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ABSTRACT

BACKGROUND: Active development of nanotechnology and the use of research in many industries, including agriculture and
medicine, require a comprehensive study of the influence of ultra dispersed substances on humans and animals. Today, we
have limited evidence of the influence of nanoparticles on the microelement levels in organs and tissues. However, given the
growing production and release of nanoparticles into the environment in processes, it is required to consider both the direct
and indirect effects of particles of various chemical origin.

AIM: To evaluate the influence of copper, cobalt, and copper oxide nanoparticles on behavior and microelement levels in the
liver, kidneys, and reproductive system in laboratory animals and to study their bioaccumulative potential upon intragastric
administration.

METHODS: The experiment was conducted on male ICR mice divided into four variable groups of 6 subjects each, who were
administered distilled water (control group) or 0.02 mg/kg suspensions of copper, cobalt, and copper oxide nanoparticles
intragastrically for 20 days, once a day. We assessed the changes in body weight and anxiety in animals (the number of upright
postures with and without support and the number of short-term grooming). At the end of the experiment, the animals were
euthanized to sample the liver, kidneys, and reproductive organs and to determine the microelement levels using energy
dispersive X-ray fluorescence.

RESULTS: After administration of all tested nanoparticles, the animals showed signs of anxiety, including an increased
number of upright postures with support (the cobalt nanoparticle group) and a decreased number of upright postures without
support accompanied by increased number of grooming acts (the copper and copper oxide nanoparticle groups). Animals of
the same groups (copper and copper oxide) showed a decrease in body weight compared to the control group. An analysis of
the microelement level in the liver, kidneys, and reproductive system revealed ambiguous changes in potassium, calcium, and
sulfur levels and increased oxygen content in the testes and appendages. We detected no signs of bioaccumulation of copper,
copper oxide, and cobalt nanoparticles in the studied organs. Thus, nanoparticles have indirect toxicity, which is manifested by
changes in the microelement levels in organs and is characterized by the rapid elimination of nanoparticles.

CONCLUSION: Copper, cobalt, and copper oxide nanoparticles have a multidirectional indirect effect on the physiology and
behavior of animals realized by changes in the microelement levels in their organs. We detected no accumulation of copper,
cobalt, or copper oxide nanoparticles in the studied organs.

Keywords: nanoparticles; cobalt; copper; copper oxide; bioaccumulation; liver; kidneys; reproductive system; essential
elements.
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OueHKa BAMAHMA HAHOYACTUL, METaJIJIOB U UX OKCUAOB
Ha 3N1eMEeHTHbI COCTaB OPraHoB JiabopaTopHbIX
YKMBOTHBIX M UX CMOCO6HOCTb K HAKOMJIEHUIO

.B. 0buamna, 1. Yypunos, t0.H. MBaHbiueBa, E.M. lponuHa, T.W. Matya, U.B. YepHbix

Ps3aHCKMI rocyAapCTBEHHbIA MeAMUMHCKUIA yHUBepcuTeT uM. akag. W.I. Maenoea, PasaHb, Poccus

AHHOTALMA

06ocHoBaHMe. VIHTEHCMBHOE pPa3BUTHE HAHOTEXHOMOIMIA, UCMONb30BaHWE Pe3ynbTaToB MCCIeL0BaHMIA BO MHOTUX OTpacnsx
NPOMBILLIEHHOCTH, B TOM YMCIIE CESIbCKOM X03AINCTBE U MeuLMHe, TPebyeT BCECTOPOHHENO U3yUYeHUs BO3LENCTBUSA BELLECTB
B YNIbTPaAMCTIEPCHOM COCTOSIHUM Ha YeNIOBEKA M XMBOTHbIX. B HacTosLLee BpeMs CBEAEHUS 0 BAMAHWUM HAHOYACTUL, HA MUKPO-
3/1eMEHTHBINA COCTaB OPraHOB M TKaHei orpaHuyeHbl. Mexay TeM ¢ y4€ToM pacTyLLero Npou3BOACTBA U BbIBpoca HaHoYacTHL,
B OKPYJKAIOLLYI0 Cpedy B X04e TeXHOMOrMyecKux mpoLeccoB HeobXoAMMO yuuTbIBaThb Kak NMpsMoe, TaK U onocpesoBaHHoe
BO3/eHCTBME YaCcTUL, PasfIMYHON XUMUYECKOW NPUPOAbI.

