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1. Introduction

The protective role of CsNPs and CurNPs
against DNA damage, oxidative stress, and
histopathological and immunohistochemical
alterations induced by hydroxyapatite
nanoparticles in male rat kidney

Israa F. Mosa, {2 *@ Mokhtar |. Yousef,® Maher Kamel,© Osama F. Mosa® and
Yasser Helmy®

Hydroxyapatite nanoparticles (HAP-NPs) are an inorganic component of natural bone and are mainly
used in the tissue engineering field due to their bioactivity, osteoconductivity, biocompatibility, non-
inflammatory, and non-toxicity properties. However, the current toxicity data for HAP-NPs regarding
human health are limited, and only a few results from basic studies have been published. Therefore, the
present study was designed to investigate the beneficial role of chitosan nanoparticles (CsNPs) and curcu-
min nanoparticles (CurNPs) in alleviating nephrotoxicity induced by HAP-NPs in male rats. The results
showed that HAP-NPs caused a reduction in antioxidant enzymes and induced lipid peroxidation, nitric
oxide production and DNA oxidation. Moreover, HAP-NP administration was associated with intense his-
tologic changes in kidney architecture and immunoreactivity to proliferating cell nuclear antigen (PCNA).
However, the presence of CsNPs and/or CurNPs along with HAP-NPs reduced the levels of oxidative
stress through improving the activities of antioxidant enzymes. Also, the rats administered the nano-
particles showed a moderate improvement in glomerular damage which matched that of the control
group and showed mild positive reactions to PCNA-ir in glomeruli and renal tubules in the cortical and
medullary portions. These novel insights confirm that the presence of chitosan and curcumin in nano-
forms has powerful biological effects with enhanced bioactivity and bioavailability phenomena compared
to their microphase counterparts. Also, they were able to ameliorate the nephrotoxicity induced by
HAP-NPs.

protein regulation, since ions on its surface are negatively and
positively charged (PO,*~ and Ca®"), which can bind electro-

Hydroxyapatite (HAP) is an inorganic component of natural
bone' and is extensively used in the tissue engineering (TE)
field due to its excellent bioactivity, biocompatibility, non-
toxicity, osteoconductivity, and non-inflammatory properties.>
Hydroxyapatite has been used as a resin for plasmid DNA and
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statically with basic and acidic bio-macromolecules, respect-
ively.® Due to HAP similarity to the inorganic component of
bone matrix, it has been involved in the development of new
preparation methods in which it can be biomedically applied
to repair hard tissues or as a drug delivery vehicle. Its use as a
bone substitute or replacement comprises filling bones and
teeth, partial or complete bone augmentation, and coating in
dental implants and orthopedics.*

Even though hydroxyapatite on the nanoscale is documen-
ted to be biocompatible,” the safety and toxicity concerns of
HAP-NPs are growing regardless of their favorable prospect in
various biomedical applications.® Due to their nanoscale par-
ticle size, it is unknown whether they are safe when used in
medical applications, as they can be internalized by the cells
and interact with biological molecules, affecting cells in a
harmful manner through altering the cell response and
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leading to toxicological response.” Moreover, acute toxicity
studies of HAP-NPs in vivo,® interaction with different cell
sources,” and in vitro sensitization studies'® have been docu-
mented in several references.

Antioxidant activity is supposed to be one of the most
known functions of chitosan as many studies have addressed
chitosan’s ability to prevent lipid oxidation and inhibit reactive
oxygen species (ROS) in biological and food systems.'!
Chitosan can scavenge free radicals or chelate metal ions
through donation of lone pairs of electrons or a hydrogen
atom.'” The amino groups (NH,) and hydroxyl group (OH) in
chitosan are the main functional groups for its antioxidant
activity, and it is difficult to detach due to its strong hydrogen
bonding and semi-crystalline structure.'® Chitosan nano-
particles are a natural polymer that is used in nanomedicine
production, because they have attractive features for drug
delivery and have proven to be very functional when used in
the nanoscale form. Properties such as the cationic character
and the solubility of chitosan in aqueous medium have been
reported as an evidence of this polysaccharide success.'*

