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Abstract: Iron oxide nanoparticle (IONP) therapy has diverse health benefits but high doses or
prolonged therapy might induce oxidative cellular injuries especially in the brain. Therefore, we
conducted the current study to investigate the protective role of quercetin supplementation against
the oxidative alterations induced in the brains of rats due to IONPs. Forty adult male albino rats
were allocated into equal five groups; the control received a normal basal diet, the IONP group was
intraperitoneally injected with IONPs of 50 mg/kg body weight (B.W.) and quercetin-treated groups
had IONPs + Q25, IONPs + Q50 and IONPs + Q100 that were orally supplanted with quercetin
by doses of 25, 50 and 100 mg quercetin/kg B.W. daily, respectively, administrated with the same
dose of IONPs for 30 days. IONPs induced significant increases in malondialdehyde (MDA) and
significantly decreased reduced glutathione (GSH) and oxidized glutathione (GSSG). Consequently,
IONPs significantly induced severe brain tissue injuries due to the iron deposition leading to oxidative
alterations with significant increases in brain creatine phosphokinase (CPK) and acetylcholinesterase
(AChE). Furthermore, IONPs induced significant reductions in brain epinephrine, serotonin and
melatonin with the downregulation of peroxisome proliferator-activated receptor gamma coactivator
l-alpha (PGC-1a) and mitochondrial transcription factor A (mtTFA) mRNA expressions. IONPs
induced apoptosis in the brain monitored by increases in caspase 3 and decreases in B-cell lymphoma
2 (Bcl2) expression levels. Quercetin supplementation notably defeated brain oxidative damages
and in a dose-dependent manner. Therefore, quercetin supplementation during IONPs is highly
recommended to gain the benefits of IONPs with fewer health hazards.

Keywords: iron oxide nanoparticles; oxidative stress; quercetin; anti-oxidant

1. Introduction

Iron oxide nanoparticles IONPs) are used for drug targeting, gene delivery, cell
labeling, a contrast agent in magnetic resonance imaging and hyperthermia therapy [1]. Itis
also used as a food additive in iron-fortified drinks and cereals for human consumption [2]
besides numerous industrial uses in wastewater treatment, gas sensing and semiconductors
sorbents lubrications, pigments and coatings [3]. However, the diverse usage of IONPs
induces iron overload and the subsequent initiation of oxidative stress in various organs [4].
Ingestion, inhalation and dermal penetration are the main routes for the entry of IONPs [5].
In the bloodstream, IONPs are bound to plasma proteins and distributed into different body
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organs including the liver, spleen, kidney, lung and heart and penetrate the blood-brain
barrier (BBB), inducing oxidative injuries [6,7]. Irons released from IONPs causing reactive
oxygen species (ROS) generation lead to serious oxidative alterations in lipids, proteins
and DNA [8,9].

Quercetin (3, 3', 4/, 5, 7-pentahydroxyflavone) is a flavonoid present in fruits (apples,
berries, cherries and red grapes) and vegetables (onions and broccoli) in addition to many
seeds, buckwheat, nuts, flowers, barks, green tea and olive oil [10]. Quercetin has plentiful
valuable effects comprising anti-inflammatory, anti-oxidant, anti-mutagenic, anti-ischemic,
anti-viral and anti-aging effects [11-17]. Quercetin is lipophilic and can penetrate the
blood-brain barrier (BBB) [18]. Furthermore, quercetin exhibits a potential anti-oxidant role
by the enhancement of reduced glutathione (GSH) and the upregulation of copper-zinc
superoxide dismutase (SOD1) [17]. Quercetin can chelate iron, inhibiting Fenton’s reaction
and inhibiting ROS generation [19]. Consequently, quercetin is a potential therapeutic for
multiple neurodegenerative diseases and neuronal injuries [20]. The anti-oxidant potential
of quercetin encouraged us to conduct the present study to investigate the protective
potential of quercetin against the oxidative alterations induced by IONPs on brain tissues.

2. Results
2.1. Size and Charge of IONPs

A SEM image of IONPs, as shown in Figure 1, revealed a spherical shape with an
average size 16.34-22.88 nm while possessing a positive zeta potential value +22.8 mV
(Figure 2).

