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Neuroprotective effects 
of L‑Dopa‑modified zinc oxide 
nanoparticles on the rat model 
of 6‑OHDA‑ınduced Parkinson’s 
disease
Yesim Yeni  1*, Sıdıka Genc 2, Muhammed Sait Ertugrul 3, Hayrunnisa Nadaroglu 4, 
Arzu Gezer 5, Ali Sefa Mendil 6 & Ahmet Hacımuftuoglu 7

Parkinson’s disease (PD) is a chronic neurodegenerative case. As the disease progresses, the response 
time to doses of levodopa (L-Dopa) becomes shorter and the effects of the drug are severely limited 
by some undesirable side effects such as the ‘on–off’ phenomenon. In several diseases, including 
Parkinson’s, nanoparticles can deliver antioxidant compounds that reduce oxidative stress. This 
study evaluates and compares the neuroprotective effects of L-Dopa-modified zinc nanoparticles 
(ZnNPs) in the 6-hydroxydopamine (6-OHDA)-induced PD rat model. For this purpose, the synthesis 
of NPs was carried out. Scanning electron microscopy, X-ray diffraction and Fourier transform infrared 
spectrophotometer were used for characterization. The rats were randomized into 9 experimental 
groups: control, lesion group (6-OHDA), 6-OHDA + 5 mg/kg L-Dopa, 6-OHDA + 10 mg/kg L-Dopa, 
6-OHDA + 20 mg/kg L-Dopa, 6-OHDA + 20 mg/kg ZnNPs, 6-OHDA + 40 mg/kg ZnNPs, 6-OHDA + 30 mg/
kg ZnNPs + L-Dopa, and 6-OHDA + 60 mg/kg ZnNPs + L-Dopa. Behavioral tests were performed on all 
groups 14 days after treatment. Phosphatase and tensin homolog, Excitatory amino acid transporter 
1/2, and Glutamine synthetase gene analyses were performed on brain samples taken immediately 
after the tests. In addition, histological and immunohistochemical methods were used to determine 
the general structure and properties of the tissues. We obtained important findings that L-Dopa-
modified ZnNPs increased the activity of glutamate transporters. Our experiment showed that 
glutamate increases neuronal cell vitality and improves behavioral performance. Therefore, L-Dopa-
modified ZnNPs can be used to prevent neurotoxicity. According to what we found, results show that 
L-Dopa-modified ZnNPs will lend to the effective avoidance and therapy of PD.
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Parkinson’s disease (PD) is an advancing, chronic neurodegenerative illness defined as tremor paralysis that 
requires ongoing treatment. The illness is characterized by the degeneration of dopaminergic neurons in the 
substantia nigra, causing a reduction in dopamine in the striatum1,2. Clinically, the disease is related to many 
motor symptoms like bradykinesia, dementia, rigidity, and tremor, as well as several non-motor symptoms like 
depression3,4. Current treatments for PD focus on lightening motor symptoms by making up for dopamine 
lack. Among the treatments, levodopa (L-Dopa) is the gold standard, and its use provides significant healing 
in patients’ quality of life for a limited period5. Unluckily, as the illness progresses, fewer residual nigrostriatal 
neurons can take up exogenously applied L-Dopa and convert it to dopamine for subsequent storage and release6. 
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As a result, as PD progresses, the response time to individual dosages of L-Dopa becomes shorter in the major-
ity of patients and the drug’s effects are severely limited by some undesirable side effects, such as the ‘on–off ’ 
phenomenon7,8. In addition, L-Dopa metabolism produces various free radicals that cause the loss of nigrostriatal 
dopaminergic neurons and the development of the disease9,10.

The blood–brain barrier restricts the reach of therapeutic molecules and macromolecules11. Therefore, a major 
therapeutic challenge in the therapy of PD is to develop an effective drug-targeting system that can improve 
symptoms, prolong the delivery of L-Dopa to the brain across the blood–brain barrier, prevent fluctuations in its 
concentration, and reduce the ratio of neurodegeneration. It can deliver antioxidant compounds that decrease 
oxidative stress in diverse diseases, including PD, which is critical for nanoparticles to exert a therapeutical 
effect12,13. With advances in medicine, recent nanotechnology-based approaches have been used in medicine 
delivery systems that can cross the blood–brain barrier14. Molecules and the associated medicine can be attached 
to these delivery systems, which can then be actively transported and targeted to specific injured tissues or 
organs. The basic purpose of using nano-sized medicine delivery systems in PD is to raise drug availability in 
the brain without increasing the dosage, thereby decreasing medicine side effects15. Therapy of cancer and vari-
ous other diseases with nanoparticles or gold shields are some of the most significant applications in this area. 
Nanotechnology also offers novel occasions in implantable drug delivery systems, which are often preferred to 
injectable drugs16. This study aims to evaluate and compare the neuroprotective effects of L-Dopa-modified zinc 
nanoparticles (ZnNPs) on the 6-OHDA-induced PD rat model.

