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Purpose: To avoid the biotoxicity and poor bioavailability of deferoxamine mesylate (DFO), an iron chelation for the treatment of
Parkinson’s disease (PD), a self-oriented DFO nanoparticle functionalized with Exendin-4 was developed, which can be targeted
delivered into the lesion brain area to achieve synergistic effects against PD by iron chelation and inflammatory suppression.
Methods: The self-oriented DFO nanoparticles (Ex-4@DFO NPs) were synthesized by double emulsion technique, and characterized in
terms of the particle size, morphology and DFO encapsulation efficiency. The cellular internalization, biocompatibility and cytoprotec-
tion of NPs were assessed on BV-2 and SH-SYSY cells. The brain targeting and therapeutic effect of NPs were investigated in MPTP-
induced PD mice by near-infrared II fluorescence imaging and immunofluorescence staining, as well as mobility behavioral tests.
Results: Ex-4@DFO NPs with a particle size of about 100 nm, showed great biocompatibility and cytoprotection in vitro, which
inhibited the decrease of mitochondrial membrane potential of SH-SYSY cells and the release of inflammatory factors of BV-2 cells.
In MPTP-induced PD mice, Ex-4@DFO NPs could penetrate the BBB into brain, and significantly mitigate the loss of dopaminergic
neurons and inflammation in the substantia nigra, finally alleviate the mobility deficits.

Conclusion: This self-oriented nanosystem not only improved the biocompatibility of DFO, but also enhanced therapeutic effects
synergistically by ameliorating neuronal damage and neuroinflammation, showing a potential therapeutic strategy for PD.
Keywords: Parkinson’s disease, deferoxamine mesylate, Exendin-4, nanoparticle system, brain targeting

Introduction

Parkinson’s disease (PD) ranks as the second most common neurodegenerative disease, with the early degeneration of
dopaminergic neurons in the substantia nigra pars compacta (SNc) as the main pathological feature.'* The consequent
dopamine shortage in the basal ganglia results in characteristic parkinsonian mobility deficits. Many studies have shown
that alleviating glial cell-dominated inflammatory microenvironment and neuronal damage is helpful for the treatment of
PD.** And substantial evidence indicates the presence of iron accumulation in both neurons and microglial cells within
the SNc in PD.>"® The deposition of iron facilitates the generation of detrimental hydroxyl radicals during dopamine
autooxidation, as well as triggers microglial activation and neuroinflammation, ultimately resulting in neuronal
apoptosis.” ' These findings imply that iron-induced damage may be a crucial contributing factor to dopaminergic
neurodegeneration and neuroinflammation.

Currently, the major clinical management of PD involves pharmacological therapy (primarily dopaminergic agents)
and surgical intervention (such as deep brain stimulation, DBS)."* Iron chelation therapy might be a promising
pharmacological treatment by removing excess iron from the brain for neuroprotection.'*'> Among the iron chelators
currently employed in clinical practice for refractory anemia, deferoxamine mesylate (DFO) was demonstrated to be
tolerated and highly effective to improve the patient life quality.'®'” Several animal studies have indicated that DFO can
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effectively inhibit dopaminergic neurodegeneration and resist nigrostriatal damage in PD models induced by MPTP or
6-OHDA.'®!'? However, due to its limited bioavailability, poor penetration of the blood-brain barrier (BBB), as well as
biotoxicity at high doses, efficient and safe brain targeting transport of DFO has become a major challenge for
application.'®!72%-21

Recent years have seen a rising interest in brain-targeted drug delivery systems, such as nanoparticle approaches, as
a potential strategy for treatment by bypassing or traversing the BBB. Intranasal administration of dopamine-loaded
nanoparticles enables their direct transport to the brain by circumventing the BBB.?*> The combination of DFO and rabies
virus glycoprotein 29 (RVG) peptide facilitates the crossing of the BBB and enables targeting to neurons.”' Glucagon-
like peptide-1 receptor agonist (GLP-1RA), a novel agent used in the treatment of type 2 diabetes, which is demonstrated
BBB-crossing potential.>> Meanwhile, it is considered as a brain-targeting ligand, specifically binding to GLP-1R, which
is abundantly expressed in the substantia nigra (especially on microglia) under PD pathological conditions.>* Exendin-4,
a type of GLP-1RA, has also shown neuroprotection for neurological diseases by promoting the survival and growth of
neurons, maintaining the normal shape and function of synapses, and resisting oxidative stress, which was demonstrated
potential in ameliorating motor function of PD patients during a clinical trial. >