Also, curcumin is a well-known antioxidant and a highly
pleiotropic molecule' that is capable of exerting an extensive
range of pharmacological activities like anti-cancer, anti-
oxidant, antibacterial, anti-inflammatory, hypoglycaemic,
anti-microbial, anti-atherosclerotic,"® and wound healing pro-
perties.”” Moreover, curcumin has been found to instantly
interact with various intracellular signaling molecules.'® Its
beneficial effects have been specified to be intermediated
through the modification of multiple cell signaling mole-
cules.’ Also, it has been reported to have the capability to
directly scavenge reactive oxygen species (ROS).”® Curcumin’s
poor bioavailability is a major disadvantage related to its use
as a therapeutic agent. However, curcumin in the nanoform is
considered as the improved form of curcumin that shows
better bioavailability and solubility. Nanoparticles such as
micelles, nanogels, liposomes, and polymeric nanoparticles
can be used to deliver therapeutic concentrations of curcumin,
which in turn reinforces the therapeutic efficacy of curcumin.>

The goals of this study were (i) to demonstrate hydroxy-
apatite nanoparticles’ involvement in oxidative stress and DNA
fragmentation; (ii) to investigate the histopathological and
immunohistochemical alterations induced by HAP-NPs; and
(iii) to explore whether the nanoforms of chitosan and curcu-
min are capable of ameliorating the nephrotoxicity induced by
HAP-NPs.

2. Materials and methods
2.1. Tested compounds and doses

Hydroxyapatite nanoparticles (HAP-NPs) were prepared using
the following reagents: sodium carbonate, Riedel-de-Haén,
Germany, and sodium hydroxide, El-Nasr pharmaceutical
chemicals Co., Egypt. Chitosan nanoparticles (CsNPs) and cur-
cumin nanoparticles (CurNPs) were purchased from Nanotech
Egypt for Photo Electronics. HAP-NPs were dissolved in dis-
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tilled water, and the dose (300 mg per kg bw) was chosen
according to Sabry.** Also, CsNPs were dissolved in acetic acid
(M, 310-375 kDa), and the dose (280 mg per kg bw) was
chosen according to Tang and Abdel-Wahhab.>*>* CurNPs
were dissolved in distilled water, and the dose (15 mg per kg
bw) was chosen according to Yadav.>®

2.2. Characterization of nanoparticles of hydroxyapatite,
chitosan, and curcumin

All samples were examined for morphology and characterized
using a high resolution transmission electron microscope
(HR-TEM).

2.3.1. Transmission electron microscopy analysis.
HAP-NPs, CsNPs, and CurNPs were analyzed using high resolu-
tion transmission electron microscopy (HR-TEM), which is an
imaging mode of specialized transmission electron micro-
scopes that allows for direct imaging of the atomic structure of
the sample. The HR-TEM JEOL JEM 2100Plus is a versatile
TEM for both large-scale 2D screening and tomography. For
TEM analysis, the samples were placed on carbon-coated
copper grids and left to dry for 5 min; the excess solution was
removed using blotting paper at room temperature. The
HR-TEM runs Serial EM and thus is capable of automated
multi-position acquisitions. Depending on the type and thick-
ness of the specimen, the acceleration voltage can be chosen
from 80 to 200 kv.*”**

2.3. Animals and experimental design

This study was performed in strict accordance with the guide-
lines of the Institutional Animal Care and Use Committee
(IACUC) and approved by the Animal Care and Use Committee
of Alexandria University (ethics approval no. 1468-104, revised
2018), provided that animals will not suffer at any stage of the
experiment. The study was conducted on 80 male Wistar rats
weighing 170 + 175 g obtained from the Faculty of Medicine,
Alexandria University, Egypt. The animals were housed in a
comfortable environment on basal diet and tap water which
were provided ad [ibitum. They were monitored during the
period of treatment. Food and water intake, and body weights
were weekly recorded throughout the whole experimental
period. After acclimation for 2 weeks, they were randomly
divided equally into 8 groups, and each cage housed a
maximum of 10 rats. Group 1 was used as control; group 2 was
orally treated with CsNPs alone (280 mg per kg bw); group 3
was treated orally with CurNPs alone (15 mg per kg bw); group
4 was orally treated with both CsNPs and CurNPs; group 5 was
orally treated with HAP-NPs alone (300 mg per kg bw); group 6
was orally treated with both CsNPs and HAP-NPs; group 7 was
orally treated with CurNPs and HAP-NPs; and group 8 was the
combination group as it received CsNPs, CurNPs and
HAP-NPs. The animals were orally treated with respective
doses daily for 45 days.