Materials and method
Preparation and characterization of L‑Dopa modified ZnNPs
Zinc chloride (ZnCl2), urea ((NH2)2CO), trisodium citrate dihydrate (C6H5Na3O7, 98%), L-Dopa (C9H11NO4), 
methanol (CH3–OH) and whole other chemicals were bought from Sigma-Aldrich. For the synthesis of ZnNPs, 
ZnCl2 (0.1 M) stock solutions were prepared by stirring in 50 ml distilled water. Then 0.2 g (NH2)2CO and 0.65 g 
C6H5Na3O7 were suffixed to the solution and mixed in a magnetic mix for 30 min. To this solution, 0.5 M 25 ml 
NaOH solution was suffixed with constant mixing up to the pH of the reaction medium between 8 and 11. The 
solutions were then transferred to Teflon-lined, sealed stainless steel autoclaves and held at 180–200 °C under 
autogenous pressure for 8 h. They were then left to cool naturally to room temperature. At the end of the reac-
tion, the resulting white solid ZnNPs were washed with methanol, filtered, and then dried under vacuum in a 
laboratory oven at 60 °C17.

The L-Dopa solution, prepared at a dose of 2 mg/ml−1, was suffixed to the ZnNPs and, after thorough disper-
sion, stirred at room temperature for half an hour to ensure binding between the –NH2 and –COOH groups. 
The ZnNPs were then gathered by centrifugation at 3500×g for 5 min and the ZnNPs were washed to remove 
unbound L-Dopa and stored at + 4 °C up to use. The preparation of L-Dopa-modified ZnNPs was achieved by 
physically adsorbing L-Dopa onto ZnNPs instead of chemical bonds.

The characterization of the NPs was carried out at Atatürk University, Eastern Anatolia High Technology 
Application and Research Center. The equipment used for characterization is listed below: Scanning Electron 
Microscope (SEM) for SEM analysis: Zeiss brand Sigma 300 model, X-ray diffraction (XRD): Panalytical brand 
Empyrean model, Fourier transform infrared spectrophotometer (FTIR): Bruker model Vertex 70 was used.

Animals and experimental procedure
The present study was conducted in compliance with the ARRIVE guidelines. A total of 72 male Sprague–Daw-
ley rats weighing 250–300 g were used in this study and were obtained from the Atatürk University Medical 
Experimental Research and Application Centre. The animals were given adequate amounts of water and food 
throughout the study. All animals included in the test were separated into groups and housed in cages in the 
laboratory environment with a room temperature of 22 ± 1 °C and a 12-h day–night cycle. It was approved by the 
“Atatürk University Animal Experiments Local Ethics Committee” with a letter dated 03.08.2023 and number 
E-42190979-000-2300239671 that all stages of our study comply with ethical rules.

Rats were randomly divided into 9 experimental groups: (1) sham-operated (control, n = 8), (2) lesion group 
(6-OHDA, n = 8) at a dose of 8 μg/μl, (3) lesion group treated with 5 mg/kg L-Dopa (Sigma-Aldrich, USA) 
(6-OHDA + L-Dopa, n = 8), (4) lesion group treated with 10 mg/kg L-dopa (6-OHDA + L-Dopa, n = 8), (5) lesion 
group treated with 20 mg/kg L-dopa (6-OHDA + L-Dopa, n = 8), (6) Lesion group treated with 20 mg/kg ZnNP 
(6-OHDA + ZnNP, n = 8), (7) Lesion group treated with 40 mg/kg ZnNP (6-OHDA + ZnNP, n = 8), (8) Lesion 
group treated with 30 mg/kg ZnNP + L-Dopa (6-OHDA + ZnNP (20 mg/kg) + L-Dopa (10 mg/kg), n = 8) and 
(9) Lesion group treated with 60 mg/kg ZnNP + L-Dopa (6-OHDA + ZnNP (40 mg/kg) + L-Dopa (20 mg/kg), 
n = 8). Doses were selected based on previous studies18–20. To increase the effect of 6-OHDA on dopamine neu-
rons and prevent damage to noradrenergic neurons, desipramine hydrochloride (single dose 30 mg/kg i.p.) and 
pargyline hydrochloride (single dose 10 mg/kg i.p., Sigma-Aldrich, USA) were administered before application. 
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Anesthetized (75 mg/kg ketamine (Ketalar 500 mg injectable 1 vial, Pfizer, Turkey) and 8 mg/kg xylazine (Xyla-
zole 20 ml injectable 1 vial, Provet, Turkey) rats were located in the stereotaxic apparatus and their heads were 
fixed. To set up the experimental model of PD, the coordinates of the area to be injected were determined uni-
laterally in the right hemisphere according to the rat brain atlas as anteroposterior − 5.5 mm (from the bregma), 
lateral 2 mm (from the midsagittal suture) and dorsoventral 8 mm (from the cranial surface)21. Then, a total 
amount of 8 μg/μl of 6-OHDA (Sigma-Aldrich, USA) was dissolved in 0.1% ascorbic acid (Sigma-Aldrich, 
USA) physiological saline solution and injected unilaterally into the substantia nigra region of the rats using 
a Hamilton syringe in a volume of 4 μl using the stereotaxic method. At the same time, the same coordinates 
were entered in the same way and the rats in the control group were given saline. After all procedures were com-
pleted, the animals’ cranial skins were cleaned with povidone-iodine and sutured. Starting the next day, animals 
in the control and 6-OHDA groups were given saline intraperitoneally for 14 days, while the treatment groups 
(6-OHDA + L-Dopa, 6-OHDA + ZnNP, 6-OHDA + ZnNP + L-Dopa) were given drugs by gavage for 14 days. 
After 14 days, behavioral tests were performed in all groups. PTEN, EAAT 1/2, and GLUL gene analyses were 
performed on brain samples taken immediately after the tests. In addition, histological and immunohistochemi-
cal methods were used to determine the general structure and properties of the tissues.