In this study, we delicately designed and synthesized an Exendin-4 peptide-conjugated DFO-loaded nanoparticle
system (Ex-4@DFO NPs) to target brain effectively for PD treatment. With the modification of brain-targeted molecular
Exendin-4, Ex-4@DFO NPs improved the biocompatibility of DFO and increased the targeting to SNc¢ in MPTP-induced
PD mice. With the dual neuroprotective effects of Exendin-4 and DFO, Ex-4@DFO NPs more efficiently ameliorated
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neurobehavioral deficits, neuronal loss, and neuroinflammation. The excellent alleviation efficacies on neuron damage
and microglia activation by Ex-4@DFO NPs were verified in vitro and in vivo. The targeted iron chelator therapy based
on multifunctional nanomaterials in this work probably offers a novel approach to treating PD.

Materials and Methods

Material

DSPE-PEG;gg9, DSPE-PEG,g0o-Mal, and DSPE-PEG,0o-FITC were obtained from Ponsure Biotechnology (China). The
deferoxamine mesylate (DFO) was purchased from Sigma (USA). The Exendin-4 (Ex-4-Cys) peptide was purchased
from Sangon Biotech (China).

Preparation of Nanoparticles (NPs)
The DP-DFO NPs were synthesized using a double emulsion technique. In brief, DSPE-PEG,qgg (4.5 mg) and DSPE-
PEG;000-Mal (0.5 mg) were dissolved in methylene chloride (1 ml), followed by 0.2 ml aqueous solution of DFO (or
water) addition. The mixture was sonicated for 3 min, and then was combined with 4 ml water and sonicated for 5 min,
followed by standing at room temperature (RT) for 20 min. The product was vacuum evaporated at 30°C for methylene
chloride removal. Finally, the NPs were harvested after the solution centrifuged (5000 g) for 15 min in ultrafiltration
filters (3K MWCO (molecular weight cut-off)).

Ex-4-Cys was linked to the aforementioned NPs by a maleimide—thiol reaction between DSPE-PEG;(o-Mal and Ex-
4-Cys. The NPs were incubated with Ex-4-Cys in water at RT for 24 h. Finally, the NPs were harvested after the solution
centrifuged (5000 g) in ultrafiltration filters (10K MWCO) for unconjugated peptide removal.

NP Size, Zeta Potential and Micromorphology Measurement

Distribution of particle size and zeta potential of the nanoparticles were determined by dynamic light scattering
(Zetasizer Nano ZSE, UK) at 25°C. The morphology of NPs was characterized by transmission electron microscopy
(TEM). The diluted NPs suspension was dropped on a TEM grid and air-dried, followed by phosphotungstic acid staining
for 30 s. Subsequently, the copper mesh was placed under a transmission electron microscope (Tecnai G2 Spirit,
FEL USA).

DFO Encapsulation Efficiency (EE) Measurement

The supernatant of Ex-4@DFO NPs was collected and reacted with excess FeCl; at RT for 1 h. The absorbance spectrum
of DFO-Fe was detected by a UV spectrophotometer to estimate amount of free DFO. EE = (B - A)/B x 100%, where
A represents the amount of free DFO in the supernatant, and B represents the amount of total DFO.

Matrix Assisted Laser Desorption lonization-Time of Flight (MALDI-TOF) Mass

Spectrometry

The conjugation of DSPE-PEG-MAL to Exendin-4 was determined by MALDI-TOF mass spectrometer (Bremen,
Germany) equipped with a 337 nm nitrogen laser. The mass spectrum was acquired in linear and positive-ion modes,
applying an acceleration voltage of 20 kV. A saturated mixture of sinapinic acid in acetonitrile:water (50:50, v—v)
containing 0.1% TFA was utilized as a matrix solution. After mixing each analyte with the matrix solution in a 1:1 ratio,
the samples were dried at RT.*

Measurement of Conjugation Efficiency (CE) of Exendin-4 Polypeptide

The supernatant of Ex-4@DFO NPs was collected and the concentration of free Exendin-4 peptide was assessed by high-
performance liquid chromatography (HPLC).>> The gradient program employed a C;g column with a mobile phase
consisting of 0.1% trifluoroacetic acid in water (mobile phase A) and 0.1% trifluoroacetic acid in 80% acetonitrile
(mobile phase B). 10 pl of each sample was injected and the elution process was monitored at 220 nm. The CE of
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Exendin-4 was calculated as CE (%) = (Eq - E{)/Eq x 100%, where E, represents the amount of total Exendin-4 peptide,
and E; represents the amount of free Exendin-4 peptide in the supernatant of Ex-4@DFO NPs.