2.4. Blood sample collection and kidney tissue preparation

At the end of the 45th day, all animals were anesthetized and
then sacrificed, and blood samples were collected in heparin

This journal is © The Royal Society of Chemistry 2019
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collection tubes. For plasma separation, blood was centrifuged
at 860g for 20 minutes, and plasma was kept at —80 °C until
analysis. Kidneys were removed and washed with saline solu-
tion (0.9%), and then connective tissues and adhering fats
were immediately removed. Kidneys were minced and then
homogenized in a Potter-Elvehjem type homogenizer. The
homogenates were then centrifuged at 10 000g for 20 minutes
at 4 °C to pellet the cell debris, and the supernatant was col-
lected and stored for the analysis of parameters under study.

2.5. Measured parameters

2.5.1. Oxidative stress markers and kidney antioxidant
parameters. Thiobarbituric acid-reactive substances (TBARS)
were measured by the method of Tappel and Zalkin.>® Total
antioxidant capacity (TAC) in kidney homogenates was assayed
according to the Koracevic method.*® Nitric oxide (NO) level
was assayed according to Montgomery and Dymock.*
Superoxide dismutase (SOD) activity was measured using the
method of Misra and Fridovich.** Glutathione peroxidase
(GPx) activity was determined following the Chiu method.*
Glutathione S-transferase (GST) activity was analyzed according
to the Habig method.** Catalase (CAT) activity was assayed fol-
lowing the Luck method.*® Glutathione (GSH) levels were
assayed using the Jollow method.*® The abovementioned
assays were conducted in compliance with the instruction
manual of Biodiagnostic Kit, Egypt.

2.5.2. Assay of DNA fragmentation. 8-OH-2-deoxyguanosine
(8-OHdG) was measured in the samples of DNA using the
8-OHdG commercial ELISA kit (ab201734, Abcam, Cambridge,
UK) following the protocol of the manufacturer.

2.5.3. Histopathological examination. Tissues taken from
the rats’ kidneys were cut and immediately fixed in 10% forma-
lin solution and dehydrated using ascending grades of alcohol
and xylene. They were then placed in molten wax and xylene
for about 10 minutes, embedded in paraffin wax, and then sec-
tioned by a rotary microtome to obtain sections (thickness,

50 nm

View Article Online

Paper

4-6 pm). After that, they were stained with H&E for investi-
gating histopathological changes following the Drury method.*”

2.5.4. Proliferating cell nuclear antigen immunoreactivity
(PCNA-ir) measurement. Kidney distribution of PCNA receptor
subunits was determined in deparaffinized sections (thick-
ness, 5 um) using an avidin-biotin-peroxidase (IHC) method
(Elite-ABC; Vector Laboratories, CA, USA), and the anti-PCNA
monoclonal antibody (dilution 1 :100; DAKO Japan Co, Tokyo,
Japan) was used.

2.6. Statistical analysis

Data were reported as mean + SE. Statistical analysis of the
parameters was performed using the general linear model
(GLM) produced by Statistical Analysis Systems Institute.*®
Duncan’s new multiple range test was followed to test the sig-
nificant differences between means according to the Duncan
method.*’

3. Results

3.1. Characterization of nanoparticles of hydroxyapatite,
chitosan, and curcumin

3.1.1. Transmission electron microscopy analysis. The
structure and morphology of the samples were further con-
firmed using high resolution transmission electron
microscopy (HR-TEM) images of HAP-NPs, CsNPs, and CurNPs
as shown in Fig. 1-3. The TEM analysis confirmed the pres-
ence of needle-like crystal morphology of HAP-NPs at different
scale bars 50-100 nm (Fig. 1). TEM images of chitosan nano-
particles (CsNPs) are shown in Fig. 2. These nanoparticles
have a solid and consistent structure and are also spherical in
shape at different scale bars (Fig. 2(A and B)). TEM images of
curcumin nanoparticles shown in Fig. 3 show the well-defined
crystalline morphology of nano-curcumin. The average particle
size of curcumin nanocrystals is 0.04 pm as shown in Fig. 3(A).