Apomorphine rotational test
The apomorphine-induced rotation test is a commonly used method to demonstrate the effect of lesions on the 
dopaminergic system and the efficacy of treatment in rats created to model PD22. Rats that rotated continuously 
in the same direction 7 times per minute in the apomorphine-induced rotation test were considered to have 
PD23. At the end of drug and saline administration, the apomorphine-induced rotation test was repeated. Briefly, 
mice were let to adapt for 5 min and complete turns were counted after intraperitoneal injection of the drug 
apomorphine hydrochloride (Sigma-Aldrich, USA; 2.5 mg/kg) in a cylindrical container (diameter = 28 cm, 
height = 38 cm). After injection, the animals were video-recorded for 30-min. These 30 min recordings were 
then reviewed and the number of 360-degree (contralateral) rotations observed in the animals was calculated. 
Rats with more than 7 rotations were used as valid pathology models.

Locomotor activity test
Plexiglas cages (O’Hara and Co., Ltd., Tokyo, Japan) measuring 42 × 42 × 42 cm were used to measure the locomo-
tor activity of the experimental animals. This system was used to measure the resting time and the sum distance 
traveled by the rats during the experiment. For all parameters studied, the rats were located individually in the 
center of the Plexiglas cages and recorded for 20 min. This test was used to detect increases or decreases in the 
locomotor activity of the rats.

Elevated plus maze test
Anxiety-like behavior was evaluated using the elevated plus maze (50 × 14 × 50 cm; O’Hara and Co., Ltd., Tokyo, 
Japan). Every rat was located in the central field of the labyrinth facing one of the open arms. Duration spent in 
the open arms was evaluated over 5 min using the EthoVision XT video imaging system24.

Cylinder test
The cylinder test is based on measuring and scoring the use of each front paw during spontaneous exploration 
in animals. It is used to assess motor asymmetry and Parkinsonian motor symptoms25,26.

Rats were located in a sheer Plexiglas cylinder 20 cm in diameter and 40 cm in height. Each animal was 
recorded for 60 min and scored individually. Situations in which the animals used both their right and left front 
paws to touch the cylinder wall and those in which they used their right and left paws separately to touch the 
cylinder wall were monitored and compared with the total number of paw uses. The results were expressed as 
percentages and the calculation was made as follows: the sum of the total number of times the right foot, left 
foot and both feet touched the cylinder wall is 100%, from which the percentage for each finding was calculated.

Real‑time PCR
Homogenized brain tissue samples were insulated using the High Pure RNA Isolation Kit (Cat. No. 11828665001). 
RNA samples for cDNA were readied using the Transcriptor First Strand cDNA Synthesis kit (Cat. No. 
04896866001) (Roche, Basel, Switzerland) to the specified protocol.

Real-time PCR was made using primers designed for rat β-actin Rn00667869_m, Slc1a3 Rn01402419_m1, 
PTEN mRatBN7.2:CM026974, Glul Rn01483107_m1, and Slc1a2 Rn01275814_m1. Values were computed by 
calculating 2−ΔΔCt from Real-Time PCR CT data27.

Histopathological method
Rats were necropsied and brain tissue was fixed in 10% neutral formalin. Tissues were subjected to routine 
alcohol-xylene processing and buried in paraffin blocks. 5 µ sections were cut on poly-lysine slides, stained with 
hematoxylin–eosin. Pyknotic changes in neurons and glial cell activation in the substantia nigra region of each 
sample were evaluated across five different microscope fields according to Table 1.

Immunohistokimyasal method
Rats were necropsied and brain tissue was fixed in 10% neutral formalin. Tissues were subjected to routine 
alcohol-xylene processing and buried in paraffin blocks. 5 μm sections taken on polylysine slides were under-
gone through a series of xylol and alcohol, washed with PBS, and incubated in 3% H2O2 for 10 min to inactivate 
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endogenous peroxidase. To disclose the antigen in the tissues, they were treated with antigen retrieval solution 
for 2 × 5 min at 500 watts. The tissues were then washed with PBS and incubated with primary antibodies against 
alpha-synuclein (Santa Cruz, Cat. No. sc-69977 1/400 dilution) and GFAP (Abcam, Cat. No. ab7260 1/400 dilu-
tion) at room temperature for 45 min. Secondary; large volume detection system: anti-polyvalent, HRP (Ther-
mofischer, catalogue no. TP-125-HL) was used as recommended by the manufacturer. 3,3′-diaminobenzidine was 
used as chromogen. After counterstaining with Mayer’s hematoxylin, sections were coverslipped with Entellan 
and examined by light microscopy. The percentage areas of immunopositivity in the substantia nigra region of 
each sample were evaluated across five different microscope fields in the Image J program according to Table 2.