Cell Culture

BV-2 and SH-SYS5Y cells (GuangZhou Jennio Biotech Co.,Ltd, China) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, USA), supplied with 10% FBS (Gibco), penicillin (50 U/ml, Gibco) and streptomycin (50 mg/
ml, Sigma), and kept in a sterile and humid condition (37°C, 5% CO,).

Cell Viability Assay

BV-2 and SH-SY5Y cells were cultured in 96-well plates (1 x 10* cells/well) for 12 h and treated with various
concentrations of drugs (0, 50, 100, 200 uM) for 24 h, respectively. Then the cell viability was assessed using cell
counting kit-8 (CCK-8, Dojindo, Japan).

Intracellular Tracking of NPs

BV-2 and SH-SY5Y cells were cultured in 24-well plates respectively (1 x 10° cells/well) for 12 h. The FITC-
functionalized Ex-4@DFO NPs were then co-incubated with BV-2 and SH-SYS5Y cells for 8 h. Then the cells were
incubated with the lysosome indicator Lyso-Tracker Red (Invitrogen, USA) for 30 min, followed by 10-min nuclear dye
Hoechst 33342 (Invitrogen) staining. The cells were imaged by a confocal laser scanning microscope (CLSM, FV3000,
OLYMPUS, Japan) to show cellular internalization of NPs.

Mitochondrial Membrane Potential Measurement

JC-1 fluorescence probe (Invitrogen) was used to measure the mitochondrial membrane potential of cells. SH-SYSY cells
were cultured in a 24-well plate (2 x 10° cells/well), then incubated with MPP+ (500 mm, MedChemExpress, NJ, USA)
for 24 h, and then incubated with NPs for 2 h, followed by JC-1 staining for 20 min. The fluorescence images were
acquired by CLSM (FV3000, OLYMPUS).

Intracellular ROS measurement

2'7"-Dichlorofluorescin diacetate (DCFH-DA) probe (Invitrogen) was used to measure the generation of reactive oxygen
radicals (ROS). SH-SYSY cells were seeded in a 24-well plate (2 x 10° cells/well), cultured with MPP+ (500 mm) for
2 h, and then incubated with NPs for 2 h, followed by DCFH-DA staining for 30 min. The fluorescence images were
collected using a fluorescence microscope (MD43-N, Mshot, China).

Animal Studies

Mice were purchased from Guangdong Medical Laboratory Animal Center. Male C57BL/6 mice (8-10 weeks, approxi-
mately 22-25 g) were used in the experiments. Mice were housed in a controlled environment with appropriate
temperature and humidity, 12 h light and dark cycles, and given unrestricted access to standard diet and water. The
mice treatments were performed in compliance with the Guide for the Care and Use of Laboratory Animals. All animal
studies were reviewed and approved by the Institutional Animal Care and Use Committee of Hainan University (approval
number: HNUAUCC-2021-00025).

Establishment and Treatment of Parkinson’s Disease (PD) Mouse Models

The mice were habituated for a week, and the mice demonstrated equivalent performance in the rotating rod pre-training
were selected for further studies. Firstly, mice underwent intraperitoneal injection of MPTP solution (30 mg/kg, Sigma)
for 10 days to establish PD mouse models, while the mice in the control group received injections of the equivalent
volume of normal saline. Simultaneously, for the investigation of NPs therapeutic effects for PD, the mice received
intravenous injections of NPs solutions through the tail vein, starting from the first day of MPTP injection. These
injections were administered at one-day intervals for a total of 6 times. Mice were sacrificed after all behavioral tests.
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Rotarod Test

Rotarod test was conducted on an adjustable-speed rotarod (with a 3 cm diameter rod). Before the test, the mice
were habituated in the test room for 30 min. Mice performed three 5-minute training sessions on the rotarod at
a speed of 10 rpm/min to acclimate for three consecutive days before the formal test. A week after the treatments,
the mice were subjected to an accelerating rotarod test. The speed of the rotarod was gradually increased from 4 to
40 rpm/min over 5 min, and latency to fall was recorded at each time using Visutrack software (Xinruan Information
Technology Co., Ltd., China). The mice were tested 3 times per day, and the average latency to fall was taken as the
final score.*’

Open Field (OF) Test

Mice were placed in an open field apparatus (25 x 25 x 25 cm) and given 10 min to freely explore around. Total distance
traveled (mm) and average velocity (mm/s) were recorded and analyzed using DigBehv behavior analysis system (Jiliang
Software Science & Technology Co., Ltd., China).