2.2. Brain Oxidative Stress and Anti-Oxidant Status

The levels of the lipid peroxidation product malondialdehyde (MDA) were signifi-
cantly increased in the IONPs group (p < 0.05) while they significantly decreased in IONPs
+ Q100 (p < 0.05) compared with the control (Figure 3A). MDA levels in IONPs + Q25
(p <0.01), IONPs + Q50 (p < 0.01) and IONPs + Q100 (p < 0.01) were significantly decreased
compared with IONPs.

500 nm

Figure 1. SEM image of iron oxide nanoparticles (IONPs). IONPs were spherical in shape with an
average size of 16.34-22.88 nm. The scale bar represents 500 nm.



Int. J. Mol. Sci. 2021, 22, 3829 30f18

Mean (mV) Area (%) Width (mV)
Zeta Potential (mv): 228 Peak 1. 228 1000 376
Zeta Deviation (mV): 376 Peak2: 000 0.0 0.00
Conductivity (mSicm): 00209 Peak3: 000 0.0 0.00
Result quality :
Zeto Pctertial Distribution
250,000
£ 200,000
>
S
= 150,000
o
-
100,000
50,000
0
- 200 - 100 0 100 200
Zeta Potertial (nV)
[— Record 1 Nmovonz«ﬂ]

Figure 2. IONPs had a positive zeta potential value of +22.8 mV.

B
L ®), -
*
m —
E g 1.5 T +++
7] *
& 107 g
» | T =2 ) 2
= = 1.0 . Jekk
g e g
£ 5 2
g % 0.5
= (]
c ] T T o.c T T T
N
r ° & S S & £ &
O X x O N O X x
[ A ‘\Qe ‘\Qe Qe” o A eqe ‘\Qe Q”x
o o & Y o &
C D
( )0.25- ( )20-
2 0.20- = ok T
2 5.3 o 154
2 T L . g
o 0.15 o 5
E 8 10_ *kk
T
Z 0.101 g o B
Q Fkk
@ 0.05 S 51 =
2 0.
0.00 T T T 0 T T T
o' 2 ) ‘)Q O o\ 2 N2 Q,Q O
§ R v N R Q v S
o°° O O & (’xo oo(\ \o‘\ (’xo & ax(}

Figure 3. The oxidative stress and anti-oxidant status of brain tissues. (A) Malondialdehyde (MDA) (nmol/g tissues). (B)
Glutathione (GSH) (umol/g tissue). (C) Oxidized glutathione (GSSG) (umol/g tissue). (D) GSH/GSSG ratio. Data were
analyzed with a one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05 and *** p < 0.001 vs. the control.
** p<0.01 and *** p <0.001 vs. IONPs. * p < 0.05 and ** p < 0.01 vs. IONPs + Q25. Error bars represent mean + SD. n = 5.
White color column refers to control. Black color column refers to IONPs. Colored column with different extents refers to
different concentrations of quercetin supplementations to IONPs-treated groups.



Int. J. Mol. Sci. 2021, 22, 3829

40f18

The GSH levels in brain homogenate were significantly decreased in IONPs (p < 0.001),
IONPs + Q25 (p < 0.001), IONPs + Q50 (p < 0.001) and IONPs + Q100 (p < 0.05) compared
with the control group. In IONPs + Q100, the GSH levels were significantly increased than
IONPs (p < 0.001) and IONPs + Q25 (p < 0.01), as represented in Figure 3B.

The oxidized glutathione (GSSG) levels were significantly increased in IONPs (p < 0.001),
IONPs + Q25 (p < 0.001), IONPs + Q50 (p < 0.001) and IONPs + Q100 (p < 0.05) compared
with the control group (Figure 3C).

Based on the data of GSH and GSSG, the GSH/GSSG ratio values were significantly
decreased in IONPs (p < 0.001), IONPs + Q25, IONPs + Q50 and IONPs + Q100 compared
with the control group (Figure 3D). In IONPs + Q100, GSH/GSSG ratio values were
significantly increased in comparison with IONPs (p < 0.01) and IONPs + Q25 (p < 0.05).