Statistical analysis
Tukey’s least important distinction test was used after a one-way ANOVA to assess the results acquired in the 
behavioral alterations that emerge with stress. Statistical analyses were also performed using ‘SPSS 22.0’ (IBM, 
Armonk, NY, USA), and results less than or equal to p < 0.05 were considered statistically important. Histopatho-
logical and immunohistochemical data were analyzed using SPSS 20.00 software. The distinction between groups 
was specified by the non-parametric Kruskal–Wallis test and the distinction between groups was specified by 
the Mann–Whitney U test (p < 0.05).

Results
UV analysis
Figure 1 shows the absorption spectra in the 200–800 nm range obtained by monitoring the reaction environ-
ment of ZnNPs. In the green hydrothermal synthesis of ZnNPs, the absorption was scanned in the range of 
300–400 nm and it was found that it gave a broad peak in the interval of 200–400 nm. The synthesis of ZnNPs 
was realized at 180 °C for 6 h and the absorbance was measured at a maximum of 368 nm in the samples taken 
from the reaction medium.

Table 1.   Histopathological scoring.

Pyknotic neurons among all neurons Glial cell count

5% < (−), absent 15 < Normal

6–40% (+), mild 16–30 glial cells (+), mild

41–70% (++), moderate 31–45 glial cells (++), moderate

> 71% (+++), severe > 46 glial cells (+++), severe

Table 2.   Percentage of immunopositive area in the field.

α-Synuclein GFAP

5 < (−), absent 5 < (−), absent

6–20% < (+), mild 6–30 < (+), mild

21–30% (++), moderate 31–60 (++), moderate

> 31% (+++), severe > 61 (+++), severe

Figure 1.   UV spectra of ZnNPs:ZnNPs wavelength scan.
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XRD analysis
Figure 2 shows the XRD patterns of the synthesized ZnNPs. X-ray diffraction data were registered using Cu Kα 
radiation (1.5406 Angstroms). Density data were gathered over a 2θ interval of 20°–80°. The mean grain size of 
the samples was calculated from the diffraction intensity of the (101) peak using the Scherrer equation. X-ray 
diffraction studies showed that the synthesized materials were wurtzite phase ZnO and the diffraction peaks 
agreed with the reported JCPDS data; no characteristical peaks were observed except for ZnO. The grain size (D) 
of the particles was specified from the XRD line widening measurement using the average. Scherrer equation:

A clear line widening of the diffraction peaks indicates that the synthesized materials are in the nanometre 
interval. A clear line widening of the diffraction peaks indicates that the synthesized ZnNPs are in the nanometer 
interval. The calculated cage parameters are also in compliance with the reported rates. The reaction temperature 
has a strong influence on the particle morphology of the prepared ZnO powders. The average crystal size of the 
zinc nanoparticles was determined to be 21.3 nm using Scherrer’s formula. The results obtained are compatible 
with the literature and are similar to the XRD patterns of ZnNPs obtained by Arefi and Rezaei-Zarchi using 
green synthesis28.

FTIR spectrometer
ZnNPs obtained by green synthesis were analyzed with the FTIR spectroscopy technique. The band of 
1500–600 cm−1 showed the fingermark area of ZnNPs. The powerful peak was observed at the frequency of 
1627 cm−1, indicating N–H twisting, and poor peaks were found at 1450 cm−1 and 1641 cm−1 (Fig. 3), which are 
attributed to the symmetric and asymmetric vibration of C=O29. The wide peak at 3456 cm−1 indicates the –OH 
tension link vibration resulting from water adsorption on the surface of ZnO NPs, while the peak at 468.7 cm−1 
was attributed to the Zn–O tension vibration.

SEM of ZnNPs
SEM analysis was realized to specify the surface morphology of the ZnNPs obtained by green synthesis. As can 
be viewed from the images, the synthesized ZnNPs are in good deal with the result obtained by XRD analysis. 

D =

0.89�

βCosθ

Figure 2.   XRD patterns of ZnNPs.

Figure 3.   FTIR spectrum of ZnNPs.
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In Fig. 4, it is seen that accumulation has occurred and that there is agglomeration between ZnNPs, although 
not too much. In addition, the synthesized ZnNPs have a spherical shape. The results obtained are compatible 
with the literature30–32.

Effects of L‑Dopa modified ZnNPs on 6‑OHDA‑induced motor disorders
The effect of lesions resulting from apomorphine-induced degeneration on the dopaminergic system and the effi-
cacy of treatment were evaluated in rats created as a model of PD. The average values and standard deviations of 
the number of rotations performed in this test are shown in Fig. 5A. According to this figure, 14 days after treat-
ment, a significant result was obtained in the average number of rotations in the 6-OHDA group (212.5 rotation) 
compared to the control group and in the 6-OHDA + ZnNP + L-Dopa 60 group compared to the 6-OHDA group 
(87.5 rotation) (p < 0.05). In short, while the number of rotations increased in the 6-OHDA group, a significant 
decrease was observed in the treatment groups, dose-dependently, especially in the 6-OHDA + ZnNP + L-Dopa 
group. These data demonstrated the protective effect of L-Dopa-modified ZnNP treatment on striatal dopa-
minergic neurons.