100 nm
I

Fig. 1 TEM micrographs demonstrating the appearance of n-HAP needle-like crystals.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 TEM images and size distribution of chitosan nanoparticles.

Fig. 3 TEM images and size distribution of curcumin nanoparticles.

3.2. Oxidative stress parameters and antioxidant enzymes

The activities of GPx, GST, CAT, SOD and TAC, and also the
levels of TBARS, NO and GSH were measured in the kidneys of
the adult male rats orally treated daily with CsNPs, CurNPs, and
HAP-NPs alone or in combination, as shown in Tables 1 and 2
and Fig. 4 and 5. The data showed that there were no significant
differences between the effect of CsNPs and CurNPs treated
alone on GPx, GST, CAT, SOD, TAC, TBARS, NO, and GSH.
However, the presence of CsNPs and CurNPs in combination
significantly increased the activities of all these enzymes and
decreased the levels of TBARS and NO in the kidney compared
to the control group. Treatment with HAP-NPs alone showed a
significant decrease in GPx, GST, CAT, SOD, GSH and TAC
levels, but showed a significant increase in the levels of TBARS
and NO compared to the control group. However, the presence
of CsNPs and CurNPs alone or in combination with HAP-NPs
was capable of increasing the activities of GPx, GST, CAT, SOD,

744 | Toxicol. Res., 2019, 8, 741-753

TAC and GSH and decreasing the activities of TBARS and NO
compared to the HAP-NP treated group but did not reach the
control group values.

3.3. Oxidative DNA damage

The results of 8-OH-2-deoxyguanosine (8-OHdG) content in the
renal tissues of the studied groups are listed in Table 3 and
shown in Fig. 6. The rats treated with CsNPs or CurNPs alone
or in combination showed no significant effect on the level of
8-OHdG compared to the control group. On the other hand,
the group treated with the hydroxyapatite nanoparticles alone
showed a significant increase in the level of renal 8-OHdG to
about 2.6-fold compared to the control group values, while
treatment with CsNPs or CurNPs alone or in combination with
HAP-NPs significantly ameliorated the renal content of
8-OHdG; however, the levels were still significantly higher than
the control group values. It is apparent that CsNPs showed a
better effect than CurNPs, while the treatment with both of

This journal is © The Royal Society of Chemistry 2019
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Table 1 Kidney levels of glutathione peroxidase, glutathione S-transferase, catalase, superoxide dismutase and total antioxidant capacity of male
rats treated orally with nanoparticles of chitosan, curcumin, and hydroxyapatite alone or in combination

Parameter

GPx (mU mg ™" GST (mU mg ™" CAT (mU mg™" SOD (mU mg ™" TAC (mU mg ™"
Experimental groups protein) protein) protein) protein) protein)
Control 43.7 +1.95° 39.6 + 2.59% 38.0 + 1.84° 50.2 + 2.86°° 4.22 +0.20°
CsNPs 47.5 + 1.43° 38.5 + 1.69% 38.0 + 1.99° 47.9 + 2.12°¢ 4.8 +0.14%°
CurNPs 51.4 +1.03" 38.2 +1.19° 36.6 + 1.47° 47 +2.20°¢ 4.3 +0.14™
(Cs + Cur) NPs 54.4 +2.07° 41.0 + 1.19% 43.2 + 1.45% 52.4 +1.79° 5.0 +0.28°
HAP-NPs 19.9 + 0.77° 13.5 +1.02¢ 12.6 +0.339 25.8 +0.80° 2.1 +0.12f
(HAP + Cs) NPs 26.2 + 0.86° 23.2 +0.54° 25.9 +1.10° 30 + 1.99%¢ 2.9 +0.19%
(HAP + Cur) NPs 30.3 +0.92¢ 27.3 +0.48° 27.8 + 1.29° 33.0 + 1.089 2.6 + 0.21°
(HAP + Cs + Cur) NPs 36.2 + 0.70° 29.6 + 1.58° 29.3 + 0.66° 42.8 +1.07° 3.4 +0.19¢

Mean values within a column not sharing a common superscript letter (a, b, ¢) were significantly different, p < 0.05. GPx = glutathione
peroxidase, GST = glutathione S-transferase, CAT = catalase, SOD = superoxide dismutase, TAC = total antioxidant capacity.