2.3. Brain Creatine Phosphokinase (CPK) and Acetylcholinesterase (AChE) Activities

CPK activities were significantly increased in IONPs (p < 0.001), IONPs + Q25
(p < 0.001), IONPs + Q50 (p < 0.001) and IONPs + Q100 (p < 0.05) compared with the
control group. In comparison with the IONP groups, CPK activities were significantly
decreased in IONPs + Q25 (p < 0.01), IONPs + Q50 (p < 0.01) and IONPs + Q100 (p < 0.001)
(Figure 4A).

In Figure 4B, AChE activities were significantly increased in IONPs (p < 0.001), IONPs
+ Q25 (p < 0.001), IONPs + Q50 (p < 0.001) and IONPs + Q100 (p < 0.05) compared with
the control group. They significantly decreased in IONPs + Q25 (p < 0.01), IONPs + Q50
(p <0.001) and IONPs + Q100 (p < 0.001) than IONPs. In addition, AChE activities were
significantly decreased (p < 0.001) in IONPs + Q100 compared with IONPs + Q25.

2.4. Brain Epinephrine, Serotonin and Melatonin Hormones

Epinephrine levels in brain homogenates were significantly decreased in IONPs
(p <0.001), IONPs + Q25 (p < 0.001) and IONPs + Q50 (p < 0.05) compared with the control
group (Figure 4C). In the IONPs + Q25 (p < 0.05), IONPs + Q50 (p < 0.001) and IONPs +
Q100 (p < 0.001) groups, the epinephrine levels were significantly increased compared with
IONPs. Furthermore, the levels were significantly increased in IONPs + Q100 (p < 0.05)
compared with IONPs + Q25.

As can be seen in Figure 4D, serotonin levels were significantly decreased in IONPs
(p <0.001), IONPs + Q25 (p < 0.001), IONPs + Q50 (p < 0.01) and IONPs + Q100 (p < 0.05)
compared with the control group. In IONPs + Q100, the levels significantly increased
(p < 0.05) than IONPs + Q25.

Melatonin levels in brain homogenates were significantly decreased in IONPs (p < 0.001),
IONPs + Q25 (p < 0.001) and IONPs + Q50 (p < 0.01) compared with the control group
(Figure 4E). In comparison with IONPs, the levels in the IONPs + Q50 (p < 0.01) and IONPs
+ Q100 (p < 0.001) groups were significantly increased. It significantly increased (p < 0.001)
in IONPs + Q100 compared with IONPs + Q25.

2.5. Brain PGC-1« and mtTFA mRNA Expression

Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1x) mRNA
expression fold changes were significantly decreased in IONPs (p < 0.001) and IONPs +
Q25 (p < 0.05) and significantly increased in IONPs + Q100 (p < 0.001) compared with
the control group (Figure 5A). In comparison with IONPs, the PGC-1a expression levels
were significantly increased in IONPs + Q50 (p < 0.05) and IONPs + Q100 (p < 0.001). In
addition, PGC-1a expression levels in IONPs + Q100 were significantly increased (p < 0.001)
compared with the IONPs + Q25 and IONPs + Q50 groups.
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Figure 4. Biochemical assessments of brain tissue. (A) Creatine phosphokinase (CPK) (U/g tissue). (B) Acetylcholinesterase
(AChE) (U/g tissue). (C) Epinephrine (pg/g tissue). (D) Serotonin (ng/g tissue). (E) Melatonin (pg/g tissue). Data were
analyzed with a one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05, ** p < 0.01 and *** p < 0.001
vs. the control. * p <0.05, ** p <0.01 and *** p < 0.001 vs. IONPs. * p < 0.05 and ** p < 0.01 vs. IONPs + Q25. Error bars
represent mean =+ SD. n = 5. White color column refers to control. Black color column refers to IONPs. Colored column with
different extents refers to different concentrations of quercetin supplementations to IONPs-treated groups.
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Figure 5. mRNA relative fold change expression of brain tissue. (A) PGC-1a. (B) mtTFA. Data were analyzed with a
one-way ANOVA followed by Tukey’s multiple comparison test. * p < 0.05 and *** p < 0.001 vs. the control. ** p < 0.01 and
*+*+ p <0.001 vs. IONPs. X p < 0.05 and ** p < 0.001 vs. IONPs + Q25. # p < 0.05 and #* p < 0.001 vs. IONPs + Q25. Error
bars represent mean =+ SD. 1 = 5. White color column refers to control. Black color column refers to IONPs. Colored column

with different extents refers to different concentrations of quercetin supplementations to IONPs-treated groups.

