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Abstract

Metal-oxide nanoparticles (NPs), as a new emerging technological compound, promise a wide range of usage areas and conse-
quently have the potential to cause environmental toxicology. In the present work, aluminum (Al,O3), copper (CuO), and
titanium (TiO,) nanoparticles (NPs) were administered via oral gavage to mature female rats (Ratfus norvegicus var. albinos)
for 14 days with a dose series of 0 (control), 0.5, 5, and 50 (mg/kg b.w./day). Enzyme activities of the antioxidant system such as
catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione S-transferase (GST), and glutathione
reductase (GR) in the liver were measured. Transmission electron microscope (TEM) images of the liver were taken to demon-
strate NP accumulation and distribution in liver tissue. Data showed that all NPs caused some significant (P > 0.05) alterations in
the activities of antioxidant enzymes. CAT activity increased after CuO and TiO, administrations, while SOD activity decreased
after Al,O; administration. The activities of enzymes associated with glutathione (GR, GPx, GST) metabolisms were also
significantly altered by NPs. GPx activity increased in rats received Al,O3, CuO NPs, while GR activity increased only by
Al,O5. However, there were increases (TiO,) and decreases (CuO) in GST activity in the liver of rats. TEM images of the liver
demonstrated that all NPs accumulated in the liver, even at the lowest dose. This study indicated that the antioxidant enzymes in

the liver of rats were affected by all NPs, suggesting the antioxidant system of rats suffered after NP administration.
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Introduction

Recently, there is a major concern among environmentalists
who are working on the fate of metal-oxide nanoparticles
(NP), as they have a wide range of usage areas (Jeng and
Swanson 2006; Janrao et al. 2014). Metal-oxide NPs have a
size range of 1-100 nm and contain heavy metal ions and
other organic and inorganic groups which make them unique
in their functional groups, electronic properties, shape, surface
structure and aggregation behavior. One of the most important
characteristics of NPs is high surface to volume ratio, which
are valuable for industrial usage. NPs are used in medicine,
textile and electronic industry, filters, toothpaste, suntan
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cream, toys, moisturizer, packing products, white goods, and
food industry and new areas for their usage are being emerged
day by day (Handy and Benjamin 2007; AshaRani et al. 2009;
Schrand et al. 2010). There are controversial data on their
toxic effects resulting from NP studies from different labora-
tories, most being due to differences in the characteristics of
different NPs. Administration routes (inhalation, subcutane-
ous, injection etc.) of NPs are also known to have significant
effects on their toxicities in mammals (Shrivastava et al. 2014;
Lei et al. 2015; Hu et al. 2015). Nevertheless, studies have
shown that there is general agreement on the tissue accumu-
lation of NPs after exposure to them, suggesting they can pass
through the membranes of cells and interact with vital mole-
cules (Jeng and Swanson 2006; Schrand et al. 2010). Most
important factors in NP toxicity have been reported to be the
administration route, dose, metal type, and size. Smaller sizes
of the same NP have been shown to be more toxic than bigger
sizes (Wang et al. 2013; Elle et al. 2013).

Oxidants are produced by the metabolisms of aerobic or-
ganisms and also additional oxidant inputs come from man-
made products. In normal situation, there is a balance between
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oxidants and antioxidants in the normal metabolism.
However, this balance may change if oxidant levels increased
more than the capacity of the antioxidant defense system,
causing oxidative stress due to changes in the delicate balance
of oxidative/antioxidative elements. This generally happens
when organisms receive man-made oxidants such as toxic
metals and pesticides (Winston 1991; Martinez-Alvarez
et al. 2005). There are several antioxidant elements to fight
with the oxidants including enzymatic and non-enzymatic el-
ements. For example, enzymatic ones include catalases (CAT;
eliminates hydrogen peroxide to water), superoxide dismutase
(SOD; converts superoxide anion radical into hydrogen per-
oxide), glutathione-S-transferase (GST; catalyzes glutathione
and xenobiotic conjugation), and glutathione peroxidase
(GPx; detoxifies hydrogen and organic peroxides) (Hidalgo
et al. 2002; Sanchez et al. 2005). The present study aimed to
investigate only the enzymatic ones in antioxidant defense
system in rat’s metabolism.

Various fields of industry such as the chemical industry,
medical, electronics, military, biomedicine, cosmetics, and
food sectors use widely nanoparticles such as Al,O3, CuO,
and TiO, (Klaine et al. 2008; Janrao et al. 2014). Like other
xenobiotic, NPs are also released to the environment and tak-
en up by mammals via various routes and possibly cause
adverse effects in their metabolisms. In this study, it is aimed
to investigate the effects of AL,O; CuO, and TiO, NPs on the
antioxidant enzyme activities in the liver in female Wistar rats.