In Vivo Distribution of NPs in the Mouse Brain

The PD mouse models established following the aforementioned protocol were administered with intravenous injection
of DP-ICG NPs and Ex-4@ICG NPs. After 8 h, the mice were anesthetized and the scalp was removed, following which
the distribution of NPs in the mouse brain was visualized using the MARS in vivo imaging system (Artemis Intelligent
Imaging, China).

Blood Glucose Measurement
The hypoglycemic effect of NPs drugs was estimated on mice. A drop of blood was collected from tail vein during the
six days of NPs administration, and blood glucose level was determined by a one-touch glucometer.

Tissue Collection and Immunofluorescence

The mice received intracardiac perfusion with PBS and 4% paraformaldehyde (PFA), and their entire brains were collected
and fixed in PFA at 4°C for 24 h. Subsequently, the brains were dehydrated using sucrose solutions, and then were embedded
in OCT (SAKURA, USA) and frozen at —80°C. The consecutive coronal brain sections (50 pm) were harvested. Then the
slices were blocked with PBS containing 0.3% Triton X-100 (Sigma) and 5% bovine serum albumin (BSA, Sigma) at RT for
1 h. The brain sections were stained with rabbit anti-ionized calcium-binding adaptor up-regulated protein 1 (Ibal) antibody
(cat# 019-19741, lot# LEN4341, 1:500, Fujifilm Wako) or mouse anti-tyrosine hydroxylase (TH) antibody (cat# MAB318,
lot# 3858181, 1:1000, Sigma) dilutions at 4°C for 12 h, and stained with Alexa Fluor 555 anti-mouse IgG (H+L) secondary
antibodies (cat# A21422, lot# 2418520, 1:500, Invitrogen) or Alexa Fluor 488 goat anti-rabbit [gG (H+L) secondary antibody
(cat# A-32731, lot# VG302077, 1:500, Invitrogen) at RT for 1 h. The brain sections were imaged by CLSM (FV3000,
OLYMPUS). The dopaminergic neuron number and microglia morphology in the SNc were analyzed and quantified using
Imagel.

RNA Isolation and Quantitative Real-Time PCR (qRT-PCR)

RNA of brain tissues was extracted with TRIzol reagent (Invitrogen). cDNA was generated using PrimeScrip RT Reagent
Kit with gDNA (RR047A, TAKARA). QRT-PCR was performed on a Real-Time PCR Thermal Cycler (qTOWER,
Analytik Jena) with TB Green Premix Ex Taq II (RR820A, TAKARA). Sequences of all primers are listed as follows:
GAPDH: 5 ' -CAACTCACTCAA-GATTGTCAGCAA, 3 ' -GGCATGGACTGTGGTCATGA; TNF-a: 5 ' -CCAGT
GTGGGAAGCTGTCTT, 3 ' -AAGCAAAAGAGGAGGCAACA.

Statistical Analysis
Statistical significance was conducted using two-tailed unpaired Student’s #-test for two-group comparisons, and one-way
ANOVA with Sidak’s multiple comparison test or two-way ANOVA with Sidak’s multiple comparison test for multiple-group
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comparisons. A P value less than 0.05 was considered statistically significant (¥*P < 0.05, **P <0.01 and ***P <(0.001). Data
are presented as mean = SEM. Statistical data were analyzed using GraphPad Prism (GraphPad Software, Inc.).

Results
Characterization of Ex-4@DFO NPs

The polymeric NPs were fabricated with the well-known biodegradable substance DSPE-PEG, which is extensively
utilized for delivery systems.*® The hydrophilic DFO was contained within the hydrophilic core, which was synthesized
by a double emulsion technique. Then the brain-targeting molecule Exendin-4 was covalently attached to the DFO-
loaded NPs by reacting the thiol groups with maleimide groups on the NPs surface.