Lenb. OueHutb BAmaHMe HaHovacTuy Meam (Cu), kobanbta (Co) 1 okeupa Meam (CuQ) Ha noBeieHYECKME peaKLmK U MUKpO-
3M1EMEHTHBIA COCTaB MEYeHH, NOYEK W PENPOAYKTUBHOM CUCTEMbI J1TabOPaTOPHBIX HUBOTHBIX, @ TaKXKEe UCCNEAO0BaTb MX Cro-
COBHOCTb K HAKOMMEHWIO NPU BHYTPUKENYA0YHOM BBEAEHUM.

Marepuanbl U MeToabl. 3KCNEPUMEHT NPOBEAEH HA caMuax Mbiwen nHuKM ICR, pa3aenéHHbiX Ha YeTbipe BapuaTMBHbIX
rpynnbl no 6 0cobeii B KaX oM, KOTOPbIM BBOLAUAM BHYTPUKENYAOYHO AUCTUANIMPOBaHHYI0 BOLY (KOHTPOb) MM CYyCMEH3uM
HaHouactuy Cu, Co n CuO B Teyenne 20 aHeit oguH pa3 B aeHb B fo3ax 0,02 mr/kr. OueHnBanm AMHaMUKy Macchl Tena, a Tak-
K€ YPOBEHb TPEBOXKHOCTM KMUBOTHBIX (KONMYECTBO BEPTUKANbHBIX CTOEK C ONOPOi M 6e3 onopbl M KOIMYECTBO aKTOB KpaTKo-
BpPEMEHHOro rpyMuHra). Mo 3aBepLueHMM 3KCMepuMeHTa NPOBOAWNM 3BTaHa3ui, 3ab0p NeyeHu, NMOYeK U PEnpOLYKTUBHBIX
OpraHoB, B KOTOPbIX ONpefensM MUKPO3NIEMEHTHBIA COCTaB METOAOM 3HEProAMCNEPCUOHHOIO PEHTTEHOMNYOPECLLEHTHOMO
aHanusa.

Pesynbtatbl. BBeeHWe Bcex NpoTECTMPOBAHHBIX HAHOYACTHLL BbI3bIBANO Y KMBOTHbIX MPOSB/IEHUE MPU3HAKOB TPEBOKHOCTY:
Habnoaanock yBenMyeHWe KONMYECTBa CTOEK C onopoi (rpynna, nonyyasLwas HaHouacTuubl Co) M CHUMeHMe uncna CToek
6e3 onopbl, CONPOBOXKAABLUEECS YBEIMUEHUEM AKTOB KPaTKOBPEMEHHOTO FPYMMHTA (FpYnmbl 3KMBOTHbIX, MOYYaBLUMX Ha-
HoyacTuubl Cu 1 Cu0). B atux e rpynnax (Cu, Cu0) Habmofanoch CHUMKeEHMe Macchl TeNa JKUBOTHbLIX MO CPaBHEHUIO C KOH-
TPOSIbHOM rpynnoii. AHann3 ypoBHS MUKPO3SIEMEHTOB B MEYEHU, MOYKaX M PENPOLYKTUBHBIX OPraHaXx BbisiBU HEOAHO3HAYHbIE
M3MEHEHNS KOHLIEHTPALIMK Kanus, KanbLmMs U Cepbl, YBeMYEHUe COLEePIKaHUA KMCNIOPOAA B CEMEHHUKaX C npuaatkamu. Mpu-
3HaKoB HaxonneHns HaHoyacTuy, Cu, CuO u Co B uccnepyeMbix opraHax He BbiSIBIeHO. TakuM 06pa3oM, TOKCUYHOCTb HaHo-
YacTWL, peanu3yeTca OMoCpPefoBaHHO, YepPe3 U3MEHEHNE MUKPO3JIEMEHTHOTO COCTaBa OpraHoB, M XapaKTepusyeTcs bbicTpon
3/IMMMHALMEN HAHOYACTULL.