The total distance traveled by the rats in the locomotor activity test is shown in Fig. 5B. Our research results 
demonstrated that the combination therapy had a neuroprotective effect on 6-OHDA-induced nigrostriatal injury 
in the locomotor rat model. According to these results, the total distance traveled was found to be significant in 
the 6-OHDA group (1013.69 cm) compared to the control group and in the 6-OHDA + L-Dopa 20 (1258.63 cm), 
6-OHDA + ZnNP 20–40 (1276.09 and 1280.25 cm), and 6-OHDA + ZnNP + L-Dopa 60 (1425,52 cm) groups 
compared to the control group (p < 0.05). In short, while walking distance decreased in the 6-OHDA group, it 
increased significantly in the treatment groups, dose-dependently, especially in the 6-OHDA + ZnNP + L-Dopa 
group.

The effect of anxiety level on behavior in the elevated plus maze test is shown in Fig.  5C. Accord-
ing to the results, 6-OHDA was significant compared to the control group, 6-OHDA + L-Dopa 20 and 
6-OHDA + ZnNP + L-Dopa 30–60 groups (p < 0.05). 6-OHDA increased the time spent compared to the control 
group, suggesting an anxiogenic-like behavior. Furthermore, the effect of 6-OHDA was reversed when mice were 
treated with their combination. Meanwhile, the combined treatment had a greater effect on Parkinson’s mice 
than the treatments alone.

Selections related to the use of the forelimbs in rats with the roller test are shown in Fig. 5D. In our study, 
the paw in which we expected a functional decrease was the left paw (contralateral to the lesioned side). In the 
results obtained, 6-OHDA was found to be significant in the use of the right paw and double paw compared to 
the control group, and the 6-OHDA + L-Dopa 20 and 6-OHDA + ZnNP + L-Dopa 30–60 groups were also found 
to be significant in the use of the right paw and double paw compared to the 6-OHDA group (p < 0.05).

This physical adsorption process involves the binding of NH2 and COOH groups of L-Dopa to the ZnNP 
surface via non-covalent interactions. Due to the nature of these bonds, L-Dopa can be released from ZnNPs 
over time. L-Dopa is initially physically bound to ZnNPs but is released over time, thus ensuring its therapeu-
tic efficacy sustainably. The physical adsorption of L-Dopa onto ZnNPs and its release over time supports the 
potential of these nanoparticles to be used as an effective drug delivery system33.

Effects of L‑Dopa‑modified ZnNPs on EAAT‑1, EAAT‑2, GLUL, and PTEN gene expression
EAAT-1 gene expression was importantly downregulated in the 6-OHDA group compared to the control group 
(p < 0.05). The combination groups demonstrated an important dose-dependent rise in EAAT-1 gene expression 
compared to the 6-OHDA group (p < 0.05). There was no important distinct in EAAT-1 gene expression in the 
other treatment groups (p > 0.05) (Fig. 6A).

A downregulation of EAAT-2 gene expression was observed in the 6-OHDA group compared to the control 
group (p < 0.05). Treatment with the combination groups importantly up-regulated EAAT-2 gene expression 

Figure 4.   SEM images of ZnNPs.
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in a dosages-dependent way, nearly to the level of the control group. Furthermore, no significant difference in 
EAAT-2 gene expression was observed in the other treatment groups (p > 0.05) (Fig. 6B).

In the state of GLUL gene expression, we observed a significant down-regulation in the 6-OHDA group 
compared to the control group (p < 0.05). Therapy with the combination groups was able to significantly upregu-
late GLUL gene expression in a dosages-dependent way, nearly to the level of the control group (p < 0.05). No 
important distinct in GLUL gene expression was observed in the other therapy groups (p > 0.05) (Fig. 6C).

An important rise in PTEN gene expression was observed in the 6-OHDA group compared to the control 
group. Treatment with the combination groups was able to significantly upregulate PTEN gene expression in a 
dosages-dependent way, nearly to the level of the control group (p < 0.05). Furthermore, no important distinct 
in EAAT-2 gene expression was observed in the other treatment groups (p > 0.05) (Fig. 6D).

L‑Dopa‑modified ZnNPs prevent severe histopathological degeneration of brain tissue 
6‑OHDA‑induced
Statistically important distinct were found between the groups in histopathological evaluation (Fig. 7, p < 0.05).

No important histopathological changes were found in the substantia nigra of rats in the control group. Severe 
pyknotic neurons were observed in the 6-OHDA and 6-OHDA + L-Dopa 20 groups, whereas moderate pyknotic 
neurons were observed in the 6-OHDA + L-Dopa 5, 6-OHDA + L-Dopa 10 and 6-OHDA + ZnNP + L-Dopa 60 
groups. In the 6-OHDA + ZnNP 20, 6-OHDA + ZnNP 40, and 6-OHDA + ZnNP + L-Dopa 30 groups, this level 

Figure 5.   The effects of L-Dopa-modified ZnNPs on behavioral tests of PD rats. (A) Counterlateral rotation 
numbers. (B) Total length of distance travelled. (C) Time spent in the closed arm. (D) Forelimb usage 
percentages. #p < 0.05 compared to control and *p < 0.05 compared to 6-OHDA, (n = 8).
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of pyknotic neurons was mild pyknotic neurons was mild. Glial cell activation was parallel to the severity of 
pyknotic neurons. In groups where pyknotic neurons were severe, moderate, and mild, glial cell activation was 
similarly severe, moderate, and mild, respectively (Figs. 8, 9).

