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Parkinson’s disease (p<0.001). Compared to the control group, a marked promotion in
6-Hydroxydopamine Malondialdehyde (MDA) levels along with a marked reduction in

activities and gene expression of antioxidant enzymes and reduced
glutathione (GSH) levels in the hippocampus and striatum were
observed in the 6-OHDA group (p<0.01). However, administration
of Hst and nano-Hst remarkably diminished MDA levels (p<0.01),
and significantly increased the activities (p<0.01) and gene
expression of antioxidant enzymes (p<0.05) and GSH levels
(p<0.01) compared to the 6-OHDA group. In most parameters,
nano-Hst has shown better therapeutic effects than Hst.
Conclusion: Our findings reveal that Hst can be considered as a
potential candidate for the treatment of neurodegenerative diseases
and that nano-Hst may have better bioavailability.
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Nano-hesperetin improves Parkinson’s disease

Introduction

Parkinson’s disease (PD) is a chronic
and progressive neurodegenerative
disorder that results mainly from
progressive degeneration and death of
substantia nigra neurons. Clinically,
symptoms such as postural instability,
rigidity and resting tremor are the main
characteristics of PD (Baluchnejadmojarad
et al., 2017). PD also affects multiple
neuronal systems both centrally and
peripherally, that are associated with
nonmotor symptoms, including memory
impairments, depression and cognitive
decline. Although the exact cause of the
disease remains to be identified, oxidative
damage to dopaminergic neurons plays a
fundamental role in the neurodegeneration
and movement disorder seen in PD (He et
al., 2018). 6-Hydroxydopamine (6-OHDA)
is typically employed as a selective
catecholaminergic  neurotoxin and a
hydroxylated analog of the natural
neurotransmitter dopamine to create PD
models in vitro and in vivo, pointing to the
role of oxidative stress in the
etiopathogenesis of PD (Hritcu et al.,
2011). The basic premise is that 6-OHDA
induces a severe degenerative process in
the nigrostriatal system by producing
reactive oxygen species (ROS) and
mitochondrial dysfunctions in animal
models (Haleagrahara et al., 2011). 6-
OHDA is then rapidly oxidized to produce
large amounts of ROS to decrease levels of
antioxidant enzymes (Kuruvilla et al.,
2013). Current medical treatments for PD
could only offer partial symptomatic relief
and have side effects in addition to poor
efficacy in  stopping the disease
progression. Therefore, there is an urgent
need for novel therapies that halt or
reverse the neuronal damage hampering
PD progression (Maitra et al., 2021). The
current research has also indicated that
dietary habits play a key role in
neurodegeneration in  PD,  where
deficiency of antioxidant components in
the body enhances the risk of PD
(Martinez-Boo, 2021).

Hesperetin (Hst) is a naturally occurring
flavonoid from citrus fruits with potent
antioxidant and anti-inflammatory effects.
It has been well established that Hst
promotes cellular antioxidant defense
enzymes through radical scavenging
activity and exerts a protective influence
against 6-hydroxydopamine (6-OHDA)-
induced neurotoxicity in rats (Kiasalari et
al., 2016). Further evidence also
demonstrated that Hst not only scavenges
free radicals but also improves antioxidant
cellular capacity by enhancing the
expression of various antioxidant enzymes
genes such as glutathione reductase (GRx),
superoxide dismutase (SOD) and Catalase
(CAT) via the ERK/Nrf2 pathway (Chen et
al.,, 2010; Roohbakhsh et al.,, 2014).
Despite various pharmacological activities,
Hst has poor water solubility and poor
absorption through the gastrointestinal
tract, therefore, it is rapidly metabolized
and has a short half-life (Zeng et al.,
2021). In addition to the above, Hst cannot
cross the blood-brain barriers (BBB),
which is a major stumbling block for the
central nervous system (CNS) therapeutics
(Kakran et al., 2015). To improve the
bioavailability of Hst, various approaches
have been used in terms of formulations
and route of administration (Fathi et al.,
2013; Mary Lazer et al, 2018).
Nanoparticles drug delivery systems (NPs)
have recently developed as one of the
leading strategies to ameliorate the
bioavailability, absorption, and
biodistribution as well as slowing down
the rapid metabolism and systemic
elimination of drugs (Mohanty et al,
2012). On the other hand, since NPs are
very small in size, they provides excellent
surface features. The particles with size
less than 100 nm can deliver bioactive
substances across a number of biological
barriers (i.e. the intestinal mucosa and
BBB) (Kakran et al., 2015).

Hence, in our previous studies, we
synthesized nano-Hst and investigated its
therapeutic  effects on models of
Alzheimer's disease (kheradmand et al.,
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2018) and autism (Khalaj et al., 2018), but
the therapeutic role of nano-Hst in PD
models has not been explored to date.
Thus, this investigation was performed to
find out the influences of the Hst and
nano-Hst  on  behavioral  deficits,
expression of antioxidant genes and
oxidative damage in a rat model of PD
induced by 6-OHDA.

