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ARTICLE INFO ABSTRACT

Aluminum oxide nanoparticles (Al;OsNPs) and zinc oxide nanoparticles (ZnONPs) have been involved in many
industries and they are extensively abundant in many aspects of human life. Consequently, concerns have been
raised about their potentially harmful effects. However the toxicities of Al;O3NPs and ZnONPs are well docu-
mented, the effect of co-exposure to both nanoparticles remains strictly obscure. Therefore, the present study
was undertaken to address this issue. Four groups of male Wistar rats (10 rats each) were used; control, Al,O3NPs
treated, ZnONPs treated and Co-treated groups. Rats were orally administered their respective treatment daily
for 75 days. The effects of each nanoparticle alone or in combination were assessed at different levels including;
hepatic and renal function, structure, and redox status, nuclear DNA fragmentation, hepatic expression of mi-
tochondrial transcription factor A (mtTFA) gene and peroxisome proliferator-activated receptor gamma-coac-
tivator 1a (PGC-1a), systemic inflammation, and hematologic parameters. The results confirmed the hepator-
enal toxicities of each nanoparticle used at the level of all parameters with suppression of the hepatic expression
of mtTFA and PGC-1a. The co-exposure to both nanoparticles results in synergistic effects. From these results, we
can conclude that co-exposure to aluminum oxide nanoparticles and zinc oxide nanoparticles results in more
pronounced hepatorenal toxicities and systemic inflammation.
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1. Introduction

Nanotechnology is a new branch of science that based on the
creation and manipulation of nanoparticles (NPs) (particle size range
from 1 to 100 nm) to create products that exhibit novel properties [1].
With the immense spread of nanotechnology in industrial and consumer
markets, the environmental accumulation of nanomaterials and human
exposure to nanoparticles (NPs) became inevitable [2]. Nanoparticles
affect various physiological systems [3], such as the respiratory system
[4] and male reproductive system [5]. Among NPs, zinc oxide nano-
particles (ZnONPs), and due to their excellent antibacterial activity and
absorption of ultraviolet radiation, they have been commercially
available and are widely used as active component of food additives,
toothpaste, food packaging, sunscreens, and other pharmaceuticals
[6,7]. Subsequently, with the increased use of ZnONPs, the exposure to

these nanoparticles has been rising steadily, causing more concerns
about the extent of their potential toxicity, including cytotoxic, geno-
toxic, and proinflammatory effects [8]. This has raised concerns in
public and scientific communities regarding their unanticipated and
adverse health effects [9]. The toxicity of ZnONPs has been evaluated in
different biological systems, such as; bacteria [10], mammalian cells
[11] and in vivo models [12]. In mammalian cells, the toxic effects of
ZnONPs such as membrane injury, inflammatory response, DNA da-
mage, and apoptosis have been demonstrated (Gojova et al., 2007).
However, studies have shown that the toxicity of ZnONPs is due to their
possible role in increased reactive oxygen species (ROS) [13]. ROS
generation is linked to DNA damage and cellular apoptosis [14].

The toxicity of ZnONPs has been studied extensively (see [15]),
revealing different inauspicious effects induced by ZnONPs in different
cell lines oxidative stress such as; lipid peroxidation, cell membrane
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Fig. 1. DLS size distribution of hydrodynamic size of Aluminum oxide nanoparticles (A) and Zinc oxide nanoparticles (B).

leakage, oxidative DNA damage, increasing intracellular calcium, and
even antiproliferative activity [16].

Aluminum oxide nanoparticles (Al,O3NPs) have been used in in-
dustrial and biomedical applications. However, studies on Al,O3NPs
ecotoxicology are mainly limited to reports on acute exposure [17].
Aluminum oxide nanoparticles may possibly enter the food chain and
be responsible for toxicity in animals [18]. The oral exposure of rats to
Al,O3NPs has been implicated to cause genotoxic damage [19]. Prab-
hakar et al. [20] have illustrated the possible involvement of oxidative
stress and altered antioxidant status in eliciting toxicity of Al,O3NPs
after acute oral treatment. Several studies have shown that the in vitro
and in vivo toxicity of Al,O3; nanoparticles negatively affect cellular
morphology and cellular components, which lead to apoptosis and
damage to DNA and proteins [21]. Also, the exposure to Al;O3NPs may
lead to adverse effects, such as genetic damage [19], inflammatory
response [22], carcinogenicity [23], cytotoxicity [24], ROS generation
and mitochondrial dysfunction [24].

The toxicity of NPs may affect the whole cell and tissue through
changing the architecture of the cell by the induction of toxic effects on
different cellular components. At the molecular level, the toxicity of
nanoparticles is ranging from direct effects on protein structure and
function (by activation or inhibition) to effects on the expression of
genes encoding these proteins. Understanding the effect of NPs on the
expression of genes encoding master regulators of cellular metabolism

is of great importance to achieve a real understanding of NPs toxicity.

Mitochondria are the powerhouse of the cell which responsible for
the production of adenosine triphosphate (ATP) which is the main
player in cellular metabolism. So, the disruption of mitochondrial
homeostasis is a key event in a wide variety of diseases and tox-
icological effects [25]. The liver and kidney are a highly metabolic
tissue that needs an intense demand for mitochondria. Mitochondrial
biogenesis plays an essential role in maintaining mitochondrial home-
ostasis to meet the physiological needs of eukaryotic cells. The factors
regulating mitochondrial biogenesis include mitochondrial transcrip-
tion factor A (mtTFA), which drives transcription and replication of
mtDNA. The expression of mtTFA is regulated by peroxisome pro-
liferator activator receptor gamma-coactivator la (PGC-1 a), the
master regulator of mitochondrial biogenesis [26].