To distinguish between direct effects on neuronal cells and potential indirect effects mediated by immune 
cells, we are incorporating advanced imaging techniques and histological analyses. This will help us determine 
whether the nanoparticles exert a direct influence on brain cells or if their effects are mediated through inter-
actions with monocytes or macrophages. It is seen in Fig. 8 that the findings obtained from L-Dopa-modified 
ZnNPs penetrate the brain.

Effects of L‑Dopa‑modified ZnNPs on α‑synuclein and GFAP levels in brain tissue
Immunohistochemical staining of SN for α-synuclein and GFAP revealed statistically important distinctions 
between the groups (Fig. 10, p < 0.05).

Immunohistochemical staining for α-synuclein showed no significant immunopositivity in the con-
trol group. While strong immunopositivity was observed in the 6-OHDA, 6-OHDA + L-Dopa 20, and 
6-OHDA + ZnNP + L-Dopa 60 groups, moderate immunopositivity was observed in the 6-OHDA + L-Dopa 5 
and 6-OHDA + L-Dopa 10 groups. Mild α-synuclein immunopositivity was seen in the 6-OHDA + ZnNP 20, 
6-OHDA + ZnNP 40, and 6-OHDA + ZnNP + L-Dopa 30 groups (Figs. 11, 12).

Figure 6.   EAAT1, EAAT2, GLUL, and PTEN gene expression. (A) EAAT1. (B) EAAT2, (C) GLUL, (D) PTEN. 
#p < 0.05 compared to control and *p < 0.05 compared to 6-OHDA, (n = 4).
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In immunohistochemical staining for GFAP, immunopositivity was less than that for α-synuclein. In the 
6-OHDA, 6-OHDA + L-Dopa 5, and 6-OHDA + L-Dopa 10 groups, a low level of positivity was detected in SN 
neutrophils, whereas no significant positivity was detected in the other groups (Figs. 13, 14).

Dıscussion
Dyshomeostasis of Zn ions has been reported in many neurodegenerative and psychiatric disorders, including 
PD. Thus, altering brain Zn levels is a novel goal for avoiding and treating neurological and psychiatric disorders. 
L-Dopa remains the standard of care for the symptomatic treatment of PD and slowing disease progression; 
however, induction of oxidative stress in cells also leads to cell death by apoptosis34. Currently, the synthesis 
of nano delivery systems containing L-Dopa is increasing to reduce the risk of dyskinesia, motor fluctuations, 
and other related side effects that develop as a result of long-term treatment with L-Dopa35,36. In this study, we 

Figure 7.   Pyknosis in neurons, and glial cell activation. (a–d) Show the difference between groups, p < 0.05). 
(a) Control group versus other groups, (b) 6-OHDA and 6-OHDA + L-Dopa 20 groups versus other groups, (c) 
6-OHDA + L-Dopa 5, 6-OHDA + L-Dopa 10 and 6-OHDA + ZnNP + L-Dopa 60 groups versus other groups, 
(d) 6-OHDA + ZnNP 20, 6-OHDA + ZnNP 40 and 6-OHDA + ZnNP + L-Dopa 30 groups versus other groups, 
(n = 4).

Figure 8.   (A) Control group. Normal histological appearance. (B) 6-OHDA group. Severe level in pyknotic 
neurons, and glial cells, (C) L-Dopa 5 group. Medium level in pyknotic neurons, and glial cells, (D) L-Dopa 10 
group. Medium level in pyknotic neurons, and glial cells, (E) L-Dopa 20 group. Severe level pyknotic changes in 
pyknotic neurons (arrows), and glial cells (arrowhads), H-E.
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researched the efficacy of L-Dopa-modified ZnNPs at distinct dosages in improving neurobehavioural and 
molecular parameters in oxidative stress-induced cytotoxicity induced by intrastriatal 6-OHDA injection.

The circular frequency of rats with PD is a major marker of damage to dopaminergic neurons in the SN20. 
Administration of agonists such as apomorphine results in asymmetric behavior contralateral to the injured 
site. Therefore, unilateral 6-OHDA stereotaxic induction can be confirmed by measuring the number of these 
rotations37. In the current study, we showed that L-Dopa-modified ZnNPs could significantly improve the brain 
functions of rats, resulting in protective effects on dopaminergic neurons in the rat SN. The results demonstrated 
the variable efficacy of the dosages in improving motor dysfunction in behavioral tests compared to untreated 
rats. In our study, ZnNP + L-Dopa showed a protective effect against 6-OHDA-induced injury to striatal neu-
rons in an empirical model of PD. Treatment with 6-OHDA + ZnNP + L-Dopa reduced apomorphine-induced 
contralateral rotary movements at both doses. In the present study, 6-OHDA caused an important corruption of 
bradykinesia, motor skills, coordination, and loss of stability. The motor impairment may be described by striatal 
dopamine depletion, which has been previously reported in PD38. The current data demonstrated that striatal 
dopamine was importantly reduced by 6-OHDA injection, supplying proof to promote this model.