In IONPs (p < 0.001), IONPs + Q25 (p < 0.001) and IONPs + Q50 (p < 0.05), the
mRNA expression levels of mitochondrial transcription factor A (mtTFA) were significantly
decreased than in the control group while they significantly increased in IONPs + Q50
(p < 0.01) and IONPs + Q100 (p < 0.05) compared with IONPs + Q25. mtTFA expression
levels were significantly increased (p < 0.05) in IONPs + Q100 in comparison with IONPs +
Q50 (Figure 5B).

2.6. Hematoxylin (H) and Eosin (E) Staining Assessment of Brain Sections

Histological evaluations of brain tissue revealed that the control group showed a
normal histological structure of cerebellum layers (Figure 6A). In the IONP group, the
cerebellum showed a severe depletion of the Purkinje cell layer (Figure 6B) while this
depletion of the Purkinje cell layer due to IONPs was alleviated in the IONPs + Q25
(Figure 6C), IONPs + Q50 (Figure 6D) and IONPs + Q100 (Figure 6E) groups in a dose-
dependent manner.

Rats in the control group showed a normal histological structure of the meninges
and cerebrum cortex (Scheme 1A) while the meninges of rats treated with IONPs showed
congestion of submeningeal blood vessels (Scheme 1B). In the IONP groups, the cerebrum
of the brain of the rats showed satellitosis, neuronophagia (Scheme 1C), gliosis (Scheme 1D)
and spongiosis (Scheme 1E) besides congestion of the choroid plexus (Scheme 1F).

As can be seen in Scheme 1F, the brain of rats in the IONPs + Q25 group showed
spongiosis (short arrows) and congestion of the submeningeal blood vessels. Moreover,
the cerebrum of rats in the IONPs + Q50 group showed mild spongiosis and blood vessel
congestion (Scheme 1H). The brain of rats in the IONPs + Q100 group showed a relatively
normal histological structure of the meninges and cerebrum cortex (Scheme 11I).
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Figure 6. Cerebellum histopathology. (A) Control group showing a normal histological structure of cerebellum layers.
(B) IONP group showing a severe depletion of the Purkinje cells. (C) IONPs + Q25 group showing a moderate depletion of
the Purkinje cells. (D) IONPs + Q50 group showing a moderate to mild depletion of the Purkinje cells. (E) IONPs + Q100

group showing a mild depletion of the Purkinje cells. Hematoxylin (H) and eosinH and (E) (x400). Scale bar = 20 pum.
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Scheme 1. Histopathology assessment. (A) The brain of a rat showing the normal histological structure of the meninges and
cerebrum cortex, H and E (x200). (B) The meninges of a rat treated with IONPs showing the congestion of the submeningeal
blood vessels (star), H and E (x200). (C) The cerebrum of a rat treated with IONPs showing satellitosis (arrows) and
neuronophagia (arrowhead), H and E (x400). (D) The cerebrum of a rat treated with IONPs showing gliosis (A), H and E
(<400). (E) The cerebrum of a rat treated with IONPs showing spongiosis (short arrows), H and E (x400). (F) The choroid
plexus of a rat treated with IONPs showing severe congestion (stars), H and E (x400). (G) The brain of a rat in the IONPs +
Q25 group showing spongiosis (short arrows) and the congestion of the submeningeal blood vessels (stars), H and E (x200).
(H) The cerebrum of a rat in the IONPs + Q50 group showing mild spongiosis (short arrows) and the congestion of blood
vessels (star), H and E (x400). (I) The brain of a rat in the IONPs + Q100 group showing a relatively normal histological
structure of the meninges and cerebrum cortex, H and E (x200). Scale bar = 20 um.
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2.7. Prussian Blue Staining Assessment of Brain Sections

Brain sections of the control group showed negative Prussian blue staining (Figure 7A).
In the IONPs group, Prussian blue staining spots were recognized in brain sections
(Figure 7B). On the contrary, the intensity of the Prussian blue staining spots of the sections
of the IONPs group was attenuated by quercetin in the IONPs + Q25 (Figure 7C), IONPs +
Q50 (Figure 7D) and IONPs + Q100 (Figure 7E) groups in a dose-dependent manner.