However the toxicities of Al,OsNPs and ZnONPs are well docu-
mented, the effect of co-exposure to both nanoparticles remains strictly
obscure. Only one recent study by Benavides et al. [27] on zebra fish
indicated that single and combined exposure to aluminum (Al,O3) and
zinc (ZnO) oxide nanoparticles in a freshwater fish are capable of
causing sub-lethal effects, but when combined, NPs seem to be more
toxic. Therefore, the present study was undertaken to address this issue.
Also we hypothesized that, the documented oxidative stress associated
with Al,O3 and ZnO NPs exposure may results from impaired mi-
tochondrial biogenesis so we undertaken to explore the effects their
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exposure on the rat hepatic expression of genes controlling the mi-
tochondrial biogenesis beside the conventional parameters hepato-
toxicity and nephrotoxicity including; hepatic and renal function,
structure, and redox status, nuclear DNA fragmentation, systemic in-
flammation, and hematologic parameters.

2. Materials and methods
2.1. Tested compounds and doses

Al,O3NPs nanopowder (about 50 nm particle size) and ZnONPs
nanopowder (about 100 nm particle size), were purchased from Sigma-
Aldrich Chemical Company (St. Louis, MO, USA). The dose of alu-
minum oxide nanoparticles was 70 mg/kg BW (aqueous suspension)
and was chosen according to Park et al. [28]. The dose of ZnONPs was
100 mg/kg BW (aqueous suspension) and was chosen according to
Saman et al. [29]. The hydrodynamic size distribution of each nano-
particles in the aqueous diluted solutions (5 mg/ml) were determined
by Dynamic Light Scattering (DLS) using a Zetasizer Nano ZS from
Malvern (Fig. 1).

2.2. Animals and experimental groups

Forty Wistar male albino rats 4-5 months age and weighing
160-170 g were used in the present study. Animals were obtained from
Faculty of Medicine, Alexandria University, Alexandria, Egypt. The
local committee approved the design of the experiments, and the pro-
tocol conforms to the guidelines of the National Institutes of Health
(NIH). Animals were housed in a stainless steel wire cages and kept on a
standard diet (9% fat, 20% protein, 53% starch, 5% fiber) and given
food and water ad libitum. Animals were maintained in a controlled
atmosphere, a temperature of 25 + 5°C and 50-70% humidity. After
two weeks of acclimation, animals were divided into four equal groups
as follows: a control group and 3 treated groups; group 2, 3 and 4 which
were orally treated with Al,O3NPs (70 mg/kg BW), ZnONPs (100 mg/
kg BW) and Al,O3NPs plus ZnONPs, respectively. Rats were orally ad-
ministered their respective doses daily for 75 consecutive days.

2.3. Blood samples collection and tissue preparations

At the end of the 75 day of the experimental period, all animals of
each group were anesthetized with diethyl ether and sacrificed. Blood
samples were collected by cardiac puncture from anesthetized rats in
test tubes containing heparin as an anticoagulant and placed im-
mediately on ice. The collected blood was centrifuged at 860 X gfor
20 min for the separation of plasma. The plasma was kept at —80 °C
until the analysis of the tested parameters. Livers and kidneys were
immediately removed, washed using chilled saline solution and the
adhering fat and connective tissues were cautiously removed. Livers
and kidneys were divided each into 4 different parts; the first part was
used for DNA isolation for the assessment of DNA fragmentation, the
second part was used for RNA isolation for gene expression analysis, the
third part was immersed immediately in formalin for histological ana-
lysis, and the last part was minced and homogenized (10%, w/v), se-
parately, in ice-cold sucrose buffer (0.25M) in a Potter—Elvehjem type
homogenizer, then the homogenates were centrifuged at 10,000 x g for
20 min at 4°C, to pellet the cell debris and the supernatant was col-
lected and stored at —80 °C for the determination of the rest of para-
meters.

2.4. Body and organs weights

Initial and final body weights of male rats were recorded and sub-
sequently, body weight gain (g/75 days) was calculated. Body weight
gain (g/75 days) = Final weight — Initial weight. The organs (liver and
kidney) were immediately removed, washed using chilled saline
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solution, the adhering fat and connective tissues were removed, then
dried on tissue papers and weighed.

2.5. Quantitative analysis of hepatic gene expression of mitochondrial
transcription factor A (mtTFA) and peroxisome proliferator activator
receptor gamma-coactivator 1a (PGC-1a) using qRT-PCR

Total RNA was isolated from liver tissues using GF-1 Total RNA
Extraction Kit (Vivantis, Malaysia).ViPrimePLUS One-Step Quantitative
Real-Time Reverse Transcriptase-Polymerase Chain Reaction (qRT-
PCR) Green Master Mix (Vivantis, Malaysia) was used for the relative
quantitative determination of the gene expression of mtTFA [30] and
PGC-1a [31] at mRNA level using GAPDH as an internal reference gene
for validation of the extraction procedure and calculation of relative
expression.

2.6. Assay of DNA fragmentation

Total DNA in the tissues was isolated using DNeasy kit (Qiagen,
Germany) and the concentration and purity DNA were assessed using
Nanodrop2000? (Thermo Fisher Scientific, USA). Then DNA fragmen-
tation, as a marker of cell death, was assayed using agarose gel elec-
trophoresis according to the method of Miller et al. [32].

2.7. ELISA measurements

Tumor suppressor gene p53, tumor necrosis factor- alpha (TNF-a)
and interleukin-6 (IL-6) were assayed using Enzyme-linked
Immunosorbent Assay (ELISA) kits (Abcam, Cambridge, UK) in liver
and kidney tissue homogenates according to the manufacturer in-
structions using the serial standard of each parameter.

2.8. Markers of oxidative stress

The process of lipid peroxidation resulted in the end product of
malondialdehyde (MDA). The MDA was determined as thiobarbituric
acid-reactive substances (TBARS) assay in which MDA was heated with
thiobarbituric acid (TBA) at a low pH to produce a pink chromogen
with a maximum absorbance at 532 nm. The level of TBARS was cal-
culated from a standard curve constructed using serial concentration of
tetramethoxypropane (TMP) [66].