The difference between the cylinder test and the apomorphine-induced rotational test is that no chemical 
agents are used to evaluate the developing motor asymmetry and it allows for a more sensitive evaluation in 
measuring dopamine denervation39. In our study, the groups’ percentage of using the front paw was evaluated. 
Claw use decreased in the 6-OHDA group compared to the control group. The motor asymmetry observed due 
to 6-OHDA toxicity is an expected finding and shows that the PD model has been successfully implemented. This 
result is compatible with previous data39,40. Ipsilateral paw use as a result of 6-OHDA neurotoxin in the sensori-
motor cortex may cause motor asymmetry by causing deficits in sensorimotor and somatosensory functions25,40. 
This indicates that the dopamine level in the nigrostriatal pathway decreases and the ipsilateral paw is used at the 
maximum level25. It is seen that the ipsilateral paw percentage of the L-Dopa-modified ZnNP groups approaches 
the control group value. These data suggest that the use of ZnNP alone is not as effective as L-Dopa in correcting 

Figure 9.   (A) 6-OHDA + ZnNP 20 group. (B) 6-OHDA + ZnNP 40 group. (C) 6-OHDA + ZnNP + L-Dopa 30 
group. Mild level in pyknotic neurons, and glial cells, (D) 6-OHDA + ZnNP + L-Dopa 60 group. Moderate level 
pyknotic changes in pyknotic neurons (arrows), and glial cells (arrowhads), H-E.
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motor asymmetry, but the modification of ZnNP with L-Dopa provides an improvement in sensorimotor per-
formance by increasing the effectiveness of L-Dopa and accordingly corrects motor asymmetry.

Activity meter tests allow us to obtain information about spontaneous locomotor and exploratory movements 
and motor damage in experimental animals. It has been reported that 6-OHDA applied to rats caused deterio-
ration in locomotor activity due to the degeneration of neurons. While a decrease in dopamine concentration 
causes hypoactivity, an increase results in hyperactivity39,41. In this study, the distance traveled was evaluated 
with the locomotor activity test. It was found that the distance traveled in the 6-OHDA group was reduced 
compared to the control group. Changing locomotor activity in the 6-OHDA group is an expected finding, and 
the relationship between spontaneous locomotor activity and dopaminergic degeneration has been shown in 
PD models41,42. The distance traveled in the groups treated with L-Dopa-modified ZnNP was compared with the 
6 OHDA group and it was observed that the distance traveled increased. This also showed us that it preserves 
locomotor performance, which is associated with a neuroprotective effect and preservation of endogenous dopa-
mine levels. Elevated plus maze results also correlate with locomotor activity. Increasing drug doses has been 
shown to reduce closed-arm stays.

It is thought that the motor deficits seen in animal models of PD induced by experimental 6-OHDA are 
directly related to the dopaminergic system41. L-Dopa, known as a dopamine agent, shows its effectiveness in 
early treatment through dopaminergic transmission. In this study, early treatment with L-Dopa was preferred 
and it was observed that it provided significant improvement in the behavioral tests performed. This finding is 
consistent with the literature40. When the ZnNP-treated group was compared with the L-Dopa-treated group, 
it was observed that the effect of ZnNP alone was not as therapeutic as L-Dopa. In addition, it was determined 
that ZnNP increased the effectiveness of L-Dopa in groups treated with L-Dopa-modified ZnNP. It is thought 
that ZnNP prolongs the effect duration of L-Dopa by increasing the motor functional connections of L-Dopa 
and thus contributes to the therapeutic efficiency of L-Dopa by maximizing the improvement in motor perfor-
mance. The proposed description for such healing in motor activity is the restoration of striatal dopamine levels 
by L-Dopa-modified ZnNP treatment.

Figure 10.   (a–d) Show the difference between groups, p < 0.05). (A) α-synuclein immunposivitiy, (a) control 
group versus other groups, (b) 6-OHDA, 6-OHDA + L-Dopa 20 and 6-OHDA + ZnNP + L-Dopa 60 groups 
versus other groups, (c) 6-OHDA + L-Dopa 5 and 6-OHDA + L-Dopa 10 groups versus other groups, (d) 
6-OHDA + ZnNP 20, 6-OHDA + ZnNP 40 and 6-OHDA + ZnNP + L-Dopa 30 groups versus other groups. (B) 
GFAP expressions immunposivitiy, (a) control, 6-OHDA + L-Dopa 20, 6-OHDA + ZnNP 20, 6-OHDA + ZnNP 
40, 6-OHDA + ZnNP + L-Dopa 30 and 6-OHDA + ZnNP + L-Dopa 60 groups versus other groups, (b) 6-OHDA, 
6-OHDA + L-Dopa 5 and 6-OHDA + L-Dopa 10 group versus other groups, (n = 4).
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Glutamate is one of the major neurotransmitters of the central nervous system and plays a significant role in 
various brain functions43. However, it can also cause neurotoxicity. This occurs through excessive glutamatergic 
stimulation of glutamate receptors and can lead to the death of dopaminergic neurons, resulting in movement 
disorders and cognitive impairment44. Previous studies have demonstrated that EAAT expression is decreased 
in PD patients and animal models45,46. In our study, impaired glutamate uptake and decreased EAAT-1, EAAT-2, 
and GLUL expression were observed in the 6-OHDA-induced PD model. As EAAT-2 is mainly responsible for 
glutamate uptake, there is increasing evidence suggesting a role for EAAT-2 in PD45,47. The use of an EAAT-2 
inhibitor blocks glutamate reuptake and reduces dopamine synthesis47. These findings suggest that EAAT-2 
dysfunction plays a role in the progression of PD. However, a study in which the glutamate transporter L-trans-
pyrrolidine-2,4-dicarboxylate inhibitor was injected into the unilateral substantia nigra of rats reported dopa-
mine neuron death and axon dystrophy. It was shown that the cause of motor impairment in rats was related to 
the loss of dopamine neurons48. Furthermore, this study provides solid evidence for the association of reduced 
glutamate transporter function with PD. We also observed increased expression of PTEN, which is important 
in neurodevelopment. In particular, L-Dopa-modified ZnNPs decreased PTEN expression in a dose-dependent 
way, as PTEN regulates both the density and strength of glutamatergic synapses. Accordingly, overexpression 
of PTEN, one of the dominant determinants of neuronal cell death, has become a potency molecular goal for 
novel therapeutic strategies against PD49,50.