Materials and Methods
Preparation of nano-Hst

We prepared nano-Hst as earlier
explained (kheradmand et al., 2018).
Briefly, ethanol (1 ml) was added to Hst (5
mg) to obtain a 5 mg/ml drug solution, and
then the rapid addition of n-hexane as an
anti-solvent, led to the formation of a
nanosuspension. The volume ratio of
solvent to antisolvent was 1:20.

Animals and treatment

Wistar male rats (n=7 per group, 220—
250 g) were purchased from Pasteur
Institute of Iran, North Research Center

(Amol, Iran). The animals were housed in
a room with a temperature of 22 + 1°C
under a standard 12 hr light/dark cycle and
fed with standard commercial food and
water. The rats received Hst and nano-Hst
at 5 and 10 mg/kg for 28 days. Since we
administered different doses of Hst and
nano-Hst in earlier investigations, in this
study, lower doses of Hst were chosen to
compare its therapeutic effects with nano-
Hst. (Hajizadeh Moghaddam et al., 2020;
Khalaj et al., 2018). Behavioral analyses
were carried out from 10 a.m. to 15 p.m. in
order to minimize circadian variations.
One day after the last behavioral analysis,
animals were deeply anesthetized with
chloral hydrate (350 mg/kg, i.p.) and their
hippocampus and striatum were removed
for biochemical tests (Figure 1). The study
was affirmed by the guidelines for the
Care and Use of Ilaboratory animals
(IR.UMZ.REC.1396.007) and maintained
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Figure 1. Experimental design

Forty-two rats were allocated into six
groups: Group 1 (control): received 0.1%
I-ascorbate saline for 28 days. Group 2 (6-
OHDA): received a unilateral stereotaxic
injection of 10 pg 6-OHDA (2 pl 0.1% I-
ascorbate saline). Group 3 (Hst5): received
5 mg/kg of Hst daily for 28 days after 6-
OHDA lesioning. Group 4 (Hst10):
received 10 mg/kg of Hst daily for 28 days
after 6-OHDA lesioning. Group 5 (nano-
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Hst5): received 5 mg/kg of nano-Hst daily
for 28 days after 6-OHDA lesioning.
Group 6 (nano-Hst10): received 10 mg/kg
of nano-Hst daily for 28 days after 6-
OHDA lesioning.

6-OHDA lesion

Animals underwent 6-OHDA surgery
as described previously (Shrivastava et al.,
2013). Chloral hydrate was used to
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anesthetize rats. After fixing them in the
stereotaxic apparatus, rats were injected
unilaterally with 10 pg 6-OHDA (2 pl of
physiological saline containing 0.02%
ascorbic acid) using a 22-gauge Hamilton
syringe into the right striatum. The
stereotaxic coordinates were: AP +1.0, ML
+2.5, and DV +4.5 relative to bregma in
mm, corresponding to the atlas of (Paxinos
and Watson, 2006).

Behavioral studies
Apomorphine-induced
(AIRT)

Rats were put into Plexiglas cylindrical
cages (38 cm height and 28 cm diameter)
and a number of complete rotations
(ipsilateral and  contralateral)  were
recorded at 10-min intervals for 1 hr. The
net rotation count was considered the
contralateral scores minus the ipsilateral
ones (Fine et al., 2020).

rotation  test

Narrow beam test (NBT)

NBT was conducted according to prior
researches (Kiasalari et al., 2016). NBT
consisted of a 1-m long, 2-cm thick, 30-
mm height wooden beam. The total
duration of passing over the beam was
documented. The cut-off time on the
rotarod was 160 sec. A fall was considered
the maximum amount of time. Each
animal was placed on the beam 5 times
with a time interval of 5 min and tested.

Novel object recognition test (NORT)

The rats were subjected to NORT as
described previously (Hajizadeh
Moghaddam et al, 2021). The
discrimination ratio was measured as the
detection time of novel object/the total
time spent detecting the two objects
multiplied by a percentage.

Biochemical studies: Preparation of
tissue homogenate

All rats were decapitated after the last
behavioral test and the brains were
removed quickly. The hippocampus and
striatum tissues were rapidly isolated and

kept at —80°C. Tissue samples (150 to 200
mg of hippocampus and striatum tissue)
were homogenized using a tissue
homogenizer immersed in Tris-sucrose
buffer (0.32 M sucrose in 10 nM Tris HCI
buffer containing 1 mM EDTA (pH 7.4)
and centrifuged at 12,000 rpm for 30 min
at 4°C. Later on, the supernatant was
stored (-80°C) for the biochemical
estimation of oxidative stress markers.
Bovine serum albumin was utilized as a
standard to measure the protein level of the
hippocampal and striatal homogenates
according to Bradford's assay (Bradford,
1976).

Determination of oxidative stress
markers

Decline in GSH levels was evaluated
according to (FUKUZAWA and
TOKUMURAI, 1976). Malondialdehyde
(MDA) levels were estimated by the
method of (Esterbauer and Cheeseman,
1990). SOD and CAT enzymes activities
were estimated quantitatively by a
previously described technique (Genet et
al., 2002). The Pinto and Bartley method
was used for measurement of glutathione
reductase (GRx) activity (Pinto and
Bartley, 1969).