The morphology and surface charge of the nanoparticles were assessed by dynamic light scattering (DLS). The
average particle sizes of DP-DFO, DP-Ex-4 and Ex-4@DFO NPs were about 100 nm, and the zeta potentials of DP-DFO
and Ex-4@DFO NPs detected as —45.4 + 2.6 mV and —47.3 £ 1.8 mV, respectively (Figure 1A-D). The results
demonstrated that the size and surface charge of the NPs exhibited minimal changes after Exendin-4 conjugation.
Additionally, the polydispersity index (PDI) value reflects the uniformity of nanomaterial products. The average PDI
values of DP-DFO and Ex-4@DFO NPs were 0.219 + 0.003 and 0.208 + 0.010, respectively. The low PDI value
suggested the uniform size distribution of the NPs. Moreover, transmission electron microscopy (TEM) images further
confirmed the uniform spherical morphology of Ex-4@DFO NPs (Figure 1B).

DFO can combine with ferric ions at a molar ratio of 1:1 to form a non-toxic and stable chelate DFO-Fe. For the
determination of encapsulation efficiency (EE) of DFO, the supernatant of Ex-4@DFO NPs was collected and reacted
with FeCl; solution, and the UV absorption spectra of DFO-Fe were measured to calculate the amount of free DFO in the
supernatant. The results showed no UV absorption of DFO alone in the detection wavelength range, while the
characteristic absorption peak of the Fe** was observed at around 300 nm (Figure 1E). Differently, DFO-Fe compounds
presented a distinct absorption peak at approximately 430 nm (Figure 1F). Standard curve of DFO-Fe concentration
versus absorbance was shown in Figure 1G. Based on the absorbance curve of DFO-Fe in the mixture of supernatant of
Ex-4@DFO NPs with FeCl; solution, the DFO encapsulation efficiency of Ex-4@DFO NPs was calculated as 35.5 +
0.5%, indicating that DFO has been successfully encapsulated into the NPs.

To verify the successful conjugation of Exendin-4 to DP-DFO NPs, the reaction product of Exendin-4 polypeptide
and DSPE-PEG-MAL was determined by Matrix assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS). As shown in Figure 1H and I, the specific peaks for Exendin-4 (4290 m/z) and DSPE-PEG-MAL
(2900 m/z) were observed in the respective samples, respectively. In the reaction product, a peak at 6900 m/z revealed
covalent linkage between Exendin-4 polypeptide and DSPE-PEG-MAL (Figure 1J). For determination of the conjugation
efficiency of Exendin-4, the supernatant of Ex-4@DFO NPs was detected by high-performance liquid chromatography
(HPLC), and the content of free Exendin-4 was quantified using the standard curve of Exendin-4 (Figure 1K). The
conjugation efficiency of Exendin-4 polypeptide to DP-DFO NPs was calculated as 94%.

Biological Impact and Cytoprotection Effects of NPs

To determine the cellular internalization and distribution of the NPs, BV-2 and SH-SY5Y cells were incubated with
FITC-functionalized Ex-4@DFO (Ex-4@DFO-FITC) NPs for a duration of 12 h, and cultured with Lyso-Tracker Red for
lysosome staining, respectively. The results showed that the fluorescence signal of Ex-4@DFO-FITC NPs was pre-
dominantly localized within the cells, particularly in the lysosomes. These findings suggested that Ex-4@DFO NPs
possess the ability of cellular internalization and accumulation in both two types of cells, particularly in the lysosomes
(Figure 2A).