3akntouenue. HaHoyacTuubl Meau, KobanbTa M OKCMAA MeAy OKasbiBalOT pa3HOHAMNpaB/ieHHOE BAMSHWUE Ha GU3Monoruye-
CKWe NMOKasaTesu U NoBeLEHNE XUBOTHbIX, peann3yeMoe 0nocpesioBaHHO, Yepes U3MEHEHWE 31EMEHTHOO COCTaBa MX opra-
HoB. HakonneHus HaHouacTUL, Meau, KobanbTa, OKCMAA MeAM B UCCiedyeMbIX OpraHax He obHapyeHo.

KnioueBble cnoBa: HaHOYaCTULbI; KODANT, MeAb; OKCUA, Meau; HaKOMEHWE; NeYeHb; NOYKMY; penpoayKTUBHaA CUCTEMa;
3CCeHUnanbHble 3JIEMEHTDI.
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BACKGROUND

Nanoparticles (NPs) of various chemical origin are both
produced in industrial processes and formed naturally [1].
A variety of substances, including those in nanodispersed
substances, enter the human body from the environment.
In addition to biological activity, promotion of growth and
development, protection against diseases, and delivery of
medicines to cells, NPs produced in certain processes and
manufactured for medical and agricultural applications pose
risks to plant and animal organisms as they can cause oxi-
dative stress and cell dysfunction [2, 3].

Ultra dispersed metals and their oxides have fundamen-
tally different properties compared to the same substances
in a macrostate or in the form of ions [4]. NPs are capable
of overcoming biological barriers; therefore, they are used
in medicine for treatment and diagnostic purposes [5]. How-
ever, some studies revealed their ability to cause oxidative
stress and disrupt microelemental balance, as well as their
cytotoxic effect [6]. Nevertheless, there are reports of rapid
elimination of NPs without significant bioaccumulation and
pronounced toxic effects [7].

The dialectic of this issue requires a comprehensive study
of the toxicological safety of NPs affecting humans, animals,
and plants [8, 9]. Industries dealing with nanomaterials
should have a realistic understanding of toxicologic risks of
a well-known material in a new, ultra dispersed form [10].
Both in vitro and in vivo studies are needed to verify an ac-
ceptable risk profile.

In a series of previous experiments, it was shown that
cobalt, copper, iron NPs; and copper, cobalt, and zinc oxides
NPs promote plant growth [11]. The studies demonstrated
the manifestation of a low-dose mechanism and the rela-
tionship between the toxicity or promoting effect and the
particle size and concentrations [12]. In most cases, NPs
of 35-80 nm in size promoted germination and germinative
power and activated inorganic nutrition, which was confirmed
by changes in the microelement levels in plants. It was found
that NPs of 35-60 nm in size could influence the transmem-
brane potential of cells and activated enzymes and plant
hormones by changing the pH of solutions used for dipping
before planting [13]. By activating enzyme synthesis, such
particles promoted carbohydrate and nitrogen metabolism,
but their bioaccumulation in plants was not recorded. Still,
ultra dispersed metal oxides often suppressed plant growth,
inhibited their development, and showed a bioaccumulative
trend [12].

As such, NPs are used to treat plants, it is highly probable
that they enter the body of animals, necessitating an evalu-
ation of their effect on organs and metabolism. Our previous
studies on rats and mice investigated the acute and chronic
toxicity of copper and cobalt NPs, and copper and zinc oxides
NPs. They showed that the optimum dose was 0.02 mg/kg as
it did not cause pronounced signs of metabolic and morpho-
logic toxicity in intragastric administration [14, 15].
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The liver, kidneys, and reproductive system are generally
considered as target organs when studying the toxicity of
new compounds due to their key role in detoxification, fil-
tration, and reproduction [16, 17]. In addition, nanodispersed
metals both cause a cascade response themselves and may
have an indirect effect by changing the elemental composi-
tion of organs and tissues; there is insufficient data on such
studies in the literature [18].