Figure 7. Brain tissue stained with Prussian blue (Black arrows). (A) Control group showing a negative Prussian blue stain.
(B) IONPs group showing blue spots representing the iron contents by Prussian blue stain. (C) IONPs + Q25 group showing
moderate blue spots representing the iron contents by Prussian blue stain. (D) IONPs + Q50 group showing a few blue
spots representing the iron contents by Prussian blue stain. (E) IONPs + Q100 group showing very few dispersed blue spots
representing the iron contents by Prussian blue stain. x400. Scale bar = 20 pum.

2.8. Caspase 3 and Bcl2 Protein Levels in Brain Sections

The control group showed a negative expression of caspase 3 protein levels (Figure 8A)
while they were highly expressed in IONPs (Figure 8B). Quercetin-treated groups (Figure 8C-E)
showed a low expression of caspase 3 compared with IONPs. On the contrary, Bcl2 was
significantly expressed in IONPs + Q25 (Figure 9C), IONPs + Q50 (Figure 9D) and IONPs +
Q100 (Figure 9E) compared with IONPs (Figure 9B) and the control group (Figure 9A).



Int. . Mol. Sci. 2021, 22, 3829 10 0f 18

Figure 8. Inmunohistochemistry of caspase 3 in brain tissue. (A) Control group showing a caspase 3 negative (black arrow)
immunostained neuron. (B) IONPs group showing strong (red arrows), moderate (blue arrow) and weak (green arrow)
caspase 3 positive brown immunostained neurons. (C) IONPs + Q25 group showing strong (red arrow), moderate (blue
arrow) and weak (green arrow) caspase 3 positive brown immunostained neurons. (D) IONPs + Q50 group showing strong
(red arrow), moderate (blue arrows) and weak (green arrow) caspase 3 positive brown immunostained neurons. (E) IONPs
+ Q100 group showing negative (black arrows) and weak (green arrow) caspase 3 positive brown immunostained neurons.

x400. Scale bar =20 um.
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Figure 9. Immunohistochemistry of Bcl2 in brain tissue. (A) Control group showing negative (black arrow) and strong
(red arrow) Bcl2 positive brown immunostained neurons. (B) IONPs group showing negative (black arrows) and a few
strong (red arrows) and weak (green arrow) Bcl2 positive brown immunostained neurons. (C) IONPs + Q25 group showing
negative (black arrows) Bcl2 brown immunostained neurons. (D) IONPs + Q50 group showing moderate (blue arrows) and
weak (green arrows) Bcl2 positive brown immunostained neurons. (E) IONPs + Q100 group showing strong (red arrows)
Bcl2 positive brown immunostained neurons. x400. Scale bar = 20 um.

3. Discussion

Exposure to IONPs led to iron and its deposition in soft tissues especially in the
brain [21]. In the present study, we recognized iron deposition in the brain evidenced by
Prussian blue staining and morphology alterations monitored by the H and E staining
assessment. Dhakshinamoorthy et al. [22] demonstrated that iron content was increased
significantly in brain tissue of IONP-treated groups compared with the control. This was
assessed by Prussian blue staining of the brain regions and evidenced by blue spots in the
frontal cortex, hippocampus and cerebellum. El-Sayed et al. [23] also stated significant
rises in iron levels in brain tissue due to IONP administration in rats.

IONPs could have more capability to penetrate the BBB and induce brain cell injuries
more than other organ cells [24,25]. Another explanation may be that increased iron levels
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in the brain due to the binding of iron to transferrin triggers the upregulation of iron
receptors in the brain and, consequently, transports iron across the BBB [26].

Free Fe3* ions react with H,O5 to generate a ROS in the Fenton reaction process [27].
The elevated ROS increased the permeability of the outer mitochondrial membrane, the
lipid peroxidation, the protein damage and the DNA chain broke [28]. The oxidative stress
of the ROS led to increases in the brain levels of the lipid peroxidation product, MDA, as
stated in the current study in IONP-treated rats. Similarly, Dhakshinamoorthy et al. [22]
reported significant increases in MDA levels in brain tissues of IONP-treated mice. Reddy
et al. [26] also stated that the MDA levels were significantly increased in brain tissue in
a high dose but a non-significant increase in a low dose in IONP-treated rats. Gaharwar
and Paulraj [5] revealed that MDA levels were significantly elevated in IONP-treated rats.
Similarly, IONPs induced the oxidative injury of cardiomyocytes monitored by a high
MDA production and diminished GSH concentrations [29].