Quantitative real-time PCR analysis

The mRNA expression levels were
estimated by RT-qPCR as noted earlier
(Moghaddam et al., 2020). To measure
MRNA levels of SOD, CAT and GRx
genes, total RNA from hippocampus and
striatum tissues samples was extracted by
RNeasy Mini Kit (QIAGEN) following the
manufacturer’s instructions. The cDNA
synthesis was performed using Superscript
Il Reverse Transcriptase (Fermentas)
following the instructions of the
manufacturer. Table 1 displays the
sequence of the primers of the three
studied genes. RNA levels were analyzed
as specific RNA-to-GADPH ratios to
determine the relative amounts of target
genes.
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Table 1. Sequences of primers used in gRT-PCR

Gene Primer Sequence Amplicon lengths (bp)
GAPDH forward 5"-ATCCTGCACCACCAACTGC-3" 129
reverse 5"-ACGCCACAGCTTTCCAGAG-3’
CAT forward 5 -GCGGATTCCTGAGAGAGTGG-3" 154
reverse 5-TCCAGCGACTGTGGAGAATCG-3"
SOD forward 5-GACGAAGGGAGGTGGATGC-3’ 155
reverse 5- GCCCTCCAGACTGAAATAGGC-3"
GRx forward 5-GCCTTCACCCCGATGTATCAC-3’ 127
reverse 5 -GCATCTCATCGCAGCCAATC-3

Statistical analysis

All results are expressed as mean+SD
and P values below 0.05 were described
significant. The Shapiro—Wilk was utilized
to verify data normality. One-way
ANOVA and then Tukey's multiple
comparisons were utilized as a post hoc
test using SPSS software to analyze
difference of mean values among the
groups.

Results
Effect of Hst and nano-Hst on rotational
behavior induced by 6-OHDA in AIRT
As shown in Figure 2, the number of
contralateral rotations in the Hst 5
(p<0.001), Hst 10 (p<0.001), nano-Hst 5
(p<0.001) and nano-Hst 10 [F (5, 36) =
43.33, p<0.001] groups remarkably
reduced compared with the 6-OHDA
group. However, there was no remarkable
difference between the groups of Hst 5 and
Hst 10, and the groups of nano-Hst 5 and
nano-Hst 10.

Effect of Hst and nano-Hst on
imbalance behavior induced by 6-
OHDA in NBT

The NBT revealed that Hst 5 (p<0.001),
Hst 10 (p<0.001), nano-Hst 5 (p<0.001)
and nano-Hst 10 [F (5, 36) = 27.72,
p<0.001] treatments significantly
decreased crossing time compared with the
6-OHDA group. However, there was no
remarkable difference between groups of
Hst 5 and Hst 10, and the groups of nano-
Hst 5 and nano-Hst 10 (Figure 3).
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Figure 2. Effect of Hst and nano-Hst on 6-OHDA-
induced behavioral changes in apomorphine-
induced rotation test. Data are expressed as
meanzSD  (n=7/group). One-way ANOVA:
***p<0.001 (vs. the control group); +++p<0.001
(vs. the 6-OHDA group). 6-OHDA, 6-
hydroxydopamine; Hst, hesperetin.
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Figure 3. Effect of Hst and nano-Hst on 6-OHDA-
induced behavioral changes in narrow beam test.
Data are expressed as mean+SD (n =7/group). One-
way ANOVA: ***p<0.001 (vs. the control group);
+++p<0.001 (vs. the 6-OHDA group). 6-OHDA, 6-
hydroxydopamine; Hst, hesperetin.
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Effect of Hst and nano-Hst on learning
and memory deficits induced by 6-
OHDA in NORT

The NORT exhibited that Hst 5
(p<0.001), Hst 10 (p<0.001), nano-Hst 5
(p<0.001) and nano-Hst 10 (p<0.001)
treatments  significantly increased the
discrimination index in comparison with
the 6-OHDA group. Moreover, nano-Hst
10 group showed a significant increase [F
(5,36)=22.99, p<0.05] in the
discrimination index in comparison with
Hst 10 group. However, the nano-Hst 10
group did not show remarkable effects on
the discrimination index in comparison
with the Hst 5 group (Figure 4).

Effect of Hst and nano-Hst on
alterations induced by 6-OHDA in MDA
and GSH levels

As shown in Table 2, Hst 5 (p<0.01),
Hst 10 (p<0.001), nano-Hst 5 (p<0.001)
and nano-Hst 10 (p<0.001) treatments
significantly decreased MDA levels in the
hippocampus  [F(5,36)= 11.64] and
striatum [F(5,36)= 8.99] compared with
the 6-OHDA group. Also, our results
revealed that compared with the 6-OHDA
group, nano-Hst 5 (p<0.01) and nano-Hst
10 [F(5,36)= 12.19, p<0.001] treatments in
the hippocampus significantly enhanced
GSH levels. However, there was no
remarkable difference between the Hst 5
and Hst 10 groups, and the nano-Hst 5 and

nano-Hst 10 groups in the hippocampus
and striatum.
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Figure 4. Effect of Hst and nano-Hst on 6-OHDA-
induced behavioral changes in novel object
recognition test. Data are expressed as meantSD
(n=7/group). One-way ANOVA: **p<0.01 (vs. the
control group); +++p<0.001 (vs. the 6-OHDA
group); $p<0.05 (vs. the Hst 10 group). 6-OHDA,
6-hydroxydopamine; Hst, hesperetin.