To investigate the biocompatibility of NPs on BV-2 and SH-SYS5Y cells, the cells were treated with the NPs (0, 50,
100, 200 uM), and the cell viability was assessed by CCK-8 assay. The results demonstrated that both DFO and DP-DFO
NPs induced remarkable cellular damage to SH-SYSY cells at 50 uM. In contrast, there was no damage to cells with the
treatment of Ex-4@DFO NPs up to 100 uM (Figure 2B).
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Figure | Characterization of the nanoparticles. (A) Size distribution of Ex-DP, DP-DFO and Ex-4@DFO NPs assessed by dynamic light scattering (DLS). (B) Representative
transmission electron microscopy (TEM) images of Ex-4@DFO NPs. Scale bar = 200 nm. (C) Size distribution of Ex-4@DFO NPs assessed by TEM. (D) Zeta potential of
DP-DFO and Ex-4@DFO NPs (n = 3). (E) UV-Vis absorption spectrum of DFO solution and Fe** solution. (F) UV-Vis absorption spectra of DFO-Fe with different
concentrations. (G) Standard curve of DFO-Fe. (H-J) The mass spectra of Exendin-4 (H), DSPE-PEG-MAL (I), DSPE-PEG-Ex-4 (J). m/z: mass to charge ratio. (K) Standard
curve of Exendin-4. Data are presented as mean * SEM.
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Figure 2 Biological effects of the nanoparticles on BV-2 and SH-SY5Y cells. (A) Representative cellular internalization fluorescence images of SH-SY5Y cells after incubation
with Ex-4@DFO-FITC NPs for 8 h. Scale bar = 10 ym. (B) Cytotoxicity of different nanoparticles toward BV-2 and SH-SY5Y cells (n = 5). (C) Representative fluorescence
images of treated SH-SY5Y cells incubated with JC-| probe (mitochondrial membrane potential indicator) and 2',7'-dichlorofluorescin diacetate (DCFH-DA) probe (reactive
oxygen radicals (ROS) indicator). DCF fluorescence is generated from the oxidization of nonfluorescent DCFH-DA by ROS. Scale bar = 100 ym. (D) Quantification of the
mitochondrial membrane potential in treated SH-SY5Y cells measured by the red/green fluorescence ratio of JC-1 (n = 3). (E) Quantification of the fluorescence intensity of
DCFH in treated SH-SY5Y cells (n = 3). (F-H) Expression of proinflammatory cytokine TNF-a (F), IL-6 (G) and anti-inflammatory cytokine IL-10 (H) from treated BV-2
cells determined by Elisa kits (n = 3). Data are presented as mean + SEM. *P < 0.05, **P < 0.01, **P < 0.001 as assessed by two-way ANOVA with Sidak’s multiple
comparison test for comparisons of multiple groups (B), or one-way ANOVA with Sidak’s multiple comparison test for comparisons of multiple groups (D-H).

Decrease in mitochondrial membrane potential and excessive production of reactive oxygen species (ROS) may
imply mitochondrial dysfunction and lead to cell apoptosis.'® To explore the neurological effects of Ex-4@DFO NPs in
PD, SH-SYSY cells were incubated with MPP+ (500 mm) for establishment of PD cell model, followed by treatments
with the NPs (100 uM) for 2 h, and the mitochondrial membrane potential and ROS generation were assessed using JC-1
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probe and 2',7'-dichlorofluorescin diacetate (DCFH-DA) probe. The results showed that the fluorescence ratio of JC-1
polymer red to green decreased in MPP+-treated SH-SYSY cells, indicating reduction of mitochondrial membrane
potential, while Ex-4@DFO NPs treatment inhibited the decrease of mitochondrial membrane potential. Additionally, the
fluorescence intensity of 2°,7’-dichlorofluorescein (DCF, produced by oxidation of DCFH-DA by ROS) was elevated in
the MPP+ group compared to the control group. In contrast, all three types of NPs reduced fluorescence signals. These
findings suggested that MPP+ induced ROS production in neurons and the NPs downregulated the ROS levels, revealing
that Ex-4@DFO NPs, DP-DFO NPs and DP-Ex-4 NPs had the ability to scavenge ROS (Figure 2C—E). Overall, both Ex-
4@DFO and DP-Ex-4 NPs inhibited the increase of ROS, but only Ex-4@DFO NPs inhibited the decrease of
mitochondrial membrane potential, which indicated the abnormalities of the mitochondrial function. Subsequently, for
determination of the cytoprotection impact of NPs, the effect of inflammatory inhibition on microglia was assessed. BV-2
cells were exposed with LPS (100 ng/ml) to induce cellular inflammation, and then treated with different types of NPs for
2 h. Then cell culture supernatant from different treatments were collected and analyzed using tumor necrosis factor-o
(TNF-a), interleukin-6 (IL-6), and interleukin-10 (IL-10) ELISA Kits. The result demonstrated that Ex-4@DFO and DP-
Ex-4 NPs downregulated secretion of TNF-a and IL-6 elicited by LPS, while no significant effects on IL-10 levels
(Figure 2F—H). Therefore, both Ex-4@DFO and DP-Ex-4 NPs inhibited the increase of inflammatory factors in vitro.
Inflammation affects mitochondrial function and further lead to cell death in Parkinson’s disease. The inflammatory
processes trigger a chain of events including increased production of ROS, disruption of iron metabolism and mitochon-
drial dysfunction, generating a self-feeding cycle that could lead to neurodegeneration in diseases.’’ DFO, a kind of iron
chelators, can efficiently decrease the cellular iron content and be helpful for mitochondrial iron homeostasis.** Exendin-