Table 2 Kidney levels of thiobarbituric acid-reactive substances, nitric
oxide and glutathione of male rats treated orally with nanoparticles of
chitosan, curcumin, and hydroxyapatite alone or in combination

Parameter

Experimental TBARS (mg ml™* NO (mUmg™" GSH (mU mg™"
groups protein) protein) protein)
Control 7.0 £ 0.32°¢ 1.7 +0.04"¢ 36.1 +1.08°
CsNPs 6.9 +0.30° 1.6 + 0.07™ 37.6 £2.16%
CurNPs 6.5 + 0.25¢ 1.6 + 0.08%¢ 35.5 £ 0.95°
(Cs + Cur) NPs 5.8 +0.30° 1.3 + 0.06¢ 35.0 +1.71°
HAP-NPs 24.7 +1.11° 2.8 +0.18° 10.2 + 0.40¢
(HAP + Cs) NPs 17.0 + 0.82° 2.5 + 0.20° 24.7 + 0.67°
(HAP + Cur) NPs 14.2 + 0.30° 2.5 +0.15 25.7 +1.12¢
(HAP + Cs + Cur) NPs  12.4 + 0.41¢ 2.0 +0.08" 29.5 +0.77°

Mean values within a column not sharing a common superscript letter
(a, b, ) were significantly different, p < 0.05. TBARS = thiobarbituric acid-
reactive substances, NO = nitric oxide, GSH = reduced glutathione
concentration.

them resulted in a significant reduction in and complete nor-
malization of renal 8-OHdG levels, as shown in Table 3 and
Fig. 6.

3.4. Histopathological examination

As shown in Fig. 7A, the histological examination of the
H&E stained kidney sections in the control rats revealed
normal histological structures of the glomeruli and renal
tubules. Cells of the Bowman’s capsule’s outer layer formed
a simple squamous epithelium, while cells of the inner layer
were very complex in shape and could not be detected by
histological staining. The glomeruli were round to oval in
shape. No histopathological abnormalities were found in the
kidney sections of the rats treated with CsNPs as in G2, or
with CurNPs as in G3, or with both CsNPs and CurNPs as in
G4, as shown in Fig. 7B-D, respectively. The sections of the
kidney treated with HAP-NPs revealed inconstant pathologi-
cal changes in several parts of the urinary tubules and glo-
meruli, as shown in Fig. 7E. The most intense changes were
in the Malpighian as corpuscles lost their configuration and

This journal is © The Royal Society of Chemistry 2019

the renal tubules appeared with a wide lumen, marked medul-
lar tubular epithelial degeneration, focal tubular epithelial
necrosis, moderate hemorrhage, mild to moderate atrophic glo-
merulus with degenerated epithelium and marked congestion
in the renal blood vessels, as shown in Fig. 7E. The kidney sec-
tions of the group treated with HAP-NPs and CsNPs together
revealed a moderate degree of improvement in glomerular
damage, which resembled that of the control group, with
minimal vacuolization of tubular cells, as shown in Fig. 7F.
The sections of the group treated with HAP-NPs and CurNPs
together revealed a mild degree of improvement in glomerular
damage with a wide lumen in the renal tubules, but some of
the renal tubules were still degenerated (Fig. 7G). The group
treated with HAP-NPs along with CsNPs and CurNPs revealed a
very good improvement with normal structure as in the control