Effect of Hst and nano-Hst on
alterations induced by 6-OHDA in
antioxidant enzymes activity

As shown in Table 3, compared to the
6-OHDA group, Hst 10 [F (5,36) = 14.63,
p<0.001] treatment in the hippocampus
and nano-Hst 5 (p<0.01) and nano-Hst 10
(p<0.001) treatments in the hippocampus
and striatum significantly increased CAT
activity. Also, there was a remarkable
difference between the Hst 10 group and
nano-Hst 10 group in the striatum levels [F
(5,36)= 16.36, p<0.001].

Table 2. Effect of Hst and nano-Hst on 6-OHDA-induced alterations in MDA and GSH levels

Groups MDA (ug/mg protein) GSH (mg GSH/gr protein)
Hippocampus

Control 0.11+0.00 0.40+0.06
6-OHDA 0.31+0.03" 0.02+0.00™"
6-OHDA + Hst5 0.19+0.02** 0.13+0.03
6-OHDA + Hst10 0.15+0.03""* 0.22+0.03
6-OHDA + nano-Hst5 0.15+0.00""* 0.29+0.04™*
6-OHDA + nano-Hst10 0.11+0.00"** 0.37+0.04"
Striatum

Control 0.15+0.00 0.63£0.12
6-OHDA 0.54+0.13"" 0.03x0.00"
6-OHDA + Hst5 0.27+0.05** 0.15+0.06
6-OHDA + Hst10 0.13+0.02*** 0.17+0.04
6-OHDA + nano-Hst5 0.12+0.01%"* 0.30+0.11
6-OHDA + nano-Hst10 0.07+0.01"* 0.42+0.17

Data are expressed as mean+SD (n=7/group). One-way ANOVA: **p<0.01 and ***p<0.001
(vs. the control group); ++p<0.01 and +++p<0.001 (vs. the 6-OHDA group). 6-OHDA, 6-

hydroxydopamine; Hst, hesperetin.
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Meanwhile, Hst 10 (p<0.01) and nano-
Hst 5 treatment [F (5,36) = 10.94, p<0.01]
in the hippocampus, and treatment with
nano-Hst 10 in the hippocampus (p<0.001)
and striatum [F (5,36) = 5.74, p<0.01]
resulted in significantly increased SOD
activity in comparison with the 6-OHDA
group. In addition, nano-Hst 5 (p<0.01)
and nano-Hst 10 [F (5,36) = 8.86,
p<0.001] treatments in the hippocampus
and striatum resulted in increased GRX
activity compared with the 6-OHDA
group. Also, there was a remarkable
difference (p<0.01) between the Hst 5
group and nano-Hst 5 group in the
hippocampus. However, there was no
remarkable difference between the Hst 5
and Hst 10 groups, and the nano-Hst 5 and
nano-Hst 10 groups in other parameters.

Effect of Hst and nano-Hst on
alterations induced by 6-OHDA in
expression levels of CAT, SOD and GRx
genes

The results of RT-gPCR analysis
revealed that Hst 5 treatment significantly
increased GRx gene expression levels in
the hippocampus [F (5,12) = 289.50,
p<0.05] and striatum [F (5,12) = 689.80,
p<0.05]. Likewise, Hst 10 (p<0.001),
nano-Hst 5 (p<0.01) and nano-Hst 10
(p<0.001) treatments significantly
increased CAT [hippocampus: F (5,12) =
179.94; striatum: F (5,12) = 590.90], SOD

[hippocampus: F (5,12) = 255.93; striatum:
F (512)= 476.10] and GRx gene
expression levels in the hippocampus and
striatum. More importantly, comparison of
the Hst 5 and Hst 10 groups, nano-Hst 5
(p<0.05) and nano-Hst 10 (p<0.001)
groups showed a remarkable difference in
gene expression of GRx, CAT and SOD in
the hippocampus (Figure 5A) and striatum
(Figure 5B).

Discussion

In the current research, we studied the
efficacy of nano-Hst in ameliorating
behavioral and biochemical factors in a
model of PD induced by 6-OHDA. Our
data showed that the neuroprotective
influence of nano-Hst was more marked
than Hst at a similar dose.

The experimental model utilized in this
study was the 6-OHDA lesioned rat model.
Numerous neurochemical changes in PD
patients are similar to 6-OHDA-induced
neurotoxicity (Hernandez-Baltazar et al.,
2017). Our results showed a notable
enhancement in contralateral rotation
count in 6-OHDA-lesioned rats in AIRT.
Furthermore, our assessment in the NBT
showed an increase in total time on the
beam in 6-OHDA rats, indicating
bradykinesia ~ and/or  akinesia, in
comparison with the control group.