Authors in several studies have investigated the protective effect of natural products
or their extracts against the side effects associated with IONPs including Echinacea pur-
purea [30] and Anthriscus sylvestris [31] extracts. In the current study, we investigated the
protective role of quercetin against the toxicity of IONPs in the brains of rats. Quercetin
supplementation to IONP-treated rats decreased the MDA levels in brain tissue and our re-
sults were in concordance with those obtained by Dong et al. [32] who stated that quercetin
decreased lipid peroxidation by lowering the MDA levels in brain tissue in rats. This
may be explained by the ability of quercetin to reduce the ROS therefore inhibiting lipid
peroxidation and preventing the formation of MDA [33]. This was attributed to the catechol
group (B ring) and the OH group at position 3 of the A and C ring, which have optimal
free-radical scavenging [17].

GSH is an essential part of the cellular anti-oxidant defense that directly reacts with
the ROS and other reactive species [34]. In the present study, brain GSH levels were
significantly decreased in IONP-treated rats but GSSG levels were significantly increased.
Reddy et al. [26] stated the depletion of GSH levels in brain tissue of IONP-treated rats and
suggested that it might be due to an increased utilization of GSH in conjugation reactions
as part of a detoxification mechanism, therefore reduced GSH decreased and oxidized
GSSG increased. The co-administration of IONP-treated rats with quercetin restored that by
increasing GSH and decreasing GSSG levels in brain tissue. These results were in harmony
with Singh et al. [35] who reported the elevation of GSH levels in brain tissue indicating
quercetin’s anti-oxidant potential. Dong et al. [32] also revealed that quercetin altered
the nuclear factor erythroid 2-related factor 2 (Nrf2) gene expression. Nrf2 consequently
stimulated the anti-oxidant enzyme production in brain tissues.

In the present study, CPK was significantly increased in brain tissue of IONP-treated
rats. In cellular energy buffering and energy transmission, CPK/phosphocreatine plays a
major role especially in cells with high and fluctuating energy needs such as neurons [36].
Therefore, activation of the CPK/phosphocreatine system and CPK expression changes may
be an earlier indicator of oxidative and bioenergetic stress in the cell [37] as compensation
for a decreasing energy production due to oxidative stress. The co-administration of
IONP-treated rats with quercetin decreased CPK in brain tissue. Lemmens et al. [38]
demonstrated decreases of CPK activities due to quercetin supplementation.

ACHhE activity in nervous tissue is responsible for the hydrolysis of acetylcholine
(Ach) to choline at the synapses and the neuromuscular junction [39]. In the present study,
AChHE was significantly increased in IONP-treated rats and this result was in harmony
with Dhakshinamoorthy et al. [22] who recognized significant increases in AChE activities
in brain tissue of IONP-treated rats in which iron accumulation by IONPs altered the
cholinergic system.

Neurotransmitters are endogenous chemical substances that allow neurons to com-
municate throughout the body; they enable the brain to perform different functions in
the chemical synaptic transmission [40]. In the current study, epinephrine, serotonin and
melatonin concentrations in brain tissues were significantly decreased in IONP-treated rats.
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Yousef et al. [41] reported that serotonin and dopamine levels were significantly decreased
in brain tissue in IONP-treated rats. In contrast, quercetin increased epinephrine, serotonin
and melatonin concentrations in brain tissues compared with IONPs. Singh et al. [35]
stated that quercetin increased serotonin, norepinephrine and dopamine.

Mitochondrial biogenesis assumes a principal role in maintaining mitochondrial
homeostasis to meet the cellular physiological needs of neural cells [42]. PGC-1x is a
co-transcriptional regulation factor that induces mitochondrial biogenesis and promotes
the expression of mtTFA [43]. In the present study, the expression levels of PGC-1x and
mtTFA were significantly decreased in brain tissue in IONP-treated rats. Our results were in
concordance with those obtained by Yousef et al. [44]. They illustrated that mitochondrial
biogenesis represented by PGC-1a and mtTFA significantly decreased their expression in
brain tissue in IONP-exposed rats indicating a decreased mitochondrial biogenesis and
mtDNA replication and transcription that could lead to mitochondrial dysfunction. The
co-administration of IONP-treated rats with quercetin restored this decrease by elevating
both PGC-1a and mtTFA expressions in brain tissue and our results were in harmony with
Sharma et al. [45] who reported that quercetin increased the expression of PGC-1a, NRF-1,
NRF-2 and mtTFA. They suggested that due to a decreasing ROS by the quercetin induced
PGC-1a« raising, this led to the activation of NRF-1 and NRF-2 stimulated expression of
mtTEA.