AIM: To study the influence of copper, cobalt, and copper
oxide NPs on the behavior of laboratory animals; changes in
body weight; microelement levels in the liver, kidneys, and
reproductive system in chronic intragastric administration
and to evaluate the bioaccumulative potential of NPs.

METHODS

The study used copper and cobalt NPs of 20-50 nm in
size, and copper oxide NPs of 40—60 nm in size. All nanoma-
terials were synthesized at the National University of Science
and Technology MISIS using the electroless metallization of
the corresponding hydroxides in a hydrogen stream. The par-
ticle surface area was determined by BET adsorption using
a Quantachrome NOVA 1200e analyzer (Japan). X-ray phase
analysis using a Shimadzu XRD-7000 diffractometer (Japan)
was used to verify the ball shape of the particles.

Six weeks old male ICR laboratory mice (n = 24) weigh-
ing 18-22 g (Federal State Budgetary Scientific Institution
Scientific Center for Biomedical Technologies of the Federal
Medical and Biological Agency, Moscow Region) were used
as subjects. The animals were kept under standard vivar-
ium conditions (temperature: 22 + 2 °C, relative humidity:
50-60%; light conditions: 12/12 hrs) with access to water
and food ad libitum.

The experiment was conducted in the vivarium of the
Federal State Budgetary Educational Institution of Higher
Education Ryazan State Medical University of the Ministry of
Health of the Russian Federation in accordance with interna-
tional regulations (Directive 86/609/EEC) and good laboratory
practice (Order No. 199n of the Ministry of Health of the Rus-
sian Federation dated April 1, 2016). The study protocol was
reviewed and approved by the meeting of the Commission for
Control over Laboratory Animal Care and Use (No. 22 dated
January 23, 2020). During the experimental period, the mice
received complete granulated feed with balanced elemental,
energy, vitamin, and mineral content manufactured under
GOST R 50258-92.

Mice were randomized into four groups of six subjects.
Animals in group 1 (control group) received distilled wa-
ter intragastrically; group 2 received suspended copper
NPs; group 3 received cobalt NPs, and group & received
copper oxide NPs. 0.002 mg/mL NPs were suspended in
distilled water by dispersing nanopowders in an ultrasonic
bath (Grad 13-35, STC Soltek, Moscow) with a power of
150 W and a frequency of 35 kHz for 15 min. 10 mL/kg of
suspended NPs were administered daily in the morning,
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before feeding, for 20 days, according to Guidelines (MU)
1.2.2869-11 (Moscow, 2011).

The animals’ body weight was measured using OHAUS
laboratory scales (resolution 0.01 g) before the experiment
and at day 6, 11, 16, and 21. Visual examination was per-
formed daily. Motor activity was assessed every three days
by counting upright postures (with and without support)
for 2 min in a plexiglass arena (diameter: 135 mm, height:
350 mm). In addition, we recorded the number of grooming
acts lasting up to 5 s [19].

At day 21, animals were euthanized by decapitation after
inhalation anesthesia with isoflurane. The liver, kidneys, and
reproductive system (testicles and appendages) were sam-
pled in accordance with MU 1.2.2745-10. The organs were
dried in a cabinet dryer for 72 h at 75 °C and ground in por-
celain mortars with porcelain pestles.

The elemental composition of the tissues was determined
by energy dispersive X-ray fluorescence using an Arl QuantX
spectrometer (Switzerland) at the Regional Center for Scan-
ning Probe Microscopy of the Federal State Budgetary Edu-
cational Institution of Higher Education Ryazan State Radio
Engineering University named after V.F. Utkin. The test was
performed using UniQuant software with automatic spectral
fitting. In addition, we performed spot analysis of samples
using a JEOL JSM-6610LV scanning electron microscope
with an INCA X-MAX system (identification of all elements
except hydrogen, helium, and lithium).