The Griess reaction was used to determine the concentration of ni-
trite and nitrate as nitric oxide end products (NOx) in the deproteinized
samples. The Griess reaction was supplemented with the reduction of
nitrate to nitrite by NADPH-dependent nitrate reductase. The assay
procedure consisted of two steps: the first required the diazotization of
sulphanilic acid with nitrite ions followed by the second step of cou-
pling this product with a diamine, resulting in a measurable pink me-
tabolite 540 nm. The level of NOx was determined from the slope of the
standard curve constructed using serial concentration of sodium nitrite.

The total antioxidant capacity (TAC) and the activities of superoxide
dismutase (SOD), glutathione peroxidase (GPX), glutathione S-trans-
ferase (GST) and catalase (CAT) in the tissue homogenates were mea-
sured using colorimetric kits (Biodiagnostic, Egypt) according to the
manufacturer instructions and using specific standard for each para-
meter. Reduced glutathione content was assayed after protein pre-
cipitation using a metaphosphoric acid reagent. The assay was based on
the oxidation of GSH by 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) to
yield GSSG and 5-thio-2-nitrobenzoic acid (TNB). The rate of TNB
formation was assayed at 412nm and was proportional to the GSH
present in the sample. The rate of formation of TNB was monitored by
recording the change in the absorbance. This was found to be 412nm
per minute (AA/min). The total glutathione content in the samples was
determined from a GSH standard curve and the results were subse-
quently expressed as nmol/g tissue by dividing the concentration of
glutathione in the sample by the weight (in grams) of tissue used to
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prepare the sample [67].
2.9. Biochemical parameters

Plasma total protein, albumin, urea, creatinine, uric acid and total
bilirubin were measured using kits from Biosystems S.A (Biosystems
S.A. Costa Brava 30, Barcelona, Spain). The activities of plasma and
liver aspartate transaminase (AST), alanine transaminase (ALT), alka-
line phosphatase (ALP), acid phosphatase (AcP), gamma-glutamyl
transferase (GGT) and lactate dehydrogenase (LDH)were measured also
using kits from Biosystems S.A (Biosystems S.A. Costa Brava 30,
Barcelona, Spain) the validity of these kits was assayed using Quality
Control Reagent.

2.10. Hematological parameters

Blood samples were collected in tubes containing heparin
(anticoagulant).HA-VET CLINDIAG (Alfa swelab, Sweden) was used to
measure the following parameters: white blood cells (WBCs), red blood
cells (RBCs), hemoglobin (HGB), hematocrit value (HCT), mean cor-
puscular volume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC) and platelets (PLT)
counts according to the manufacturing instructions and using Quality
Control Reagent to assess the validity of the assays.

2.11. Histological section preparation of liver and kidney

Livers and kidneys were obtained from rats, and immediately fixed
in 10% formalin, and then treated with a conventional grade of alcohol
and xylol, embedded in paraffin and sectioned at 4-6 um thickness. The
sections were stained with Haematoxylin and Eosin (H&E) stains and
photographed on the PC screen using a light microscope (Olympus BH-
2; Japan) with a digital

color camera attachment (Sanyo VVC-6975P; Japan) and dial in-
dicator for studying the histopathological changes [33]. The severity of
routine histological and histopathological findings was scored semi-
quantitatively as 0 (minimal), +, (mild), + + (moderate), + + +
(marked), or + + + + (marked) as compared with the control group.

2.12. Statistical analysis

Results are reported as means + SE. Statistical analysis for all
studied parameters was performed using the general linear model
(GLM) produced by Statistical Analysis Systems Institute [34]. Duncan's
New Multiple Range Test was used to test the significance of the dif-
ferences between means [35]. Values of p < 0.05 were considered
statistically significant.

3. Results
3.1. Initial and final body weights, body weight gain, and organs weights

The initial body weights of all groups were comparable to each
other; however, the final body weights of rat treated with the nano-
particles were significantly lower than control rats with no significant
difference between the rats treated with each NP alone or in combi-
nation (Table 1). The rats treated with ZnONPs alone or combination of
Al,03NPs have lower body weight gain (BWG) compared to control rats
and rats treated with Al;O3;NPs alone. The liver and kidney weight
showed a similar pattern of change between groups (Table 1).

3.2. Hepatic expression of PGC-1a and mtTFA
The results of the present study showed significant suppression of

the hepatic gene expression mtTFA in rats treated with aluminum oxide
nanoparticles, zinc oxide nanoparticles, and their combination by about
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Table 1
The body and organs weights of male rats treated with aluminum oxide na-
noparticles (Al;O3NPs), zinc oxide nanoparticles (ZnONPs) and their combi-
nation.

Parameter Experimental groups
Control Al,O3NPs ZnONPs Combination
IBW (gm) 169 + 3.71* 167 = 2.38° 170 + 2.24* 168 + 2.91?
FBW (gm) 222 + 6.16° 207 + 3.76 > 200 * 550° 195 *+ 453"
BWG (gm/75 53.50 * 6.54° 40 = 5.37°°  30.50 = 5.40° 27 + 5.12°
days)
Liver weight 5.83 + 0.28° 5.09 * 0.22° 513 * 0.25° 4.67 = 0.16"
(gm)
Kidney 1.61 + 0.06° 1.43 + 0.07° 1.45 = 0.05°° 1.38 + 0.04"
weight
(gm)

Data presented as Mean = SE. For each parameter, the groups with different
superscript letters are significantly differ, p < 0.05. (IBW Initial body
weight, FBW = Final body weight, BWG = Body weight gain).

Table 2

The effect of aluminum oxide nanoparticles, zinc oxide nanoparticles and their
combination on the hepatic gene expression of mitochondrial transcription
factor-A (mtTFA) and peroxisome proliferator activator receptor gamma-coac-
tivator 1a (PGC-1a).

Parameter Experimental groups
Control Al,O3NPs ZnONPs Combination

mtTFA 1.0 = 0.06° 071 + 0.03° 0.38 = 0.02° 0.32 = 0.02¢
(Fold (-29 %) (-62 %) (-68 %)
control)

PGC-1a 1.0 + 0.06% 0.77 + 0.05° 0.49 = 0.04° 0.37 = 0.03¢
(Fold (-23 %) (-51 %) (-63 %)
control)

Data presented as Mean + SE. M For each parameter, the groups with different
superscript letters are significantly differ, p < 0.05.. (Numbers between par-
entheses represent the percentage change from control value).