group (Fig. 7H).
3.5. Proliferating cell nuclear antigen immunoreactivity

PCNA immunoreactivity (PCNA-ir) detection of kidney sections
in different experimental groups was performed as shown in
Figures 8A-H. The kidney sections of the control rats showed
faint or negative reaction for PCNA-ir (grade 0) in glomeruli
and renal tubules, as shown in Fig. 8A. The kidney sections of
rats treated with CsNPs (G2), with CurNPs (G3), and with both
CsNPs and CurNPs (G4) showed mild reaction for PCNA-ir
(grade 1), as shown in Fig. 8B-D. Strong positive reactions for
PCNA-ir (grade 5) were detected in the kidney sections of the
rats treated with HAP-NPs alone, as shown in Fig. 8E. The
intensity of PCNA-ir in the HAP-NP treated group showed a sig-
nificant increase when compared to the control group.
However, moderate positive reactions for PCNA-ir (grade 3)
were observed in the kidney sections of the rats treated with
HAP-NPs and CsNPs together, while moderate to marked posi-
tive reactions for PCNA-ir (grade 4) were observed in the
kidney sections of the rats treated with HAP-NPs and CurNPs
together, as shown in Fig. 8F-G. The kidney sections of the
group treated with HAP-NPs along with CsNPs and CurNPs
revealed mild positive reactions for PCNA-ir (grade 1), as
shown in Fig. 8H.

Toxicol Res., 2019, 8, 741-753 | 745
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Fig. 4 Levels of GPX, GST, CAT, SOD and TAC in rat kidneys treated orally with CsNPs, CurNPs and HAP-NPs alone or in combination.

4. Discussion

Nano-sized particles have the ability to internalize cells, where
they can interact with biological molecules, alter cell response,
and affect the cell in deleterious behavior, leading to toxico-
logical response.” Comprehensive and adequate estimate of
toxicological effects induced by exposure to nanoparticles
should take into consideration the different points through
which these particles enter the body and translocate into
organs, tissues, and biological systems after being distributed
in the body. Despite the promising potential of hydroxyapatite

746 | Toxicol Res., 2019, 8, 741-753

nanoparticles in various applications, their toxicity is of
growing concern. So, in order to indicate the suitable protec-
tive intervention against these NPs, it is important to under-
stand its toxicity mechanism.

Kidney is considered as one of the main sites inducing
xenobiotic toxicity.*® Its specific toxicity is assigned to the high
flow rate of blood, which in turn delivers elevated concen-
trations of xenobiotic to the kidney. In particular, the proximal
tubule epithelium is more vulnerable to nephrotoxicity; these
cells express various transporters, which enable active intake
and intracellular accumulation of metabolites or toxic com-

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Levels of TBARS, NO and GSH of male rats treated orally with CsNPs, CurNPs, and HAP-NPs alone or in combination.

Table 3 Renal tissue content of 8-OH-2-deoxyguanosine of male rats
treated orally with nanoparticles of chitosan, curcumin, and hydroxy-
apatite alone or in combination

Experimental groups 8-OHdG (pg pg ™' DNA)

Control 4.97 £ 1.5¢

CsNPs 4.30 +0.9°

CurNPs 4.70 + 1.3¢
s + Cur S . + 0.

Cs + Cur) NP 4.30 = 0.79°
HAP-NPs 13.13 + 1.21%
(HAP + Cs) NPs 5.63 + 0.99°
(HAP + Cur) NPs 8.47 + 0.70°
(HAP + Cs + Cur) NPs 5.40 + 0.92°

Mean values within a column not sharing a common superscript letter
(a, b, ¢) were significantly different, p < 0.05. 8-OHdG = 8-OH-2-
deoxyguanosine.

pounds. Proximal tubular epithelial cells can bio-activate non-
toxic compounds into reactive intermediates which might
cause toxicity through damaging cellular macromolecules, and
also they are highly metabolically active.*°

Nemenqani indicated that oxidative stress induction is the
main mechanism of nanoparticles’ toxicity. When nano-
particles enter the cell, they disturb the redox balance between

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Renal tissue content of 8-OH-2-deoxyguanosine of male rats
treated orally with CsNPs, CurNPs, and HAP-NPs alone or in
combination.

oxidants and antioxidants, which in turn induce the intracellu-
lar oxidative stress. Excessive oxidative stress may also modify
lipids, proteins, and nucleic acids, which in turn deteriorates
the antioxidant defense systems or leads to cell death.*'
Meantime, nanoparticles can increase gene expression of the
death receptor and cause DNA damage through increased pro-

Toxicol. Res., 2019, 8, 741-753 | 747
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Fig. 7 Photomicrographs of kidney sections of different experimental groups stained by H&E.

duction of ROS.** Also, it was documented that the increased
production of ROS induced by nanoparticles in lysosomes can
cause DNA mutations or induce DNA single- or double-strand
breaks.*