Quercetin attenuated the apoptotic effect of IONPs through a significant reduction in
caspase 3 and increase in Bcl2 expression levels in brain immunohistochemical sections.
This finding supports the anti-oxidant potential of quercetin. Similarly, quercetin treatment
attenuated the increase of caspase 3 in ischemic brain injury in rats [46,47] and Bcl2 in
lipopolysaccharide-treated mice [48].

4. Materials and Methods
4.1. Reagents and Chemicals

Iron (III) oxide nanoparticle powder was obtained from Sigma—Aldrich (Louis, Mo,
USA), which was solubilized in deionized water before use. Quercetin in a powdered
form was also obtained from Sigma-Aldrich, which was dissolved in dimethyl sulfoxide
(DMSO) and distilled water at a ratio of 1:20, respectively, before use. DMSO > 99.6% was
purchased from Sigma—Aldrich. Other chemicals and deionized water were bought from
the Center for Graduate Studies and Research at Alexandria University.

4.2. Ethics Statement

The study was approved in response to the guidelines of “NIH Guide for the Care
and Use of Laboratory Animals” by the Faculty of Veterinary Medicine Ethics Committee
of Alexandria University, Egypt.

4.3. Characterization of IONPs

The morphology and the particle size of IONPs were examined by scanning electron
microscope (SEM). The particle’s charge was also determined by zeta potential using a
ZetaSizer Nano ZS (Malvern Instruments, Malvern, UK).

4.4. Animals, Housing and Experimental Design

Forty healthy adult male albino rats weighing 150 & 20 body weight (B.W.) were
purchased from the Animal Breeding Unit, Medical Research Institute of Alexandria
University, Egypt. The animals were kept in metal cages under controlled environmental
conditions with an optimum temperature (23 & 2), humidity (55 & 5) and a dark/light cycle
(12 h) and free access to a basal feed diet (Table 1) and drinking water. All animals were
housed for two weeks before the experiment for acclimatization. The rats were randomly
assigned to five groups (eight rats each); the control received a normal basal diet and water
ad libitum, the IONPs group was intraperitoneally injected with IONPs 50 mg/kg B.W.
three times a week [49], the IONPs + Q25 mg group was administrated with the same dose
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of IONPs and gavaged with 25 mg quercetin/kg B.W. daily, the IONPs + Q50 group was
administrated with the same dose of IONPs and gavaged with 50 mg quercetin/kg B.W.
daily and the IONPs + Q100 group was administrated with the same dose of IONPs and
gavaged with 100 mg quercetin/kg B.W. daily [17]. All treatments were maintained for
30 days.

Table 1. Ingredients of the basal diet.

g/kg Diet Ingredients
529.5 Corn flour
200 Casein
100 Sucrose
70 Soybean oil
50 Cellulose
35 Mineral mix
10 Vitamin mix
3 l-cystine
2.5 Choline

4.5. Sampling

At the end of the experiment, the rats were fasted for 12 h and anesthetized using an
intraperitoneal injection of ketamine/xylazine (100 mg/kg/10 mg/kg) then euthanized
and the brain was immediately dissected, rinsed with chilled normal saline 0.9% and
divided into three parts; the first one was used for biochemical analyses. The second part
was kept in —80 °C for mRNA extraction and RT-PCR assessment while the last part was
flushed with phosphate buffer saline (PBS, pH 7.4) and fixed in 4% paraformaldehyde
dissolved in PBS for 48 h for the sample fixation.