29%, 62% and 68% of control value, respectively (Table 2). Also, the
hepatic gene expression of PGC-1a showed significant suppression in
the rats treated with Al;O3NPs, ZnONPs and their combination by about
23%, 51% and 63% of control value, respectively. It was clear that the
suppression of mtTFA and PGC-1aexpression was more pronounced in
the rats treated with the combination of Al,O3NPs and ZnONPs com-
pared to the rats treated with Al;O3NPs or ZnONPs solely.

3.3. DNA fragmentation

The genomic DNA fragmentation in liver and kidney tissues of rats
treated with AlL,O3NPs and ZnONPs and their combination were pre-
sented in (Fig. 2A and B). The agarose gel electrophoresis of liver and
kidney genomic DNA showed very low or undetectable DNA laddering
(DNA fragmentation) in the control rats. The DNA intact band appears
to be condensed near the application point with no DNA smearing
suggesting no DNA fragmentation. On the other hand, Al,O3NPs and
ZnONPs treatment alone or in combination resulted in DNA fragmen-
tations in the liver which appear as DNA smearing (Fig. 2A). Kidney
tissues showed a similar pattern of DNA fragmentation as that observed
in the liver (Fig. 2B). DNA fragmentation was more pronounced in the
combination group than the groups treated with Al,O3NPs or ZnONPs
solely.

3.4. Tissues levels of p53, TNF-a, and IL-6

The rats treated with NPs alone or in combination showed sig-
nificantly higher liver and kidney levels of p53, TNF-a and IL-6
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Fig. 2. Stained agarose gel of genomic DNA of liver (A) and kidney
(B) demonstrated apoptotic and necrotic cell deaths induced by
nanoparticles. Lanes 1 and 2: Control, lanes 3 and 4: Aluminum
oxide nanoparticles treated rats, lanes 5 and 6: Zinc oxide nano-
particles treated rats, lanes 7and 8: Combination of aluminum
oxide and zinc oxide nanoparticles treated rats.

(B)

Table 3

Hepatic and kidney levels of tumor suppressor p53 (p53), tumor necrosis factor-a (TNF-a)and interliukin-6 (IL-6) of male rats treated with aluminum oxide

nanoparticles, zinc oxide nanoparticles and their combination.

Parameter Experimental groups

Control Al,O3NPs ZnONPs Combination
Liver
p53(ng /mg protein) 8.34 + 0.42°¢ 12.15 + 0.58 ° 12.44 + 0.49 ° 18.31 * 0.51 °
TNF-a(ng/gm tissue) 173 + 5.66¢ 325 + 4.22° 424 + 4.37° 462 + 7.47 2
IL-6(ng/gm tissue) 153 + 3.7¢ 226 + 2.3° 187 + 2.5°¢ 258 + 5.2°
Kidney
p53 (ng /mg protein) 9.76 + 0.36 © 125 + 0.32° 13.5 + 0.39° 17.7 £ 0222
TNF-a (ng/gm tissue) 165 + 6.0 ¢ 284 = 7.4° 387 + 8.3° 431 = 75°
IL-6 (ng/gm tissue) 174 = 4.4¢ 271 + 3.8° 223 + 4.3° 393 + 3.22

Data presented as Mean + SE. For each parameter, the groups with different superscript letters are significantly differ, p < 0.05.

compared to the control group. While the rats treated with Al,O3NPs
have significantly higher liver and kidney levels of p53 and TNF- a,
they have significantly lower levels of IL-6, compared to rats treated
with ZnONPs. The rats treated with both NPs significantly have higher
tissues levels of p53, TNF-a and IL-6 compared to rats treated with
single NP (Table 3).

3.5. Lipid peroxidation and antioxidants

The liver and kidney tissues of rats treated to NPs have significantly
lower levels of all antioxidant parameters assayed including; GSH, SOD,
CAT, GPx, GST, and TAC, while having significantly higher levels of
TBARS and NO, compared to control group. For most parameters, there
is no significant difference between the rats treated with Al,O3NPs or
ZnONPs, while the rats treated with the combination have significant
lower antioxidant parameters and higher TBARS and NO levels in the
liver and kidney tissues compared to the rats treated with single NPs
(Table 4)

3.6. Biochemical parameters

The rat's groups treated with Al,O3NPs and ZnONPs showed higher
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plasma activities of AST, ALT, GGT, AcP, AlP, and LDH compared to the
control rats. There are no significant differences in these parameters
between the rats treated with one NP alone, while the rats treated with
the combination showed significantly higher plasma activities of these
enzymes compared to rat treated with each NPs alone. The hepatic
activities of these enzymes showed an opposite pattern of changes to
that observed in the plasma (Table 5).

The NPs treated rats showed higher plasma levels of bilirubin, urea,
blood urea nitrogen, creatinine, and uric acid compared to control rats
with the highest levels observed in the rats treated with the combina-
tion. On the other hand, the NPs treated rats have lower plasma level of
total protein, albumin and globulin compared to control rats with the
lowest levels observed in the rats treated with the combination
(Table 6).

3.7. Hematological parameters

Compared to control rats, the three groups of rats treated with NPs
showed lower values of all red blood cell indices including; red blood
cells count (RBC), hemoglobin (HB), hematocrit value (HCT), mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and
mean corpuscular hemoglobin concentration (MCHC) and also platelets
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Liver and kidney glutathione (GSH), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione S-transferase (GST), total antioxidant
activity (TAC), nitric oxide (NO) and thiobarbituric acid-reactive substances (TBARS) of male rats treated with aluminum oxide nanoparticles (Al,O3NPs), zinc oxide

nanoparticles (ZnONPs) and their combination.