Materials and methods
Experimental protocols and enzyme analysis

Experimental animals (female Wistar Albino rats, Rattus
norvegicus var. albinos) were purchased from DETAUM of
Cukurova University (Turkey). The animals were kept in a
room with 12 h light and 12 h dark photoperiod regime at
22+ 1.5 °C (moisture of 48 and 56%). The weight of the rats
ranged between 190 and 220 g.

Female rats were allocated to ten cages and the weight of
each group of animals did not differ significantly (P > 0.05). A
total of 60 female rats was used in the experiments as each
experimental group consisted of 6 rats, including a control
group (6 rats). All NPs were sonicated and mixed vigorously
with a sonicator (Bandelin HD2200, Germany) for 20 min on
the ice and well-mixed suspensions were immediately applied
to the related assay to minimize agglomeration. All NPs were
given to the rats with 200-pl water via oral gavage. Three sub-
lethal NP dose groups (0.5, 5, 50 mg/kg b.w./day) and a con-
trol group (received only 200-ul water) were used in the ex-
periments. All rats were fed with standard rat feed. Rats were
killed with high doses of anesthesia (ketasol 10%, Harson
Lab. India) after 14 days and dissected carefully using sterile

equipment. Liver tissues were put in disposable tubes and
stored at — 80 °C until the analysis.

Homogenization of the liver was done in homogenization
buffer (1:10, w/v) containing 100 mM potassium buffer (pH
7.4), 100 mM KCl, and 1 mM EDTA for 90 s and then ho-
mogenates were centrifuged at 10,000g (Hettich Universal 30
RF) for 30 min (+4 °C) to obtain supernatants. All analyses
were carried out in the supernatants of liver tissues of female
rats. CAT activity was measured using the method of Lartillot
et al. (1988). The activity was expressed as pmol H,O,/mg
prot./min. The method of Livingstone et al. (1992) was used to
measure the GPx activity and enzyme activity was expressed
as pmol/mg prot./min. GR activity was also measured using
the method of Carlberg and Mannervik (1975). The activity
was expressed as pmol/mg prot./min. The method of McCord
and Fridovich (1969) was used to measure SOD activity and
the activity was expressed as unit/mg prot. GST activity was
measured using the method of Habig et al. (1974). The activity
was expressed as pmol/mg prot./min. Total protein concentra-
tions in the liver were determined by the method of Lowry
etal. (1951), using bovine serum albumin as a standard. More
details about the methods were given in our previous paper
(Atli et al. 2016).

Characterization of nanoparticles

Metal-oxide nanoparticles (Al,Oz, CuO and TiO,) were pur-
chased from Nanografi (Turkey) or Sigma-Aldrich
(Germany). Characteristics of NPs were as follows: Al,O;
(~40 nm, >99% purity, > 30 m?/g surface area, 2.70 g/cm’
density), CuO (~40 nm, > 99% purity, > 20 m?/ g surface area,
6.50 g/em® density), and TiO, (~21 nm, >99% purity, >
30 m?/g surface area, 4.26 g/cm’ density) (Canli et al. 2017).
TEM images of the nanoparticles and liver tissue were obtain-
ed using a Jeol JEM-1010 TEM (80 kW) connected to a
GATAN 782 ES500W Erlangshen camera. TEM images of
Al,O3, CuO, and TiO, NPs in stock solutions were presented
in Fig. 1. X-ray diffraction (XRD) analysis of NPs were ob-
tained using a Rigaku RadB SmartLab diffractometer system
(CuKoel, A=1.5405 A, 30kV, 15 mA, 20 = 10-90°, scanning
rate 2°/min). XRD data showed that gamma Al,0; NP had
polycrystal structure and cubic phase, CuO NP had polycrys-
tal structure, and monoclinic phase and TiO, NP had polycrys-
tal structure and tetragonal phase. Energy-dispersive X-ray
(EDX) analysis was done using a field-emission scanning
electron microscope (Zeiss/Supra 55 VP). Data showed that
percentage atomic ratios of aluminum, copper, and titanium in
Al,O3, CuO, and TiO, nanoparticle powders were 38.26,
48.74, and 33.83, respectively. Data also showed that percent-
age weight ratios of aluminum, copper, and titanium in Al,O3,
CuO, and TiO, nanoparticle powders were 51.10, 79.06, and
60.49, respectively. Remaining percentages contained only
oxygen atoms.
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Fig. 1 TEM images of Al,0; (a), CuO (b), and TiO, (c) nanoparticles in stock solutions

Statistical analysis

A statistical package program (SPSS 15, Chicago, IL, USA)
was used for data analysis. All data were checked for their
homogeneities to be able to evaluate their distributions. Data
with normal or close to normal distribution were analyzed
directly with one-way ANOVA test or a non-parametric test
(Kruskal-Wallis test) was applied if they did not have a normal
distribution. Data were presented as mean and standard error
of mean and presented as figures indicating their statistical
results (P < 0.05) on the figures.