Table 3. Effect of Hst and nano-Hst on 6-OHDA-induced alterations in antioxidant enzymes activity

Groups CAT (U/mg protein) SOD (% inhibition) GRXx (U/mg protein)
Hippocampus

Control 172+12.68 84.93+1.37 188.97+36.10
6-OHDA 54.39+11.07" 55.35+1.67"" 51.41+7.34™
6-OHDA + Hst5 88.64+53.55 69.48+3.51 88.62+15.42
6-OHDA + Hst10 182.48+24.67 72.48+3.72" 114.12423.01
6-OHDA + nano-Hst5 176.67+21.90"* # 72.95+£3.91" 193.32+14.35"#
6-OHDA + nano-Hst10 236.85+21.41""" 84.17+4.30"" 198.88+18.84"*
Striatum

Control 289.02+46.34 70.16+9.01 257.9638.23
6-OHDA 62.09+10.24™" 27.97+1.96™ 42.66+12.02""
6-OHDA + Hst5 108.77+20.88 33.12+6.96 66.28+91.45
6-OHDA + Hst10 158.58+24.12 39.08+7.02 106.74+12.51
6-OHDA + nano-Hst5 217.15+35.04** 45.43+9.08 185.39+30.41"*
6-OHDA + nano-Hst10 397.77+47.78"+ 5% 62.82+9.62"* 214.23+42.80"
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Figure 5. Effect of Hst and nano-Hst on 6-OHDA-induced alterations in expression levels of CAT, SOD and GRx genes in
the hippocampus (A) and striatum (B). Data are expressed as mean+SD (n=3/group). One-way ANOVA: ***P<0.001 (vs.
the control group); +p<0.05, ++p<0.01, and +++p<0.001 (vs. the 6-OHDA group); #p<0.05 and ###p<0.001 (vs. the Hst 5
group); $$$p<0.001 (vs. the Hst 10 group). 6-OHDA, 6-hydroxydopamine; Hst, hesperetin.

As previous studies have shown,
prominent motor asymmetry following 6-
OHDA injection is due to damage to the
nigrostriatal dopaminergic system and
consequent reduction in dopamine levels
(Antunes et al., 2021). Hst and nano-Hst
treatment were able to significantly reduce
the dysfunction observed in 6-OHDA rats.
In this context, research has pointed out
that free radicals play a major role in
nigrostriatal lesions induced by 6-OHDA
and the protection of dopaminergic
neurons in PD (Aguiar et al.,, 2006).
Hence, the survival time of dopaminergic
neurons and motor asymmetry in rats can
be improved by Hst as a scavenger of free
radicals (Kiasalari et al., 2016). In addition
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to the motor impairments, patients with PD
can also show cognitive deficits,
specifically learning and memory deficits
(He et al., 2018). The hippocampus is one
of the areas that take a leading role in
learning and memory impairments, and in
novelty detection (Chiaravalloti et al.,
2014). NORT results showed that 6-
OHDA injection causes learning and
memory dysfunctions by reducing the
discrimination index. This is compatible
with our earlier investigation that 6-
oxidative damage induced by OHDA is
related to the pathogenesis of PD and has a
prominent role in learning and memory
deficits (Ghaffari et al., 2018). In our
study, Hst and nano-Hst protected against
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6-OHDA-induced learning and memory
deficits as revealed by an increase in the
discrimination index in NORT. Previous
studies have shown that the mechanism for
the learning and memory deficits
improving attributed to Hst may be related
to its antioxidant properties (Alizadeh
Makvandi et al., 2021; Muhammad et al.,
2019). One examination also revealed that
hesperidin can improve the memory deficit
of rats in this model through an increase in
dopamine and antioxidants (Antunes et al.,
2014). NORT findings also revealed a
significant difference between Hst and
nano-Hst treatments at dose 10, which is
confirmed by our previous study
(kheradmand et al., 2018). In agreement
with our data, Kesmati et al. exhibited that
ZnO and MgO in nanoforms are more able
of improving memory performance by
increasing the discrimination index in
NORT (Kesmati et al., 2020).

More and more investigations suggest
that the survival and maintenance of
dopaminergic neurons in PD are related to
oxidative stress as an essential and pivotal
factor. Free radicals are extremely engaged
in the toxicity of nigrostriatal lesions
induced by 6-OHDA (Gaba et al., 2019).
The enhancement of free radicals caused
by the injection of 6-OHDA leads to
oxidative damage to membrane lipids and
eventually alters the antioxidant enzymes
activities (Chandrasekhar et al., 2018). The
generation of H,O; radicals and 6-OHDA-
induced superoxide radicals leads to a
decrease in SOD and CAT activities and
subsequently 6-OHDA-induced toxicity.
The toxicity caused by 6-OHDA may be
converted into reactive hydroxyl radicals
and subsequently, generate cell injury. The
reduction in SOD activity is associated
with increases in MDA levels, indicating
that these events are preceded by 6-
OHDA-induced  superoxide  radicals
generation (Hritcu et al., 2008). In the
presence of H,O,, GSH is oxidized to
glutathione disulfide, which is reconverted
to GSH by GRx. Since the GRx cycle is
inactivated by H,0O,, it reduces the level of