4 can inhibit the higher production of ROS in neuronal cells,*?

and prevent neural apoptosis and mitochondrial
dysfunction through several cellular signal pathways, such as GLP-1 receptor/Epac/Akt signaling pathway.>**> DFO
and Exendin-4 may play cytoprotective roles by regulating the level of iron and ROS, respectively. The results
demonstrated that Ex-4@DFO NPs inhibited the decrease of mitochondrial membrane potential, and the production of
ROS generation, and inhibited the increase of inflammatory factors in vitro, which showed more efficient amelioration

than DP-Ex-4 and DP-DFO NPs.

Brain Targeting and Biocompatibility of NPs

To verify the ability of ex-conjugated fluorescent NPs of the BBB penetration and brain targeting in vivo, MPTP-induced PD
mice were intravenously injected with DP-ICG or Ex-4@ICG NPs. After 8 h, the mice were sacrificed for brain collection to
ex vivo assess the NPs accumulation. As shown in Figure 3A and B, a higher fluorescence intensity was observed in the brain
in Ex-4@ICG NPs group compared to DP-ICG NPs group, showing greater accumulation of Ex-4-conjugated NPs. The result
indicated that Ex-4-conjugated NPs could penetrate the BBB as well as deliver drugs to brain.

Additionally, to explore in vivo cytotoxicity of NPs, histopathological analysis of major organs was further performed
after NPs administration to mice. The H&E-stained images indicated that all the NPs had no significant tissue damage to
the major organs of mice (Figure 3C). These results demonstrated that the Ex-4@DFO NPs held brain targeting and good
biocompatibility.

Restoration of Functional Disorders in PD Mice by Ex-4@DFO NPs Treatment

To investigate the in vivo therapeutic effect of NPs, the MPTP-induced PD mouse models were established and verified
by mobility behavior tests. Before the treatments, mice underwent a three-day pre-training, and the mice with stable
behavior were chosen for further tests. The mice were intraperitoneally injected with MPTP solution for 10 consecutive
days for PD model establishment. Simultaneously, the treatment drugs DP-DFO, DP-Ex-4 (Exendin-4 polypeptide
content 1 pg/kg) and Ex-4@DFO NPs (DFO content 35 mg/kg) were administrated intravenously to mice every
other day for a total of 6 times. Five days after the treatments, efficacy on mobility of mice was then evaluated using
rotarod test and open field (OF) test (Figure 4A). PD mice exhibited distinctly reduced residence time on rotarod
compared to control mice. However, treatment with Ex-4@DFO NPs increased the time spent on rotarod of PD mice,
identical to that of control mice, while neither DP-DFO nor DP-EX-4 NPs treatment showed significant improvement
(Figure 4B). Furthermore, NPs treatments did not exhibit changes in total distance and average speed in the OF test in PD
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Figure 3 In vivo brain targeting and biocompatibility of Ex-4@DFO NPs. (A) Ex vivo fluorescence images of the brain from PD mice intravenously treated with DP-ICG or
Ex-4@ICG NPs for 8 h (n = 3). (B) Average fluorescence intensities at the brain sites quantified 8 h post injection (n = 3). (C) Representative H&E-stained section images of
the major organs 8 h post intravenous injection of NPs (n = 3). Scale bar = 100 pum. Data are presented as mean + SEM. **P < 0.0l as assessed by two-tailed unpaired
Student’s t-test for two-group comparisons (B).

mice (Figure 4C and 4D). In addition, no distinct changes in body weight or blood glucose levels were observed in any of
the groups during the treatment period (Figure 4E and F). The results indicated that Ex-4@DFO NPs were biocompatible
and effectively improved PD-related motor deficits.
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Figure 4 Improvement effects of Ex-4@DFO NPs on PD-related motility disorders in mice. (A) Schedule of establishment of PD mouse model, NPs treatments and
behavioral tests of mice. (B) Time on rotarod of mice in rotarod test (n = || in MPTP + DP-DFO group; n = 10 in other groups). (C and D) Total traveled distance (C) and
average speed (D) in open field test (n = || in MPTP + DP-DFO group; n = 10 in other groups). (E) Changes of body weight (B.W.) of different treated mice (n = 10 in
Control, Ex-4@DFO, MPTP + DP-Ex-4, MPTP + Ex-4@DFO groups; n = 9 in MPTP group; n = || in MPTP + DP-DFO group). (F) Changes of blood glucose of different
treated mice (n = 5). Data are presented as mean * SEM. *P < 0.05 as assessed by one-way ANOVA with Sidak’s multiple comparison test for comparisons of multiple groups
(B-D), or two-way ANOVA with Sidak’s multiple comparison test for comparisons of multiple groups (E and F).