4.6. Biochemical Analyses

Parts of each rat brain were homogenized in cold phosphate buffer saline (PBS) and
centrifuged for 10 min at 4 °C at 1435 x g. Malondialdehyde (MDA), GSH, oxidized
glutathione (GSSG) and creatine phosphokinase (CPK) were determined by the commercial
kits of Biodiagnostic Co. (Giza, Egypt). Acetylcholinesterase (AChE) enzyme activities in
brain homogenates were determined by a colorimetric assay kit (BioVision Co., Milpitas,
CA, USA). Epinephrine, serotonin and melatonin levels in brain homogenates were also
determined using ELISA kits (BioVision Co., Milpitas, CA, USA).

4.7. mRNA Extraction and RT-PCR

Total RNA was extracted from the samples using the manufacturer’s easy-RED Total
RNA Extraction Kits (iNtRON Biotechnology, Inc., Gyeonggi-do, South Korea). The first-
strand cDNA was achieved using the HiSen Script cDNA (iNtRON Biotechnology, Inc.)
package. Specific primers were used to amplify selected genes with glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as a stable housekeeping gene (Table 2). mRNA
expression was achieved using a real-time Strata gene MX3005P PCR (Agilent Technologies,
Santa Clara, CA, USA) and a TOP real TM PreMIX SYBR Green qPCR master blend (cat.
RT 500, Enzynomics, Daejeon, South Korea) following the manufacturer’s instructions.
The relative gene expression concentrations were evaluated using the 2724 method as
described by Pfaffl [50].
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Table 2. Sequences of primers.

Gene Primer Sequence (5’ —3)
F: AAACTTGCTA! TCCTCA
PGC-1a CTTGCTAGCGGTCCTC
R: TGGCTGGTGCCAGTAAGAG
F: CCCTGGAAGCTTTCAGATACG
mTFA
R: AATTGCAGCCATGTGGAGG
GAPDH F: GGGTGTGAACCACGAGAAATA
R: AGTTGTCATGGATGACCTTGG

GAPDH,; glyceraldehyde 3-phosphate dehydrogenase, PGC-1a; peroxisome proliferator-activated
receptor gamma coactivator 1-alpha, mTFA; mitochondrial transcription factor A.

4.8. Histopathological Examination

Using the traditional paraffin incorporation technique, the fixed specimens were dehy-
drated by ascending degrees of ethanol, cleared into three xylene shifts and were finished
by paraffin embedding at 65 °C. Sections 4 pm thick were stained with Hematoxylin and
Eosin (H and E) [51].

Brain sections were hydrated through a series of decreasing alcohol concentrations and
placed in a 20% potassium ferrocyanide solution with a 20% HCl solution for 30 min. The
slides were washed, dehydrated, cleaned with xylene and observed under the microscope
for blue staining of iron contents [52].

4.9. Immunohistochemical Examination

The standard horseradish peroxidase (HRP) immunohistochemistry technique was
applied to the positively charged slides of the paraffin tissue sections. According to
the manufacturer’s guidelines, rabbit anti-rat caspase 3 (Lab Vision, Fremont, CA, USA)
and Bcl2 (DAKO, Glostrup, Denmark) were used. Five pm-thick sections of the cerebrum,
cerebellum, spinal cord and sciatic nerve were dewaxed, rehydrated and pretreated with 3%
hydrogen peroxide (H,O;) to block endogenous peroxidase activity. Antigen retrieval was
accomplished by placing slides in a microwave for 10 min in a 10 mM sodium citrate buffer
(pH 6.0). Slides were incubated with the primary antibody and then rinsed with Tris-buffer
saline and the secondary antibody. Slides were incubated with a 3, 3'-diaminobenzidine
(DAB) substrate chromogen solution and then counterstained with Mayer’s hematoxylin.
Images of 10 different fields were imaged at a magnification of x400.

4.10. Statistical Analysis

A one-way ANOVA with Tukey’s post hoc multiple range test were used for the
data analysis using a GraphPad Prism v.5 https:/ /www.graphpad.com/, accessed on 10
March 2021 (GraphPad, San Diego, CA, USA). All declarations of significance depended
onp < 0.05.

5. Conclusions

Iron oxide nanoparticles (IONPs) intraperitoneally injected by a dose of 50 mg/kg
B.W. induced oxidative alterations in the brain while quercetin in doses of 25, 50 and
100 mg/kg B.W. alleviated brain oxidative injuries induced by IONPs. Therefore, quercetin
is a promising feed supplement along with IONP therapy.
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