GSH, which is often employed as an index
of oxidative stress (Kashiwagi et al.,
1996). Our findings exhibited that 6-
OHDA enhanced lipid peroxidation
(estimated in terms of MDA levels), along
with decreased GSH levels and antioxidant
enzymes gene expression and activity
(CAT, SOD and GRx), as we also showed
in our previous study (Ghaffari et al.,
2018). In line with our results,
Baluchnejadmojarad et al. have found out
that administration of 6-OHDA is
associated with a decline in antioxidant
enzymes activities and an enlargement in
lipid peroxidation (Baluchnejadmojarad et
al., 2017). In this research, Hst at doses of
5 and 10 in some parameters and nano-Hst
at doses of 5 and 10 in most parameters
were able to mitigate 6-OHDA-induced
oxidative stress through induction of a
significant increase in gene expression and
the activity of antioxidant enzymes which
is in line with prior investigations on its
antioxidant capacity as well as its ability to
alleviate oxidative damage (Samie et al.,
2018). In confirmation of our results,
Ishola et al. showed that Hst can help
maintain the oxidant/ antioxidant balance
to a great extent and protect against
oxidative stress by inhibiting the
production of free radicals (Ishola et al.,
2019). Additionally, nano-Hst compared to
Hst showed significant effects on some
antioxidant parameters in the hippocampus
and striatum areas; implying that nano-Hst
is a powerful free radical scavenger.
According to these results, nano-Hst
exhibited stronger effects in improving
behavioral disorders, maintaining GSH
levels, regulating lipid peroxidation and
gene expression and activity of antioxidant
enzymes in comparison with Hst in equal
doses. The outcome of the current
investigation showed that nano-Hst has a
better neuroprotective effect than Hst
against 6-OHDA-induced lesions, possibly
due to its improved bioavailability. In
confirmation of our findings, Shete, et al.
showed that nano-Hst improves the
bioavailability of Hst by increasing its
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solubility, release rate, penetration into
gastric mucosa and intestinal cells.
Further, estimation of pharmacokinetic
parameters revealed that oral
administration of nano-Hst showed a 1.79-
and 2.25-fold increase in Cmax and oral
bioavailability of Hst, respectively (Shete
et al., 2015). In summary, this research
provides evidence that treatment with Hst
and nano-Hst ameliorated behavioral and
biochemical deficits induced by 6-OHDA.
The neuroprotective effects of Hst are
attributed to its antioxidant activity.
Nanonization increased the antioxidant
capacity of Hst, which cloud be attributed
to its improved oral bioavailability. Thus,
it can be summarized that nano-Hst could
act as a possible healing agent for PD.
Additional research with high-quality
study designs is needed to understand
more clearly the mechanism implicated in
the regulation of antioxidant enzymes
expression through the administration of
nano-Hst and whether it can be an
effective remedy for PD.

Acknowledgment

The authors thank the Department of
Biology, Faculty of Basic Sciences,
University of Mazandaran, Babolsar, Iran.

Conflicts of interest
The authors have declared that there is
no conflict of interest.

References

Aguiar LMV, Nobre HV, Macédo DS,
Oliveira AA, Freitas RM, Vasconcelos
SM, Cunha GMA, Sousa FCF, Viana
GSB. 2006. Neuroprotective effects of
caffeine  in the model of 6-
hydroxydopamine  lesion in  rats.
Pharmacol Biochem Behav, 84: 415-419.

Alizadeh Makvandi A, Khalili M, Roghani M,
Amiri Moghaddam S. 2021. Hesperetin
ameliorates electroconvulsive therapy-
induced memory impairment through
regulation of hippocampal BDNF and
oxidative stress in a rat model of

depression. J Chem Neuroanat, 117:
102001.

Antunes MS, Goes ATR, Boeira SP, Prigol M,
Jesse CR. 2014. Protective effect of
hesperidin in a model of Parkinson's
disease induced by 6-hydroxydopamine in
aged mice. Nutr, 30: 1415-1422.

Antunes MS, Ladd FVL, Ladd AABL,
Moreira AL, Boeira SP, Cattelan Souza L.
2021.  Hesperidin  protects against
behavioral alterations and loss of
dopaminergic neurons in 6-OHDA-
lesioned mice: the role of mitochondrial
dysfunction and apoptosis. Metab Brain
Dis, 36: 153-167.

Baluchnejadmojarad T, Mansouri M, Ghalami
J, Mokhtari Z, Roghani M. 2017. Sesamin
imparts neuroprotection against
intrastriatal 6-hydroxydopamine toxicity
by inhibition of astroglial activation,
apoptosis, and oxidative stress. Biomed
Pharmacother, 88: 754-761.

Baluchnejadmojarad T, Rabiee N, Zabihnejad
S, Roghani M. 2017. Ellagic acid exerts
protective effect in intrastriatal 6-
hydroxydopamine  rat  model  of
Parkinson’s disease: Possible involvement
of ERB/Nrf2/HO-1 signaling. Brain Res,
1662: 23-30.

Bradford MM. 1976. A rapid and sensitive
method for the quantitation of microgram
quantities of protein utilizing the principle
of protein-dye binding. Anal Biochem,
72: 248-254.

Chandrasekhar Y, Phani Kumar G, Ramya E
M, Anilakumar KR. 2018. Gallic acid
protects 6-OHDA induced neurotoxicity
by attenuating oxidative stress in human
dopaminergic cell line. Neurochem Res,
43: 1150-1160.