Statistical data processing was performed using the Sta-
tistica 12.0 software. Normality of distribution was tested
using the Kolmogorov—Smirnov and Shapiro-Wilk tests. The
data were processed after variance analysis (normal distri-
bution) or the Kruskal-Wallis test (anomalous distribution).
The corresponding parameters recorded in each experimen-
tal group on a specific day were compared with the control
group on the same day (Dunnett’s test for body weight and
behavior of animals in normal distribution; Mann—-Whitney
test with Bonferroni correction for the essential microele-
ment level in abnormal distribution). Data are presented as
the arithmetic mean and standard error of the mean (normal
distribution) or the median and lower/upper quartiles (anom-
alous distribution). Differences were considered significant at
p < 0.05 for normal distributions and p <0.017 for anomalous
distributions.

RESULTS

Body Weight

The average baseline body weight of mice in all groups
was 19.07£0.10 g and did not differ between groups
(p=0.987). As early as at day 4 of the experiment, the group
of animals given copper oxide NPs showed low appetite,
which was recorded by an increased amount of food left in
the feeders. At day 7, the mice that were given nanodispersed
copper showed low appetite as well. Weighing of animals
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at day 6, 11, 16, and 21 recorded weight loss in the groups
receiving copper and copper oxide suspensions. The weight
in the copper NPs group of animals decreased by 38.6% (the
average weight difference was 12.27+1.21 g; p <0.001) and
by 43.9% (the difference of 13.97+1.46 g with the control
group; p <0.001) in the copper oxide NPs group compared
to the control group at the last day of the experiment. The
experimental group subjects that were administered nan-
odispersed cobalt consumed all food and showed weight
gain that did not differ significantly from the control group
(p=0.492; see Fig. 1).

Motor Activity

The upright motor activity of experimental animals was
determined by counting the number of times they stood
on their hind legs without support and with support on the
side in a special setup at day 3, 6, 9, 12, and 18. Starting
from day 7 of the experiment, we observed a reliable de-
crease in the number of unsupported upright postures by
21.4% (day 9, p=0.017), 38.7% (day 12, p=0.037), and 43.8%
(day 18, p=0.002) in the copper NPs group; and by 28.1%
(day 9, p=0.055), 32.25% (day 12, p=0.011), and 40.6%
(day 18, p=0.002) in the copper oxide NPs group. The num-
ber of short-term (less than 5 s) grooming acts increased,
indicating a lower cognitive activity and anxious behavior.
The supported upright postures on the side in these groups
did not differ significantly from the control group (p=0.567).
In the cobalt NPs group, starting from day 9, the animals
tended to increase the average number of supported upright
postures by 1.53 times (41.93-53.57%; p=0.013) compared
to the control group. This trend persisted until the end of
the experiment. However, the number of grooming acts and
unsupported upright postures did not differ from the control
group (p=0.352).

Elemental Composition of Biological Material

Measurements of copper (p=0.288), copper oxide
(p=0.323), and cobalt (p=0.596) levels in the liver, kidneys,
and reproductive system did not reveal significant differences
between the experimental and control groups, indicating the
absence of bioaccumulation of the studied NPs. The analysis
of other elements showed reliable differences of potassium
and calcium levels in all studied organs, sulfur levels in the
liver and reproductive system, and oxygen in the reproductive
system.

Potassium level in the liver of animals was reliably higher
in all experimental groups compared to the control group:
by 111.8% (p=0.004) in the copper NPs group, by 159.8%
(p=0.001) in the cobalt NPs group, and by 208.1% (p=0.002) in
the copper oxide NPs group. Calcium levels in the cobalt NPs
and copper oxide NPs groups were higher by 86.2% (p=0.004)
and 89.4% (p=0.004), respectively, compared to the control
group (see Table 1).

