism and by the fast adaptive rebuild-
ing induced by ROS. This fact provides the
evidence that the NPs induced mitochon-
drial function failure is ROS-dependent, has
the age-related character and depends on
the thiol buffer system.

4. Conclusions

Thus, the data obtained show that ex-
trasmall NPs of the both investigated types
can have suppressive action on mitochon-
dria due to high penetration activity and
prooxidant properties. Such effects were
more expressed for the orthovanadate NPs
because of the higher prooxidant activity.
In addition the orthovanadate NPs action re-
vealed significant age specificity: in the cells
of 20 month animals the decrease of AY,, was
more expressed. This fact is explained by
the aging changes in antioxidant defense
system and functional states of the cells
membranes, by synthesis and level of GSH
decreased with the aging on the ground of
increased activity of the GSH-using en-
zymes. Protective effect of exogenous GSH
in hepatocytes of the old rats confirms this
assumption. The adaptive resources of the
cells mobilized under simultaneous influ-
ence of the NPs and prooxidants in the cells
of 8 month-old rats and paradoxical stabili-
zation of the mitochondrial potential ob-
served. The effect was absent in hepatocytes
of the old rats due to the lower mobility of
the defense system and presence of antioxi-
dants (GSH). Age-specific changes of biosys-
tems should be considered in evaluation of
NPs bioactivity that is the main point in
development of nanotherapeutics.
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