Histological findings support molecular and behavioral findings. Histological examination of rats receiving 
6-OHDA showed that 6-OHDA contributed to some histological changes in neurons in the SN regions. On the 
other hand, increased oxidative stress caused by 6-OHDA was associated with neuronal damage in the SN. In 
our study, 6-OHDA was shown to cause pyknotic changes in SN neurons. In support of our findings, studies 
have reported neuronal cell death in 6-OHDA lesioned animals51,52. Our results show that L-Dopa modified 
ZnNP application can ameliorate the damage to neurons in the SN. In addition, the 6-OHDA + L-Dopa groups 
had little effect on the repair of damaged tissue. Histopathological changes were mild in ZnNP-treated rats. 
These results confirmed that ZnNPs have no toxic effect on brain tissue53. Gantedi et al. 5 mg/kg ZnNP did not 
reason any important alterations in the brain histology of rats one month after treatment54. Our results are in 
deal with these studies.

Figure 11.   (A) Control group, α synuclein immunonegativity, (B) 6-OHDA group. Severe level, (C) L-Dopa 
5 group. Moderate level, (D) L-Dopa 10 group. Moderate level, (E) L-Dopa 20 group. Severe level α synuclein 
immunopositivity (□), IHC.
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α-Synuclein is primarily found in neurons, but usually after diffusing from neurons55,56, it can also accumu-
late in astrocytes, via cell-to-cell transfer57. Moreover, in neurodegenerative conditions such as PD, intracellular 
accumulation of α-synuclein occurs58. There is ample evidence showing that α-synuclein overexpression increases 
oxidative stress levels59,60. It has been shown that the level of α-synuclein increases in the rat model of PD accom-
panied by 6-OHDA-induced autophagy impairment61, a situation also observed in our study. In the presence of 
L-Dopa-modified ZnNPs, the increase in α-synuclein level decreases. Additionally, there were higher GFAP levels 
in the group with 6-OHDA lesions in the SN; this showed the development of astrocytosis and inflammation in 
the nigrostriatal system, consistent with previous reports62. ZnNP and L-Dopa-modified ZnNPs were able to 
reduce GFAP overexpression in striatal lysate, which may be due to its anti-inflammatory properties. Briefly, our 
results show that L-Dopa-modified ZnNP reverses 6-OHDA-induced damage and promotes tissue regeneration.

Conclusıon
Considering the doses and properties of L-Dopa-modified ZnNPs studied, it was shown that L-Dopa-modified 
ZnNPs exerted an ameliorative effect against 6-OHDA by reducing oxidative stress and raising the expression 
levels of glutamate transporters, resulting in repair of tissue abnormalities and improvement of motor activities. 
This finding suggests that it may attenuate the progression of PD by suppressing 6-OHDA-mediated damage. 
It also supports the potential therapeutic applications of L-Dopa-modified ZnNPs as an adjunct in the therapy 
of PD. On the other hand, further studies are needed before the ultimate role of nanoparticles can be applied 
in the medical field.

Figure 12.   (A) 6-OHDA + ZnNP 20 group, (B) 6-OHDA + ZnNP 40 group, (C) 6-OHDA + ZnNP + L-Dopa 
30 group. Mild level, (D) 6-OHDA + ZnNP + L-Dopa 60 group. Severe level α synuclein immunopositivity (□), 
IHC.
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Although the current study shows that L-Dopa-modified ZnNPs have neuroprotective properties and have 
the potential to increase dopamine levels in PD, they have certain limitations that should be noted. Firstly, our 
study was conducted on an animal model, further research is necessary to determine the safety and effectiveness 
of the treatment in humans. Neurobehavior, molecular, histopathological, and Immunohistochemical analysis 
were the main topics of our research. However, PD also involves various markers, including proinflammation, 
oxidative stress, and mitochondrial dysfunction. The broader impact of L-Dopa-modified ZnNP therapies on 
these factors should be investigated. The short study duration may have led to overlooking the potential long-
term effects of L-Dopa-modified ZnNP therapies. These limitations highlight the need for further research to fill 
these knowledge gaps and provide a comprehensive understanding of the therapeutic potential of NPs for PD.

Figure 13.   (A) Control group, GFAP immunopositivity, (B) 6-OHDA group, (C) L-Dopa 5 group, (D) L-Dopa 
10 group. Mild level GFAP immunopositivity (□), (E) L-Dopa 20 group. GFAP immunonegativity, IHC.
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Data availability
Data is provided within the manuscript or supplementary information files. The datasets used and/or analysed 
during the current study available from the corresponding author on reasonable request.
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