In the kidneys, there was a significant increase in ele-
mental sulfur (copper oxide NPs) by 34.4% (p <0.001) and
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Fig. 1. Changes in body weight of mice (g) with intragastric administration
of nanoparticles (NPs) for 21 days (mean value + standard error of the
mean). * Significant differences in relation to the control group (each
experimental group was compared with the control group on a specific
day of observation using the Dunnett’s test); p <0.01.

calcium (cobalt NPs) by 30.8% (p=0.001) compared to the
control group; in the copper oxide NPs group, the calcium
level decreased by 37.83% (p=0.001). In the nanodispersed
copper and cobalt groups, the potassium level was lower
(by 66.1% and 42.6% [p=0.001], respectively) (see Table 2).
We observed a significant decrease in the sul-
fur level in the testes of animals in the cobalt NPs group
(by 83.7% [p <0.001]) and the copper oxide NPs group
(by 54.3% [p <0.001]) compared to the control group.
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However, the calcium level increased in all experimental
groups: by 52.4% (copper NPs; p=0.005), by 44.4% (cobalt
NPs; p=0.004), and by 107.9% (copper oxide NPs; p <0.001;
see Table 3).

An increased level of elemental oxygen was found in the
reproductive system of animals in all experimental groups
compared to the control group. Significant differences were
observed in two groups; an increase of 50.5% (cobalt NPs,
p=0.001) and 30.9% (copper oxide NPs, p=0.014), which may
indicate a specific effect of such NPs on these tissues (see
Table 3). Levels of other elements did not differ significantly
between the groups (p=0.392).

DISCUSSION

Copper and cobalt are important for cell function. For ex-
ample, cytochrome c oxidase, consisting of several subunits
with a copper atom, is an element of the electron transport
chain, a universal catabolic pathway.

Cobalt is primarily contained in cyanocobalamin mole-
cules; it is present in the active centers of important enzymes,
such as methyltransferase and ribonucleoside triphosphate
reductase; it is a coenzyme of some proteolytic enzymes, and
influences heme metabolism [20].

According to the literature, when administered intragas-
trically, the tested NPs may be absorbed enterally, primarily
by clathrin-dependent endocytosis [10, 21]. Subsequently,
they enter the bloodstream and are delivered to organs and
tissues, where they can accumulate [22, 23]. Mononuclear
phagocytes, especially macrophages, are largely responsible
for the elimination of NPs from the body [24, 25].

Macro- and microelements, including calcium, potassi-
um, and sulfur, are markers of toxicity [26]. According to
the literature, copper and cobalt NPs can increase the level
of essential elements in tissues, such as calcium, magne-
sium, iron, manganese, zinc, potassium, and phosphorus [27,
28]. As laboratory animals received identical feed and water

Table 1. Measurements of the levels of elements in weight samples of liver tissue, %

Group |

Potassium Calcium

Group 1 (control group)
Group 2 (copper NPs)
Group 3 (cobalt NPs)
Group 4 (copper oxide NPs)

0.259 (0.247; 0.262)
0.546 (0.532; 0.574)*
0.673 (0.648; 0.709)
0.798 (0.751; 0.836)"

0.094 (0.077; 0.1171)
0.132 (0.114; 0.152)
0.175(0.142; 0.183)
0.178 (0.157; 0.185)*

Note. * Significant differences in comparison with the control (p <0.01).

Table 2. Measurements of the levels of elements in weight samples of kidney tissue. %

Group

Sulfur

Potassium Calcium

Group 1 (control group)
Group 2 (copper NPs)
Group 3 (cobalt NPs)
Group 4 (copper oxide NPs)

0.442 (0.411; 0.458)
0.407 (0.387; 0.442)
0.518 (0.470; 0.528)
0.594 (0.575; 0.613)

0.183 (0.177; 0.191)
0.062 (0.059; 0.071)*
0.105 (0.103; 0.112)*
0.228 (0.221; 0.236)

0.185 (0.169; 0.193)
0.122 (0.119; 0.137)
0.242 (0.238; 0.263)*
0.115 (0.091; 0.120)*

Note. * Significant differences in comparison with the control (p <0.01).
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Table 3. Measurements of the levels of elements in weight samples of reproductive tissue (testes and appendages). %

Sulfur

Group

Potassium Calcium

Kucnopon

0.527 (0.518; 0.536)
0.648 (0.629; 0.707)
0.086 (0.079; 0.103)
0.241 (0.233; 0.271)*