At the level of redox status of kidney tissues, HAP-NPs
caused significant reduction in different antioxidant enzymes,
including SOD, GPx, CAT, GST, and GSH systems. This deterio-
ration in the kidney antioxidant defense system is linked to
the enhanced production of nitric oxide and ROS, which
exacerbates oxidative stress in renal tissues due to exposure to
HAP-NPs. The depletion of GSH could explain the inhibited

748 | Toxicol Res., 2019, 8, 741-753

activities of GSH-dependent enzymes (GST and GPx), while the
main route to the depletion of GSH levels is the protection
against oxidative stress that was confirmed by the elevated
level of 8-OHAG due to ROS overproduction induced by
HAP-NPs. This ROS overload was faced by the low molecular
weight antioxidant, e.g. glutathione, that results in GSH
depletion.

The present results are in agreement with those of Chen,
who demonstrated that the exposure to HAP-NPs caused oxi-
dative stress with the elevation of the levels of H,O, and
MDA and a decrease in SOD and GSH levels.** Also, Xu
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Fig. 8 Photomicrographs of kidney sections of different experimental groups stained with PCNA-ir.

found that HAP-NPs induced ROS and SOD intracellular
accumulation in cell lines.*” Turkez demonstrated that
exposure to HAP-NPs had dose-dependent effects on indu-
cing genotoxicity, cytotoxicity, and oxidative damage in
human blood cells.*® Also, HAP-NP exposure resulted in sig-
nificant increase of micronuclei, sister chromatid exchange,
8-OH-dG levels, and chromosome aberration rates as com-
pared to untreated culture.

Moreover, Sies and Akerboom (1984) reported that after
administration of nanoparticles, GSH can act as a conjugating

This journal is © The Royal Society of Chemistry 2019

agent in their metabolism.*” When these nanoparticles induce
oxidative stress by generating hydroperoxides or H,0,, GSH
can also be oxidized in a reaction catalyzed by GPx. It was also
reported that GSH depletion in tissues leads to deterioration
of the cellular defense against ROS and may result in peroxida-
tive injury.?” As GSH plays an important role in cell’s protec-
tion against induced oxidative stress, it also acts as a vital anti-
oxidant and a major cofactor for antioxidant enzymes partici-
pating in cellular redox reactions. Likewise, HAP-NPs
decreased the total SOD activity in C6 glioma cells.*® Also, an
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in vivo study documented a dose-dependent decrease in the
activity of GPx in dermally HAP-NP exposed rats."’

However, at the molecular level, oxidative stress induced by
HAP-NPs in kidney tissues caused significant elevation in the
oxidative DNA marker, 8-OHdG. Reactive oxygen species are
highly reactive with a set of biological molecules, among which
DNA is the most important one.>® 8-Oxoguanine (8-oxo-G) is one
of the distinguished forms of oxidatively generated DNA base
modifications and also a sensitive oxidative DNA damage
marker.>" If this base modification (8-OH-dG) was not repaired
by the repair mechanism, guanine (G) to thymine (T) substi-
tution may happen upon replication. Alternatively, 8-Oxo-2'-
deoxyguanosine-5-Triphosphate (8-Oxo-dGTP) (in the nucleotide
pool) may be mis-integrated opposite adenine (A) producing A-
C substitution.”® These mutagenic effects of 8-OH-dG formation
may denote genotoxicity hazards induced by HAP-NPs.

The antioxidant effects of CsNPs were confirmed in many
previous studies; for example, Wen reported that CsNPs’ protec-
tive role against H,O,-induced cell injury was through boosting
the endogenous antioxidants’ activities (SOD, GPx and CAT)
and enhancing their gene expressions.”® Furthermore, El-
Denshary documented that treatment with CsNPs succeeded in
ameliorating the antioxidant capacity of the body and reducing
the oxidative stress as indicated by the increase in antioxidant
enzymes (CAT, SOD, GPx) and decrease of MDA levels.>* Also,
the present results compare with those of Jeon, who reported
that the treatment with chitosan significantly decreased MDA
levels and increased activities of the antioxidant enzymes, CAT
and SOD, against carbon tetrachloride chronic (CCl4)-induced
toxicity.”® Also, Xie showed that CsNPs inhibited lipid peroxi-
dation by scavenging the hydroxyl radicals."® It was found that
chitosan administration with a dose of 100 mg per kg bw
showed a significant increase in antioxidant enzymes (SOD,
GPx, GR, CAT) and non-enzymatic antioxidants (GSH, vitamin
E and vitamin C) but showed a significant decrease in lipid per-
oxidation levels in the benzidine induced bladder cancer cell
line.”®”” Also, Prashanth reported that chitosan was able to sca-
venge O, and "OH radicals and offered protection against calf
thymus DNA damage.’®