Parameter Experimental groups

Control Al,O3NPs ZnONPs Combination
Liver
GSH(umole/gm tissue) 5.4 = 0.27% 3.9 + 0.07° 3.8 = 0.09" 3.1 * 0.07°
SOD (U/mg protein) 53.1 + 257 40.6 + 2.4° 42,6 + 3.4° 355 + 1.4°
CAT (U/mg protein) 66 + 0.68° 50 + 0.77° 53 + 0.62° 40 + 0.42¢
GPx (U/mg protein) 25.9 * 0.45% 19.8 + 0.39° 18.9 + 0.44° 15.8 + 0.35 ¢
GST(umole /hr/mg protein) 1.77 + 0.05° 1.38 + 0.05° 1.39 + 0.05° 1.06 + 0.05°
TAC (umole/gm tissue) 2.5 * 0.09% 1.97 + 0.05" 1.9 + 0.11° 1.58 + 0.05°
NO (umole/gm tissue) 0.47 + 0.03° 0.60 + 0.03° 0.63 * 0.05" 0.77 * 0.04%
TBARS (nmole/gm tissue) 45 + 2.0° 71 + 2.2° 75 + 4.4° 87 + 322
Kidney
GSH (u mole/gm tissue) 5.7 + 0.14% 45 + 0.09" 45 + 0.12° 3.9 * 0.09°
SOD (U/mg protein) 60.8 = 1.1° 365 = 1.1°¢ 39.0 + 1.0° 33.1 = 0.8¢
CAT (U/mg protein) 53.9 * 2.36% 34.7 + 0.79° 343 + 1.02° 25.7 + 1.10°
GPx (U/mg protein) 84.1 + 0.93° 65.6 + 1.13° 63.6 = 1.16 " 51.6 = 1.86°
GST(umole /hr/mg protein) 1.16 * 0.03° 0.92 + 0.02° 0.93 = 0.02° 0.77 + 0.02°
TAC (umole/gm tissue) 2.5 * 0.06 1.8 + 0.06" 1.9 + 0.08° 1.5 + 0.06°
NO (umole/gm tissue) 0.5 = 0.02° 0.6 + 0.04° 0.7 = 0.03" 0.8 + 0.03%
TBARS (nmole/gm tissue) 22.4 + 1.53° 68.2 = 1.29 ° 70.4 = 119" 80.8 + 1.27°

Data presented as Mean + SE. For each parameter, the groups with different superscript letters are significantly differ, p < 0.05.

count (PLT). All of these parameters not significantly differ between
rats treated with Al,O3NPs and ZnONPs alone while the group treated
with the combination showed significantly lower values compared to
the rats treated with any of the NPs alone. One the other hand, the
white blood cells count (WBC) showed the opposite pattern of changes
to that observed with the red cell indices and platelets (Table 7).

3.8. Histopathology

The histopathological changes of liver were shown in (Fig. 3) and
Table 8, and kidney was shown in (Fig. 4) and Table 9. In liver, cellular
necrosis, congestion, and hepatocytes appear with vacuolated acid-
ophilic were observed in rats treated with Al;O3NPs or ZnONPs. These
changes were more prominent in the rats treated with the combination
of Al,O3NPs and ZnONPs. Renal damages appeared as hypertrophy,
glomeruli segmentation, hydropic degeneration in epithelial cells, ne-
crosis of epithelial cells in tubules, and swelling in epithelial cells of
proximal tubules were found in kidney tissues treated with Al;O3NPs or
ZnONPs. These changes were more pronounced in the kidney of rats

Table 5

treated with the combination of Al,O3NPs and ZnONPs.

4. Discussion

The present study confirmed the hepatorenal toxicities of Al,O3NPs
and ZnONPs [9,36-42] and indicated that these toxicities may be
mediated through induction of lipid peroxidation, DNA degradation,
induction of systemic inflammation, anemia, and disturbances in the
hepatic expression of the genes controlling mitochondrial biogenesis.
Also, the study clearly indicated the synergistic (potentiation) toxic
effects between Al,03NPs and ZnONPs.

Nanoparticles, when ingested into the body, can travel to different
regions and different organs of the body due to their small size. They
can cross the small intestine and then find their way into the blood,
brain, lung, heart, kidney, spleen, liver, intestine and stomach [43].
Biodistribution experiments have revealed that the liver, kidneys, and
spleen are the main target organs for engineered nanoparticles after
uptake by the gastrointestinal tract [6,36].

Both nanoparticles significantly affect the liver and kidney function

Plasma and liver alanine transaminase (ALT), aspartate transaminase (AST),acid phosphatase (AcP), alkaline phosphatase (AIP), gama-glutamyl transferase (GGT)
and lactate dehydrogenase(LDH) of male rats treated with aluminum oxide nanoparticles, zinc oxide nanoparticles and their combination.

Parameter Experimental groups

Control Al,O3NPs ZnONPs Combination
Plasma
ALT (U/L) 64 = 1.8¢ 104 + 1.8° 108 = 217" 169 + 2.4 %
AST (U/L) 58 + 1.1°¢ 97 £ 15° 97 + 1.8° 125 + 1.8%
AcP (U/L) 14.3 + 03¢ 185 + 0.3°¢ 19.3 + 0.3° 23.2 + 0.6°
AlP (U/L) 134 + 3.41¢ 183 + 1.98° 180 + 2.84° 210 + 2.86 2
GGT (U/L) 17.6 + 1.24¢ 458 + 1.38 ¢ 54.9 + 1.44° 75.2 + 1.24 7
LDH (U/L) 1098 + 24.7 ¢ 1307 + 22.2° 1306 + 20.9° 1488 + 29.8°
Liver
ALT (U/mg) 391 + 5.4° 292 + 58P 287 + 55° 223 + 4.6°¢
AST (U/mg) 216 * 3.04° 164 + 3.04° 160 + 3.25° 118 + 2.31°¢
AcP (U/mg) 19.8 = 0.36 ° 11.8 + 0.61° 11.1 + 0.94°¢ 9.6 = 0.45¢
AlP (U/mg) 202 + 2,512 139 + 2.36° 133 + 2.55° 82 + 235°¢
GGT (U/mg) 28.3 = 0.84? 15.6 * 0.59" 14.0 * 0.36 € 9.0 + 0.43¢
LDH (U/mg) 964 + 9.3 2 742 + 9.8° 726 + 12.1° 571 + 10.6 ©

Data presented as Mean + SE. For each parameter, the groups with different superscript letters are significantly differ, p < 0.05.
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Table 6
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Plasma total protein, albumin, globulin, total bilirubin, urea, blood urea nitrogen, uric acid and creatinine of male rats treated with aluminum oxide nanoparticles,

zinc oxide nanoparticles and their combination.