Chen M-c, Ye Y-y, Ji G, Liu J-w. 2010.
Hesperidin upregulates heme oxygenase-1
to attenuate hydrogen peroxide-induced
cell damage in hepatic L02 cells. J Agric
Food Chem, 58: 3330-3335.

Chiaravalloti ND, Ibarretxe-Bilbao N, DeLuca
J, Rusu O, Pena J, Garcia-Gorostiaga |,
Ojeda N. 2014. The source of the memory
impairment in  Parkinson's  disease:
Acquisition versus retrieval. Mov Disord,
29: 765-771.

Esterbauer H, Cheeseman KH. 1990.
Determination  of  aldehydic lipid
peroxidation products: malonaldehyde

AJP, Vol. 13, No. 3, May-Jun 2023 299



Hajizadeh Moghaddam et al.

and 4-hydroxynonenal. Methods
Enzymol, 186: 407-421.

Fathi M, Varshosaz J, Mohebbi M, Shahidi F.
2013. Hesperetin-loaded solid lipid
nanoparticles and nanostructure lipid
carriers for food fortification: preparation,
characterization, and modeling. Food
Bioprocess tech, 6: 1464-1475.

Fine JM, Stroebel BM, Faltesek KA, Terai K,
Haase L, Knutzen KE, Kosyakovsky J,
Bowe TJ, Fuller AK, Frey WH, Hanson
LR. 2020. Intranasal delivery of low-dose
insulin ameliorates motor dysfunction and
dopaminergic cell death in a 6-OHDA rat
model of Parkinson’s Disease. Neurosci
Lett, 714: 134567.

Fukuzawa K, Tokumurai A. 1976. Glutathione
peroxidase activity in tissues of vitamin
E-deficient mice. J Nutr Sci Vitaminol,
22: 405-407.

Gaba B, Khan T, Haider MF, Alam T, Baboota
S, Parvez S, Ali J. 2019. Vitamin E
loaded naringenin nanoemulsion via
intranasal delivery for the management of
oxidative stress in a 6-OHDA parkinson’s
disease model. Biomed Res Int, 2019:
2382563.

Genet S, Kale RK, Baquer NZ. 2002.
Alterations in antioxidant enzymes and
oxidative damage in experimental diabetic
rat tissues: effect of vanadate and
fenugreek (Trigonella foenum graecum).
Mol Cell Biochem, 236: 7-12.

Ghaffari F, Hajizadeh Moghaddam A, Zare M.
2018. Neuroprotective effect of quercetin
nanocrystal in a 6-hydroxydopamine
model of parkinson disease: biochemical
and behavioral evidence. Basic Clin
Neurosci, 9: 317-324.

Hajizadeh Moghaddam A, Ahmadnia H,
Jelodar SK, Ranjbar M. 2020. Hesperetin
nanoparticles attenuate anxiogenic-like
behavior and cerebral oxidative stress
through the upregulation of antioxidant
enzyme expression in  experimental
dementia of Alzheimer’s type. Neurol
Res, 42: 477-486.

Hajizadeh Moghaddam A, Shirej Pour Y,
Mokhtari Sangdehi SR, Hasantabar V.
2021. Evaluation of hesperetin-loaded on
multiple wall carbon nanotubes on
cerebral ischemia/reperfusion injury in
rats. Biomed Pharmacother, 138: 111467.

Haleagrahara N, Siew CJ, Mitra NK, Kumari
M. 2011. Neuroprotective effect of

bioflavonoid quercetin in 6-
hydroxydopamine-induced oxidative
stress biomarkers in the rat striatum.
Neurosci Lett, 500: 139-143.

He R, Yan X, Guo J, Xu Q, Tang B, Sun Q.
2018. Recent Advances in Biomarkers for
Parkinson’s  Disease. Front Aging
Neurosci, 10: 305.

Hernandez-Baltazar D, Zavala-Flores LM,
Villanueva-Olivo A. 2017. The 6-
hydroxydopamine model and
parkinsonian  pathophysiology:  Novel
findings in an older model. Neurologia,
32: 533-539.

Hritcu L, Ciobica A, Artenie V. 2008. Effects
of right-unilateral 6-hydroxydopamine
infusion-induced memory impairment and
oxidative stress: relevance for Parkinson’s
disease. Open Life Sci, 3: 250-257.

Hritcu L, Foyet HS, Stefan M, Mihasan M,
Asongalem AE, Kamtchouing P. 2011.
Neuroprotective effect of the methanolic
extract of Hibiscus asper leaves in 6-
hydroxydopamine-lesioned rat model of
Parkinson's disease. J Ethnopharmacol,
137: 585-591.

Ishola 10, Jacinta AA, Adeyemi OO. 2019.
Cortico-hippocampal memory enhancing
activity of hesperetin on scopolamine-
induced amnesia in mice: role of
antioxidant defense system, cholinergic
neurotransmission and expression of
BDNF. Metab Brain Dis, 34: 979-989.

Kakran M, Sahoo G, Li L. 2015. Fabrication
of nanoparticles of silymarin, hesperetin
and glibenclamide by evaporative
precipitation of nanosuspension for fast
dissolution. Pharm Anal Acta, 6:
1000326.