Flora found that CurNPs at the dose of 15 mg kg™ reduced
free radical generation and also restored the antioxidant
enzymes’ activity in rats treated with lead.”® The antioxidant
activity of CurNPs along with their enhanced bioavailability
makes them more vulnerable to be an effective agent against
lead poisoning. Nehra found that treatment with CurNPs sig-
nificantly decreased redundant leakage of ROS and lipid per-
oxidation in cardiomyocytes under hypoxia.®® Yadav found
that CurNPs ameliorated toxic effects induced by fluoride and
arsenic in rat tissues and blood through reducing the levels of
ROS and restoring the blood glutathione level.®!

These results clearly demonstrated the boosting effects of
CsNPs and CurNPs on the antioxidant status of renal tissues
through the activation of antioxidant enzymes (SOD, GPx, GST
and CAT), increasing total antioxidant capacity (TAC) and cor-
rection of glutathione. Also, CsNPs and CurNPs have signifi-
cantly decreased the production of nitric oxide as indicated by
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the lower nitric oxide level. These ameliorative effects on anti-
oxidants and free radicals result in correction of the oxidative
stress status of renal tissues as evidenced in the present study
by the lower levels of MDA; the markers of lipid peroxidation
and 8-OH-dG; and the marker of oxidative DNA damage. The
obtained results agree with those of Ahmed-Farid, who
reported that CurNPs increased the tissue energy rate in
addition to a significant decrease in 8-OHdG levels and
decreased nitrosative and oxidative stresses.’> CurNPs are also
considered as a powerful free radical oxidant scavenger via
electron transfer and hydrogen atom donation.®?

It is obvious from the previous results that CsNP and/or
CurNP administration along with HAP-NPs has significantly cor-
rected the impairments of most studied parameters related to
renal toxicity that has been induced by the treatment with
HAP-NPs alone. However, at the histological level, HAP-NPs
caused severe changes in the Malpighian corpuscles, which lost
their characteristic configuration, and the renal tubules
appeared with a wide lumen, marked cortical and medullar
tubular epithelial degeneration, focal tubular epithelial necro-
sis, moderate hemorrhage, mild to moderate atrophic glomeru-
lus and degenerated epithelium, and marked congestion in the
renal blood vessels. Also, strong positive reactions for PCNA-ir
(grade 5) were detected in kidney sections of rats treated with
HAP-NPs. These data may indicate the entry of HAP-NPs into
the renal tissues, cells and cellular organelles. However, the
administration of CsNPs and/or CurNPs showed a moderate
improvement in glomerular damage, which matched that of the
control group with only minimal vacuolization in tubular cells.
Kidney sections of the rats administered HAP-NPs along with
either CsNPs or CurNPs or both revealed very good improve-
ments with normal structure as in the control group.

5. Conclusion

Collectively, the present results concluded that oral intake of
HAP-NPs induced renal toxicity at different levels, including
kidney antioxidant system, oxidative stress, DNA damage and
renal tissue content of 8-OHAG, histological structure and
immunohistochemical reactivity towards PCNA. Given the sub-
stantial use of HAP-NPs in the field of medicine, the search for
protective interceptions against its toxicity is of great medical
prominence. The presented results obviously indicated that
CsNPs and CurNPs have alleviated the nephrotoxicity induced
by HAP-NPs with prominent ameliorative effects observed with
CsNPs either administered alone or in combination with
CurNPs. Our results also confirm that the nanoforms of these
two compounds have powerful biological effects with
enhanced bioactivity and bioavailability phenomena compared
to their microphase counterparts.
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