To further reveal neurological efficacy of NPs, the alterations in dopaminergic neuronal damage and inflammation in
the SNc were analyzed. Tyrosine hydroxylase (TH) is a key enzyme involved in neurotransmitter synthesis, whose
expression is closely associated with the functionality of dopaminergic neurons. The decline in TH expression is
considered to be an indicator of dopaminergic neuron damage. Therefore, brain sections were immunostained with TH
antibody. As depicted in Figure 5A and C, the TH level in the SNc of PD mice was lower than that of control mice.
However, TH expression increased after Ex-4@DFO NPs treatment. In contrast, neither DP-DFO nor DP-Ex-4 NPs
showed any inhibitory effect on neuronal damage. The result indicated that Ex-4@DFO NPs alleviated dopaminergic
neuronal damage in PD mice.

Chronic neuroinflammation is one of the pathophysiological hallmarks of PD. Usually, activated microglia chroni-
cally release pro-inflammatory cytokines, leading to increased dopaminergic neuron degeneration. The morphological
characteristics of microglia, such as branch length and branch number of microglia could show their activation status. To
investigate whether Ex-4@DFO NPs can reduce microglia activation and relieve neuroinflammation in MPTP-induced
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Figure 5 Improvement effects of Ex-4@DFO NPs on PD-related neurological damage and neuroinflammation in mice. (A and B) Representative images of brain sections in
the substantia nigra pars compacta (SNc) stained with tyrosine hydroxylase (TH) (A) or Ibal (B) antibody. Scale bar = 100 um or 50 um. (€) Quantification of the number of
TH* neurons in the SNc (n = 3). (D and E) Quantification of branch length per cell (D) and number of branches per cell (E) of Ibal™ cells (n = 3). (F) Quantification of
expression of TNF-a mRNA in the SNc of mice (n = 3). Data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 as assessed by one-way ANOVA with Sidak’s
multiple comparison test for comparisons of multiple groups (C-F).

mice, the SNc brain sections were immunostained with ionized calcium-binding adaptor up-regulated protein 1 (Ibal)
antibody for morphological analysis of microglia, and TNF-a expression in the SNc was assessed by quantitative
polymerase chain reaction (qQPCR). The results revealed that MPTP treatment induced a phenotypic activation of
microglia showing the reduction in branch length and branch number. In contrast, microglia in Ex-4@DFO NPs-treated
PD mice presented longer branch and more branch number (Figure 5B, D and E). In addition, qPCR analysis showed that
there was a distinct elevation of TNF-a level in SNc of PD mice, while decreased in Ex-4@DFO NPs-treated PD mice
(Figure 5F). These findings demonstrated that Ex-4@DFO NPs treatment restored the neuroinflammation in PD mice.

Conclusion
In this study, a biocompatible NP functionalized with SNc-targeting neuroprotective peptide Exendin-4 was developed to
transport the iron chelator DFO to brain for synergetic PD amelioration. The Ex-4@DFO nanosystem was found to be
efficiently internalized in both microglia and neuron cells in vitro. Both Ex-4@DFO and DP-Ex-4 NPs demonstrated the
properties of cytoprotection effect and inflammation suppression in vitro. Moreover, only Ex-4@DFO NPs administration
effectively rescued the neurological and neuroinflammatory damage in SNc, and ameliorated the PD-related mobility deficits.
All the results indicated that the self-oriented of targeted molecular Exendin-4 to SNc, the lesion area of PD mice,
ensured targeting drug delivery and therapeutic effect. In addition, the Exendin-4 modification not only improved the

biocompatibility of DFO, but also enhanced therapeutic effects synergistically by ameliorating neurobehavioral deficits,
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neuronal loss, and neuroinflammation. Our findings suggest that this self-oriented nanocarrier might become a promising
therapeutic strategy for PD treatment by synergistic effects of iron chelators and inflammatory suppression.
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