Kashiwagi A, Asahina T, Nishio Y, Ikebuchi
M, Tanaka Y, Kikkawa R, Shigeta Y.
1996. Glycation, oxidative stress, and
scavenger activity: glucose metabolism
and radical scavenger dysfunction in
endothelial cells. Diabetes, 45: S84-586.

Kesmati M, Torabi M, Pourreza N,
Abdollahzadeh R, Rahiminezhadseta R,
Banitorof MB. 2020. Effects of
nanoparticle  and  conventional-size
suspensions of MgO and ZnO on
recognition memory in mice.
Neurophysiol, 52: 23-30.

Khalaj R, Hajizadeh Moghaddam A, Zare M.
2018. Hesperetin and it nanocrystals
ameliorate social behavior deficits and

AJP, Vol. 13, No. 3, May-Jun 2023 300



Nano-hesperetin improves Parkinson’s disease

oxido-inflammatory stress in rat model of
autism. Int J Dev Neurosci, 69: 80-87.

kheradmand E, Hajizadeh Moghaddam A,
Zare M. 2018. Neuroprotective effect of
hesperetin  and  nano-hesperetin  on
recognition memory impairment and the
elevated oxygen stress in rat model of
Alzheimer’s disease. Biomed
Pharmacother, 97: 1096-1101.

Kiasalari Z, Khalili M, Baluchnejadmojarad T,
Roghani M. 2016. Protective effect of oral
hesperetin against unilateral striatal 6-
hydroxydopamine damage in the rat.
Neurochem Res, 41: 1065-1072.

Kuruvilla KP, Nandhu MS, Paul J, Paulose
CS. 2013. Oxidative stress mediated
neuronal damage in the corpus striatum of
6-hydroxydopamine lesioned Parkinson's
rats:  Neuroprotection by serotonin,
GABA and bone marrow cells
supplementation. J Neurol Sci, 331: 31-
37.

Maitra U, Harding T, Liang Q, Ciesla L. 2021.
GardeninA  confers  neuroprotection
against environmental toxin in a
Drosophila model of Parkinson’s disease.
Commun Biol, 4: 162.

Martinez-Boo N. 2021. The role of dietary
habits in Parkinson's disease signs and
symptoms: A systematic review. Rev
Cient Soc Esp Enferm Neurol, 54: 30-37.

Mary Lazer L, Sadhasivam B, Palaniyandi K,
Muthuswamy T, Ramachandran |1,
Balakrishnan A, Pathak S, Narayan S,
Ramalingam S. 2018. Chitosan-based
nano-formulation enhances the anticancer
efficacy of hesperetin. Int J Biol
Macromol, 107: 1988-1998.

Moghaddam AH, Mokhtari Sangdehi SR,
Ranjbar M, Hasantabar V. 2020.
Preventive effect of silymarin-loaded
chitosan nanoparticles against global
cerebral ischemia/reperfusion injury in
rats. Eur J Pharmacol, 877: 173066.

Mohanty C, Das M, Sahoo SK. 2012.
Emerging role of nanocarriers to increase
the solubility and bioavailability of

curcumin. Expert Opin drug del, 9: 1347-
1364.

Muhammad T, lkram M, Ullah R, Rehman
SU, Kim MO. 2019. Hesperetin, a citrus
flavonoid, attenuates LPS-induced
neuroinflammation, apoptosis and
memory impairments by modulating
TLR4/NF-kB signaling. Nutrients, 11:
648.

Paxinos G, Watson C. 2006. The rat brain in
stereotaxic  coordinates: hard cover
edition: Elsevier; 6th Edition.

Pinto R, Bartley W. 1969. The effect of age
and sex on glutathione reductase and
glutathione peroxidase activities and on
aerobic glutathione oxidation in rat liver
homogenates. Biochem J, 112: 109-115.

Roohbakhsh A, Parhiz H, Soltani F, Rezaee R,
Iranshahi M. 2014.
Neuropharmacological properties and
pharmacokinetics of the citrus flavonoids
hesperidin and hesperetin — A mini-
review. Life Sci, 113: 1-6.

Samie A, Sedaghat R, Baluchnejadmojarad T,
Roghani M. 2018. Hesperetin, a citrus
flavonoid, attenuates testicular damage in
diabetic rats via inhibition of oxidative
stress, inflammation, and apoptosis. Life
Sci, 210: 132-139.

Shete G, Pawar YB, Thanki K, Jain S, Bansal
AK. 2015. Oral bioavailability and
pharmacodynamic activity of hesperetin
nanocrystals generated using a novel
bottom-up technology. Mol Pharm, 12:
1158-1170.

Shrivastava P, Vaibhav K, Tabassum R, Khan
A, Ishrat T, Khan MM, Ahmad A, Islam
F, Safhi MM, Islam F. 2013. Anti-
apoptotic and Anti-inflammatory effect of
Piperine on 6-OHDA induced Parkinson's
Rat model. J Nutr Biochem, 24: 680-687.

Zeng F, Wang D, Tian Y, Wang M, Liu R, Xia
Z, Huang Y. 2021. Nanoemulsion for
improving the oral bioavailability of
hesperetin: formulation optimization and
absorption mechanism. J Pharm Sci, 110:
2555-2561.

AJP, Vol. 13, No. 3, May-Jun 2023 301