Results

There was no considerable rat mortality (3 dead out of 60 rats,
5%). Rats also did not show any apparent health problem
following the oral administrations of NPs for 14 days. Data
were presented as mean of six measurements and associated
standard errors for the antioxidant enzymes in the liver (Figs. 2
and 3). Statistically significant (P < 0.05) data were marked as
asterisks on the figures. Data showed that all NPs caused
significant (P> 0.05) alterations in antioxidant enzyme activ-
ities. CAT activity (control value 310+ 17 U/mg protein) in-
creased significantly after Cu-NP and Ti-NP administrations
(Fig. 2a), while SOD activity (control value 223 + 16 U/mg
protein) decreased significantly after AI-NP administration
(Fig. 2b). The activities of enzymes associated with glutathi-
one metabolism (GR, GPx, GST) were also significantly al-
tered by NPs, most alterations being increasing trend. GPx
activity (control value 1.25+0.04 U/mg protein) increased
significantly after AI-NP and Cu-NP administrations
(Fig. 3a). GST activity (control value 0.62+0.03 U/mg pro-
tein) also increased significantly by Cu-NP, while its activity
decreased by Ti-NP (Fig. 3b). GR activity (control value 0.08
+0.007 U/mg protein) was increased significantly by Al-NP,
but not by Cu-NP and Ti-NP (Fig. 3c).

@ Springer

TEM images of liver tissues were presented in Fig. 4 for rats
received the lowest NP dose (0.5 mg/kg/day). TEM images of
control (Fig. 4a) rats demonstrate that there was no NP presence
in the liver, though the images (Fig. 4b—d) from rats received NPs
clearly show the accumulation of all NPs in the liver.

Discussion

As NPs are able to pass from biological membranes and pen-
etrate inside the cytoplasm and nucleus, they have the poten-
tial to cause the oxidative stress in animals (Jeng and Swanson
2006; Shrivastava et al. 2014). Thus, NP toxicity has been
being studied extensively in different groups of animals in
the toxicology laboratories in the world. The present data also
demonstrated the accumulation of Al,O3, CuO, and TiO,,
supporting the previous statements. Our previous papers deal-
ing with accumulation of these NPs also support the present
data; there were considerable NP accumulation in fish tissues
(Canli et al. 2018).

Studies carried out so far have demonstrated that metal-
oxide NPs have lower toxic effects compared to the similar
levels of dissolved metals (Ema et al. 2016). Despite this, it
seems that NPs are not innocent compounds and show serious
toxic effects when taken in substantial amounts (Bahadar et al.
2016). In our previous studies, we demonstrated that orally
administered Al,O3, CuO, and TiO, NPs altered significantly
the levels of serum biomarkers and erythrocyte enzyme activ-
ities in rats (Canli and Canli 2017; Canli et al. 2017). The
effect order of NPs was TiO, > CuO > Al,O; for the antioxi-
dant enzymes, though it changed in the serum biomarkers as
TiO, showed the lowest effects. There was an outstanding
increase in the level of serum bilirubin, suggesting liver dam-
age. Similarly, orally administered NPs (TiO,, ZnO, and
Al,O5) altered the activities of antioxidant enzymes and
caused elevated production of ROS in male mice
(Shrivastava et al. 2014). The production of ROS has been
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shown in the literature, suggesting the failure of antioxidant
system following different NP exposures of rats (Yu et al.
2014; Hu et al. 2015; Lei et al. 2015). Studies carried out with
NPs showed that the size of NPs is a very important factor to
take into account (Vinardell et al. 2015). Likewise, adminis-
tration routes of NPs in mammals such as oral, inhalation
subcutaneous, or vein injection also affect the effects caused
by them (Wang et al. 2013; Elle et al. 2013; Jeng and Swanson
2006; Ema et al. 2016). So, it seems that toxic effects caused
by NPs are likely to vary with the type, size, administration
route, and biology of test animals. Interestingly, metals (e.g.,
Mg) with very low toxic effects might also cause serious tox-
icity in the antioxidant status of rats when they administered in
the nanoparticle form (MgO) (Kiranmai and Reddy 2013).