Group 1 (control group)
Group 2 (copper NPs)
Group 3 (cobalt NPs)
Group & (copper oxide NPs)

0.229 (0.221; 0.236)
0.503 (0.483; 0.531)*
0.287 (0.265; 0.302)
0.271 (0.261; 0.277)

0.126 (0.112; 0.141)
0.192 (0.172; 0.214)
0.182 (0.171; 0.194)*
0.262 (0.251; 0.277)*

15.18 (14.70; 15.71)
22.48 (14.01; 25.64)
22.85 (20.77; 23.87)*
19.87 (19.12; 20.14)*

Note. * Significant differences in comparison with the control (p <0.01).

throughout the experiment, changes in the levels of elements
in organs may be associated with changes in their excretion
by the kidneys and redistribution between different organs
under the influence of the administered NPs.

Increased potassium and calcium levels in the liv-
er and reproductive system may indicate nephrotoxicity of
NPs [29, 30]. Calcium is a universal regulator of humoral
response [31]. There is evidence that exposure to NPs causes
oxidative stress, depleting antioxidant ability and disrupting
calcium homeostasis [32]. Possible mechanisms include ex-
tracellular calcium influx due to lipid peroxidation-induced
membrane damage and calcium channel blockade [33]. In-
creased calcium levels may also be associated with its mo-
bilization from bone tissue due to the direct effect of NPs
on osteoclasts and osteoblasts or indirect effect involving
parathyroid hormones.

Lower sulfur levels, especially in the reproductive sys-
tem, may be associated with a disrupted antioxidant protec-
tion and protein metabolism. Increased kidney sulfur (copper
oxide NPs) can be interpreted as an adaption—an attempt to
compensate for oxidative stress by increasing the production
of antioxidant sulfur compounds, especially glutathione [34].
However, its lower levels in the reproductive system (cobalt
NPs and copper oxide NPs) indicates a possible coenzyme
deficiency and depletion of protective systems [35].

Increased oxygen levels in the reproductive system of
animals in all experimental groups may be associated with
increased lipid peroxidation, which is a typical effect of metal
NPs [36]. This is confirmed by lower sulfur levels in the system
and indicates the development of uncompensated oxidative
stress. This effect may indicate both higher sensitivity of the
reproductive system to NP exposure and a possible increase
in blood flow, promoting local oxygen saturation of tissues.

Increased anxiety in animals observed at administration
of NPs may be associated with the nephrotoxicity described
above and, similar to the NPs described above, the penetra-
tion of blood-brain barrier by the particles and their central
nervous system toxicity [37].

The normal weight gain in animals receiving cobalt NPs
and its decrease in subjects receiving copper NPs and copper
oxide NPs may be associated with the latter’s gastrotoxici-
ty [38, 391. The absence of bioaccumulated copper and cobalt
in organs can be explained by their rapid elimination, mainly
by the intestines [40]. Excretion of NPs by the kidneys is un-
likely due to the damaging effect on these organs.
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Thus, at a dose of 0.02 mg/kg, all studied NPs show signs
of toxicity, especially reproductive, which is consistent with
the literature [41, 42]. Therefore, when using NPs in agricul-
ture, e.g. for seed treatment, it is required to consider the
possible risks of their subsequent entry into the body of ani-
mals and humans. It is advisable to evaluate the doses, fre-
quency, and duration of exposure to NPs and the vegetative
season, when they should be used. It is worth noting that the
prooxidant effect of NPs can be reduced by improving their
physicochemical properties, including size, shape, content,
and pH of solutions.

CONCLUSION

Copper, cobalt and copper oxide NPs are toxic in case of
continuous intragastric intake. lts toxicity is manifested by
nephrotoxicity and activation of lipid peroxidation.

The absence of significant bioaccumulation of copper,
copper oxide, and cobalt in tissues is consistent with the
hypothesis of the predominantly transient effect of the stud-
ied NPs and their possible rapid elimination from the body.
Our study emphasizes the need for further research into the
mechanisms of NP exposure on organs and systems, espe-
cially in long-term exposure.
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