Parameters Experimental groups

Control Al,O3NPs ZnONPs Combination
Total protein (gm/dl) 7.9 = 0.07 2 6.1 = 0.17° 6.2 = 0.17° 50 = 0.11°¢
Albumin (gm/d1) 45 + 0.14° 33 +0.17° 3.2 = 0.08° 25 + 0.06 €
Globulin (gm/d1) 3.5 + 0.04% 3.0 = 0.07° 2.0 + 0.08° 2.7 + 0.07°
Total bilirubin (mg/dl) 0.85 + 0.05°¢ 2.20 + 0.07° 2.29 + 0.07° 3.22 + 0.05?
Urea (mg/dl) 29 + 1.62°¢ 69 + 1.87° 61 + 1.97° 77 + 3.03?
Blood urea nitrogen (mg/dl) 12 + 035 ¢ 30 + 0.72° 29 + 1.07° 36 + 0.86°
Uric acid (mg/dl) 4 + 01149 9 + 0.21°¢ 10 + 0.40° 14 + 0.28*
Creatinine(mg/dl) 0.98 + 0.04 ¢ 2.33 = 0.05 ¢ 2.65 + 0.08" 3.28 = 0.07 *

Data presented as Mean + SE. For each parameter, the groups with different superscript letters are significantly differ, p < 0.05.

Table 7

Hematological parameters of red blood cells, hemoglobin, hematocrit value, mean corpuscular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin
concentration, platelets and white blood cells of male rats treated with aluminum oxide nanoparticles, zinc oxide nanoparticles and their combination.

Parameters Experimental groups

Control Al,O3NPs ZnONPs Combination
RBC (10°/ml) 4.72 + 0.05% 3.74 + 0.05° 3.96 + 0.04° 2.92 + 0.08¢
HB (g/dl) 12.96 + 0.36° 8.96 + 0.38° 8.80 + 0.37 7.82 + 0.45°
HCT (%) 44.6 * 0.812 28.4 + 0.93° 29.8 + 0.86° 23.4 * 0.51°
MCV(fl) 111 + 2.46° 75.3 * 1.60° 76.4 + 2.20° 63.4 + 2.73°
MCH (pg) 30.6 = 0.68° 25.8 + 0.59° 23.1 + 0.70° 20.4 = 0.51¢
MCHC (pg) 36.2 + 0.66° 29.5 * 0.61° 29.1 + 0.60° 23.0 * 0.71°
PLT (10%/ ml) 303 + 4.44° 188 + 3.97° 187 + 3.79° 126 + 2.80°

WBC (10%/ ml) 8219 + 125.5°

9654 + 179.5°

9555 + 256.1° 11903 * 144.3%

Data presented as Mean *+ SE. For each parameter, the groups with different superscript letters are significantly differ, p < 0.05.

tests which are in parallel with many previous studies. Sharma et al.
[371Xia et al. [44]Mansouri et al. [41] and Almansour et al. [45] re-
ported that ZnONPs caused dose-dependent liver injury in rodents.
Furthermore, Yan et al. [38] demonstrated that ZnONPs exhibited
toxicological symptom like diarrhea, increases in serum blood urea
nitrogen and creatinine, implying the potential renal damage.

The liver and kidney damages caused by ZnONPs and Al,O3;NPs are
further confirmed by histopathological examination, which showed
focal hepatocellular necrosis, congestive dilation of central veins,
edema and degeneration in the hepatocytes, degeneration of epithelial
renal tubules, vacuolation and distorted the renal corpuscles, shrinkage
of capillaries in the glomerulus with the capsular space and cellular
infiltration in both proximal and distal tubules with pyknotic nuclei. All
of these abnormalities appear to be more pronounced in the rats treated
with the combination of both nanoparticles which may indicate synergy
between them. These data are in line with the previous studies of Xia
et al. [44,46], Mansouri et al. [41] and Almansour et al. [45].

The mechanism(s) of liver and kidney cytotoxicity induced by na-
noparticles is of scientific interest. There are many mechanisms by
which nanoparticles can induce cytotoxic effects including enhanced
production of reactive oxygen species (ROS) and accompanied oxida-
tive stress and lipid peroxidation, genotoxicity, and induction of in-
flammatory pathways. The present study indicated enhanced oxidative
stress in the liver and kidney tissues of rats treated with ZnONPs and
Al,O3NPs as indicated by higher levels of lipid peroxidation end pro-
ducts (TBARS) and nitric oxide end product levels. The observed status
of oxidative stress was associated with low antioxidant status as in-
dicated by lower tissues levels of glutathione and total antioxidant
capacity and inhibited activities of the antioxidant enzymes including;
superoxide dismutase, catalase, glutathione peroxidase, and glu-
tathione-S-transferase. All of these abnormalities are significantly
higher in the rats co-treated with both NPs which confirm the syner-
gism between them. In line with these, it was reported that ZnONPs
interact with proteins and enzymes within mammalian cells and they
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can interfere with the antioxidant defense mechanism leading to ROS
generation, the initiation of an inflammatory response and perturbation
and destruction of the mitochondria causing apoptosis or necrosis
[9,471.