Al0.5 AI5 AIS50 Cu0.5Cu5 Cu50 Ti0.5 Ti5 Ti50
Nanoparticle Groups and Doses (mg/kg/day)

The present study demonstrated that ALL,O; CuO, and TiO,
NPs accumulated in the liver of rats, suggesting they passed the
intestinal wall, entered the blood stream, and distributed to the
liver. Nonetheless, none of NPs caused considerable mortality
within 14 days, even at higher concentrations. Like the present
study, data regarding the antioxidant system mostly come from
the liver, because the liver is known to be a detoxification organ
of the body. All aerobic organisms face oxidative stress after the
antioxidant defense system cannot cope with the extra oxidant
production in the metabolisms (Winston 1991). When oxidative/
antioxidative balance alters in anyways, oxidative stress would
be unavoidable, causing serious harms for the vital molecules
such as proteins, enzymes, or the genetic materials. Antioxidant
enzymes, in this respect, play significant roles in the elimination
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Fig. 3 Effects of NPs a the
activity of antioxidant enzymes
associated with glutathione in the
liver of rats received NPs orally
for 14 days. GPx (a), GST (b),
and GR (c). Data are expressed as
mean (n = 6) = standard errors.
*Indicate significant (P < 0.05)
differences resulted from the
Duncan tests between control and
individual group
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Fig. 4 TEM images showing the
distribution of nanoparticles in the
liver of female rats. These images
represent the liver of control (a)
and the lowest administration
groups (0.5 mg NP/kg/day) of
ALO; (b), CuO (c), and TiO; (d)
nanoparticles

of reactive oxygen species (ROS) produced by organisms itself
or due to xenobiotic taken into the metabolisms. Several studies
suggested the negative relationship between ROS increase and
antioxidant system success after NP administrations in mammals
(Sha et al. 2011; Yu et al. 2014; Hu et al. 2015; Lei et al. 2015).

In the present study, all NPs caused alterations in the activ-
ities of the antioxidant enzymes. There were increases in CAT
activity after CuO and TiO, administration, while SOD
activity decreased after Al,O3 administration. The activities
of GR, GPx, and GST, which are the enzymes of glutathione
metabolisms, were also altered by NP administrations. The
activities of these enzymes mostly increased except a
decrease in GST activity of rats received CuO NP. Canli and
Canli (2017) suggested that rats might have oxidative stress
following the oral administration of Al,O3, CuO, and TiO,
NPs, as the total oxidant levels in the serum increased consid-
erably, while the total antioxidant levels did not behave in the
same manner. Syama et al. (2013) demonstrated that there was
an increase in DNA adduct, a fall in cell viability and a
decrease in antioxidant enzyme levels in the liver of mice
after ZnO NP administration. Shrivastava et al. (2014) pointed
the evidences on oxidative stress in the erythrocytes, liver, and
brain of male mice following 21 days of oral administration of
TiO,, ZnO, and Al,O5 NPs. Their findings support the present
data as they showed the alterations in antioxidant enzyme
activities related to significant production of ROS after NP
administration. Song et al. (2012) studied the oxidative

DNA damage and micronuclei induction in mice injected with
several metal-oxide nanoparticles (AgO, CuO, Fe,0s, Fe;0y,
TiO,). They found that all nanoparticle-treated groups showed
the evidences of oxidative DNA damage and micronuclei
formation and they concluded that the metal nanoparticles
caused genotoxicity and oxidative stress. Abdelhalim and
Jarrar (2012) demonstrated the histological effects of gold
nanoparticles in the liver of rats, suggesting induced histolog-
ical changes might be the reason for the injured hepatocytes
due to gold NPs. They also indicated that histological alter-
ations were dependent on the size of gold NPs, the smaller
ones being more toxic. Histological toxicity of nanoparticles
(chromium) was also demonstrated in the brain and kidney of
Wistar rats by Fatima et al. (2017). The toxic effects of NPs
might be due to substantial accumulation of NPs in the organ
of animals (Park et al. 2015). The authors showed that alumi-
num NPs administered orally for 13 weeks accumulated in the
liver and kidney of mice and caused pathological lesion in the
liver and kidneys and toxic effects in some blood parameters.
Similarly, Sarhan and Hussein (2014) indicated that injection
of'silver NPs to albino rats could have severe cytotoxic effects
on the structure and function of these organs and caused a
significant increase in serum creatinine, urea, and aspartate
and alanine aminotransferases levels. Multiway toxic effects
of NPs (titanium) were demonstrated by Rizk et al. (2017), as
they found the oxidative stress, biochemical disturbances, and
genotoxicity in mice after chronic treatment titanium NPs.
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Conclusion

The present data showed that aluminum, copper, and titanium
NPs are able to passed from intestinal gut wall and entered
into the blood stream and accumulated in the liver of female
rats following oral administrations. Following NP accumula-
tion, several adverse effects of NPs on the activities of antiox-
idant enzymes in the liver were detected. Nevertheless, the
present data also indicate that there are needs to carry out
further research on NP toxicity in mammals to enlighten better
the reasons for induced toxicity. Additionally, further studies
on the effects of NPs should also be done for the other verte-
brates with different ecological needs.
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