Li et al. [48] reported that nanoparticles exert their toxic effects
through the generation of various deleterious ROS like hydrogen per-
oxide, hydroxyl radical species, nitric oxide or superoxide anion. Pre-
vious studies had proved that ZnONPs could induce toxicity response by
increasing the generation of ROS, inflammation, oxidative stress, and
cell organelle disruption [49-51]. ZnONPs also caused apoptosis in
human hepatocytes (HepG2), human lung epithelial cells and some
human cancer cells through ROS production [16]. Nano-alumina has
the capability to induce the production of free radicals, thereby re-
sulting in oxidative stress in cells (Zhang et al., 2010). Klotz and Sies
[52] reported that the uptake of metal oxide nanoparticles can lose the
metallic ions which directly interact with NADPH oxidases from the
plasma membrane or mitochondria thus disturbing the electron trans-
port chain and generating a superoxide anion. ZnONPs may directly
interact with external membrane surface, resulting in membrane da-
mage via generation of ROS [53]. Al;O3NPs may exert its toxicity by the
direct interaction with cell organelles, the formation of chemical com-
pounds with DNA, RNA, proteins and so on, and by its accumulation in
cells, tissues, and organs, leading to oxidative damage of organs [42].

The inflammatory status was confirmed in the present study by
higher circulatory levels of TNF-a and IL-6 in the rats treated with
ZnONPs, Al,OsNPs or both. In line with these data, Monteiller et al.
[54] reported that exposure to nanoparticles has been found to result in
oxidative stress-induced activation of pro-inflammatory factors such as
IL-1, IL-6, IL-8, and macrophage inflammatory proteins (MIP) at both
mRNA and protein levels in vitro. Also, Faddahet al. (2012) found that
ZnONPs induced nephrotoxicity was associated with an elevation in
serum inflammatory markers including TNF-a, IL-6 and C-reactive
protein (CRP). Furthermore, Hou et al. [55] described that when na-
noparticles enter the systemic circulation, they encounter a complex
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web of immune cells and plasma proteins. The recognition of nano-
particles as foreign particles by the immune cells may lead to the
generation of ROS, reactive nitrogen species (RNS) and altered cytokine
levels.

The present study showed that Al,O3;NPs and ZnONPs alone or in
combination caused an elevation in the tumor suppressor p53 which
may participate in the induction of the apoptosis in liver and kidney
tissues. Vurusaner et al. [56] described that oxidative stress cause ac-
tivation of p53 which in turn performs antioxidant functions.

Patil et al. [57] illustrated that the production of ROS as a result to
nanotoxicity is merely responsible for cell death. ZnONPs caused
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Fig. 3. Light micrographs of liver sections:
Control group (A&B) showingnormal hepatic
architecture and hepatic sinusoids are seen
lined by endothelial cells and a Kupffer cell is
seen. Aluminum oxide nanoparticles group(C &
D) showing degenerative hydropicchanges and
cellular infiltration in numerous hepatocytes,
piecemeal necrosis, lyticnecrosis, congestion of
sinusoidal blood vessels. Zinc oxide nano-
particles group (E&F) showing distended and
hemorrhage in the portal veinlymphocytes
aggregation, degenerated hepatocytes with
pyknotic nuclei, hepatocyte vacuolization and
cellular infiltration. Combination group (G&H)
showing disturbed hepatic architecture in most
of the lobule. Many of hepatocytes are vacuo-
lated. While other are apoptotic, shrunken
with pyknotic nuclei. Inflammatory cellular
infiltration is evident in periportal areas and
around the central veins. Widely dilated he-
patic blood sinusoids are observed.(H & E
stain. Mic.Mag. X 100 and X 400).

oxidative DNA damage and ROS-triggered mitochondrial-mediated
apoptosis in hepatocytes and kidney tissues [38]. Also, accumulation of
ZnONPs in the liver can generate excessive oxidative stress, causing
DNA damage and cell apoptosis [37,58]. Al;O3NPs caused mitochon-
dria-mediated oxidative stress and cytotoxicity in human mesenchymal
stem cells (Alshatwiet al., 2013). The pulmonary artery endothelial
cells and human umbilical vein endothelial cells exposed to Al,O3NPs
showed increased mRNA and protein expression of adhesion molecules,
possibly due to the generation of ROS and the activation of redox-
sensitive signaling pathways, that could be implicated in cardiovascular
health risks [22]. In line with the previous studies, the present data

Table 8
Quantitative analysis of liver histology of male rats treated with aluminum oxide nanoparticles (Al,O3NPs), zinc oxide nanoparticles (ZnONPs) and their mixture.
No Quantitative analysis Control Al,O5NPs ZnONPs Combination
1 Normal hepatic architecture - + ++ ++ 4+
2 Congestion of sinusoidal blood vessels - + ++ + o+ +
3 Degenerated hepatocytes with pyknotic nuclei - + ++ + + +
4 Disturbed hepatic architecture in most of the lobule - + ++ + + +

(-) No change, (+) mild change, (+ +) moderate change, (+ + +) moderate to marked change, (+ + + +) marked change.
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indicated the NPs-induced oxidative stress status in liver and kidney
tissues associated with severe DNA fragmentation. Damage to DNA is a
fundamental example of cellular toxicity, and it is critical to assess such
damage for various nanoparticles that humans encounter, given that
damage to DNA is highly correlated with an increased risk of cancer.
The main feature of apoptosis is the degradation of genomic DNA at
the internucleosomal level. Endonucleases catalyze the inter-
nucleosomal fragmentation of DNA to produce a ladder pattern. In
necrosis, however, DNA degradation is a later phenomenon after cell
rupture, the chromatin is digested by proteases and endonucleases into

Table 9

Toxicology Reports 6 (2019) 336-346

Fig. 4. Light micrographs of kidneysections:
Control group (A&B) showing normal renal
corpuscles with normal glomeruli and normal
Bowman's space. The distal tubules appeared
having wider lumina lined by cuboidal cells
with less acidophilic cytoplasm and rounded
nuclei. Aluminum oxide nanoparticles group(C
&D) revealed renal damages appeared as hy-
pertrophy and degeneration of epithelia renal
tubules with distinct of mononuclear cells in-
filtration. Zinc oxide nanoparticles group(E &
F)degeneration of the tubules in the form of
cytoplasmic vacuolation and distorted the
renal corpuscles.Also some vascular glomeruli
were apparently enlarged, tightly filling the
Bowman'’s capsule with absence of the capsular
spaces was observed.Combination group(G&H)
revealed several histopathological changes
such as shrinkage of capillaries in the glomer-
ulus with the capsular space and slightly de-
generation in the epithelial cells of both prox-
imal and distal tubules with pyknotic nuclei.(H
& E stain. Mic.Mag. X 100 and X 400).

a smear pattern instead of a ladder pattern since the proteases destroy
the histones and expose the entire length of DNA to the nucleases,
consequently necrosis is characterized by random DNA fragmentation
which forms a “smear” on agarose gels. In the present results, the DNA
fragmentation showed a mixed pattern of smearing and “laddering” of
DNA fragments due to the nonspecific DNA fragmentation process
caused by necrosis and apoptosis. Measurements of the indicators of
apoptosis and/or necrosis directly reveal the ability of nanoparticles to
induce cell destruction or cell death [59]. Jennifer and Maciej [60]
reported that Al,O3NPs and ZnONPs induced genotoxicity and

Quantitative analysis of kidney histology of male rats treated with aluminum oxide nanoparticles (Al,O3NPs), zinc oxide nanoparticles (ZnONPs) and their mixture.

No Quantitative analysis

Control  Al,O3NPs ZnONPs Combination

1 normal renal corpuscles with normal glomeruli - ++ ++ L4+
2 degeneration of epithelia renal tubules with distinct of mononuclearcells infiltration - ++ + + + o+ +
3 vacuolation and distorted the renal corpuscles - ++ ++ + + +
4 Shrinkage of capillaries in the glomerulus with the capsular space and cellular infiltration in both proximal and - ++ + + + + +

distal tubules with pyknotic nuclei.

(-) No change, (+) mild change, (+ +) moderate change, (+ + +) moderate to marked change, (+ + + +) marked change.
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cytotoxicity in liver cells.

Understanding the effects of nanoparticles on the cellular genome is
critical toward interpreting the extent of toxicity of any nanoparticle.
Assessing the expression of genes implicated in various cellular pro-
cesses may provide a molecular explanation of the toxicity of NPs on
different rat organs. Given the importance of mitochondria in any cell
metabolism, ATP level, ROS production, and apoptosis, make the dis-
ruption of mitochondrial homeostasis is a key trigger to a wide variety
of diseases and toxicological effects [25,61]

The present work demonstrated significant suppression of hepatic
expression of PGC-1a and mTFA by treatment with Al;O3NPs, ZnONPs
or both. The combined treatment caused a marked decline in the ex-
pression of these genes which may indicate a decreased mitochondrial
biogenesis and impaired mtDNA replication and transcription that may
lead to mitochondrial dysfunction. In line with this assumption, it was
documented that NPs exposure caused impairment of rat liver mi-
tochondrial function, mainly due to alterations of mitochondrial
membrane permeability because the disruption of mitochondrial
membrane potential is a critical step in the apoptotic pathway.
Aluminum oxide NP-induced cell death was associated with a disrup-
tion of the mitochondrial membrane potential, depletion of mitochon-
drial thiols, caspases activation and ROS generation [62]. Similar re-
sults showed that the liberation of Zn™ from ZnONPs can increase the
inner mitochondrial membrane permeability and impair the respiratory
chain, thus leading to energy dissipation, oxidative stress, and apop-
tosis. [63]. The nanoparticles compromised the electron transfer along
the electron transport chain by affecting complex II and IV of the re-
spiratory chain. This impairment of mitochondrial electron transport
chain activity caused an accumulation of electrons in the electron
transport chain complexes that can escape and directly react with
oxygen to form the superoxide anion radical [64]. These data provide
insight into the important crosstalk between the gene expression of
nuclear transcription factors involved in mitochondrial biogenesis and
function (namely; mtTFA and PGC-1a) and hepatotoxicity of Al,O3NPs
and ZnONPs and their combination. In line with these results, Sharma
et al. [37] demonstrated that ZnONPs exposure caused significant
suppression of the hepatic gene expression of mTFA and PGC-1a.

The hepatorenal toxicities of Al,OsNPs and ZnONPs were associated
with hematological abnormalities especially in the RBCs indices that
manifested as severe microcytic hypochromic anemia that may be a
direct consequence of liver and renal damages which play important
role in heme synthesis and erythropoiesis, respectively. In accordance
with these results, Ben-Slama et al. found that ZnONPs decreased the
blood cell count and caused changes in the biochemical parameters in
rats. Yan et al. [38] also demonstrated decreased hemoglobin level and
red blood cell indices (HCT and MCHC) in ZnONPs treated animals,
suggesting that the animals suffered from anemia which reinforces our
findings.

5. Conclusion

The present study showed that Al;O3NPs and ZnONPs alone or in
combination caused hepato- and nephrotoxicities through epigenetic
changes in the gene expression of mtTFA, and PGC-1a that may sub-
sequently cause mitochondrial dysfunctional which instigating the
generation of ROS and oxidative stress. These effects are associated
with impaired antioxidant defense systems and disturbed cytokines
production and accelerated cell death through apoptosis and necrosis as
indicated by the pattern of DNA fragmentation. The results of our study
indicated more pronounced hepatic and renal toxicities of combined
exposure to Al,O3NPs and ZnONPs which may suggest a synergistic
relationship between these two nanoparticles which in line with the
idea that, the synergy of the toxic stimuli in combination means lower
levels of each stimulus is required to cause damage compared to ex-
posure levels when tested in isolation [65]. The main drawback of the
study is the application of only one dose of each NP that makes the final

Toxicology Reports 6 (2019) 336-346

conclusion of the synergistic toxicity between the NPs used require
further investigation using serial doses of both NPs.
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