Lu et al. Zool. Res. 2024, 45(1): 108-124
https://doi.org/10.24272/j.issn.2095-8137.2023.101

Zoological
Research

Cath-KP, a novel peptide derived from frog skin, prevents
oxidative stress damage in a Parkinson’s disease model
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ABSTRACT

Parkinson’s disease (PD) is a neurodegenerative condition
that results in dyskinesia, with oxidative stress playing a
pivotal role in its progression. Antioxidant peptides may
thus present therapeutic potential for PD. In this study, a
novel cathelicidin peptide (Cath-KP; GCSGRFCNLF
NNRRPGRLTLIHRPGGDKRTSTGLIYV) was identified
from the skin of the Asiatic painted frog (Kaloula pulchra).
Structural analysis using circular dichroism and homology
modeling revealed a unique af conformation for Cath-KP.
In vitro experiments, including free radical scavenging
and ferric-reducing antioxidant analyses, confirmed its
antioxidant properties. Using the 1-methyl-4-
phenylpyridinium ion (MPP*)-induced dopamine cell line
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced PD mice, Cath-KP was found to penetrate cells
and reach deep brain tissues, resulting in improved MPP*-
induced cell viability and reduced oxidative stress-induced
damage by promoting antioxidant enzyme expression and
alleviating mitochondrial and intracellular reactive oxygen
species accumulation through Sirtuin-1 (Sirt1)/Nuclear
factor erythroid 2-related factor 2 (Nrf2) pathway activation.
Both focal adhesion kinase (FAK) and p38 were also
identified as regulatory elements. In the MPTP-induced PD
mice, Cath-KP administration increased the number of
tyrosine hydroxylase (TH)-positive neurons, restored TH
content, and ameliorated dyskinesia. To the best of our
knowledge, this study is the first to report on a cathelicidin
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peptide demonstrating potent antioxidant and
neuroprotective properties in a PD model by targeting
oxidative stress. These findings expand the known
functions of cathelicidins, and hold promise for the
development of therapeutic agents for PD.
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INTRODUCTION

Parkinson’s disease (PD), related to excessive levels of
reactive oxygen species (ROS) and oxidative injury, is the
most prevalent neurological condition worldwide after
Alzheimer’s disease (Bloem et al., 2021). In 2005, the number
of PD patients over 50 years of age in the 10 most populous
countries was 4.6 million, which is expected to increase to
9.3 million by 2030 (Dorsey et al., 2007). Current medications
are unable to halt degenerative progression in PD patients,
emphasizing the necessity for the identification and
development of novel, efficacious, and safe therapeutic
compounds. Neuropathologically, PD is characterized by the
formation of intracytoplasmic Lewy bodies and the selective
and progressive loss of dopaminergic (DA) neurons in the
substantia nigra pars compacta (SNpc) (Bloem et al., 2021).
While the precise etiology of PD remains unclear, imbalanced
redox homeostasis derived from mitochondrial dysfunction
and/or dopamine metabolism underpins both sporadic and
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idiopathic manifestations (Bloem et al., 2021). Furthermore,
various environmental toxins, such as 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxydopamine, and
rotenone, can compromise mitochondrial functionality, induce
DA neuron damage, and produce PD-like motor neurological
symptoms (Dauer & Przedborski, 2003). For example,
following systemic exposure, highly lipophilic MPTP can
rapidly cross the blood-brain barrier (BBB), convert into 1-
methyl-4-phenylpyridinium ions (MPP*) in astrocytes, and
suppress mitochondrial respiratory complex | (first enzyme of
the respiratory chain) within the mitochondria (Zeng et al.,
2020b). This can lead to diminished adenosine triphosphate
(ATP) generation and mitochondrial membrane potential
(Awm), as well as increased ROS formation, especially
superoxide (O,’), which can induce mitochondrial malfunction
and fragmentation, oxidative stress, and even death (Bloem
etal., 2021; Dauer & Przedborski, 2003). Many cell death-
related pathways, such as apoptosis, cell necrosis, and
ferroptosis, are associated with oxidative stress (Callizot et al.,
2019; Li et al., 2023; Qu et al., 2022). Among them, apoptosis
is considered the predominant programmed cell death
mechanism associated with PD (Tatton et al., 2003). Similarly,
dopamine metabolism is implicated in the increased
production of ROS in PD patients, thereby enhancing the
susceptibility of DA neurons to oxidative injury (Vidoni et al.,
2018). Therefore, antioxidants that are effective at scavenging
excessive free radicals or limiting their production have
received increasing attention in PD treatment due to the
significant role of ROS in this disease.

Amphibians inhabit harsh environments characterized by a
multitude of potential threats, including pathogenic microbes,
parasites, and physical and chemical stressors. Therefore,
their skin has evolved numerous glands that secrete diverse
defensive molecules, including peptides, a noted resource for
novel drug development (Mwangi et al., 2019; Qi et al., 2019;
Xu & Lai, 2015) or as important channels (Zhang et al., 2021).
Cathelicidins, unique to vertebrates, are multifaceted defense
peptides essential for immune regulation, inflammatory
response, wound healing, and blood vessel formation. Since
the discovery of cathelicidin-AL in Amolops loloensis in 2012
(Hao etal., 2012), more than 20 cathelicidins from 13
amphibian species have been reported. These peptides
exhibit a range of biological functions, including antimicrobial,
antioxidant, lipopolysaccharide (LPS) neutralization,
chemotaxis, antitumor, and wound healing activities (Cao
et al.,, 2018; Chai et al., 2021; Wei et al., 2013). While certain
cathelicidins, e.g., cathelicidin-PN (Pelophylax nigromaculata)
(Wang et al., 2021), cathelicidin-NV (Nanorana ventripunctata)
(Feng etal., 2022), cathelicidin-OA1 (Odorrana andersonii)
(Cao etal, 2018), and -cathelicidin-HR (Hoplobatrachus
rugulosus) (Wiriyaampaiwong et al., 2022), are known to
exhibit in vitro free radical scavenging and antioxidant activity
(Xu & Lai, 2015), their therapeutic effects and mechanisms
regarding neurodegenerative diseases, especially PD, remain
unexplored.

The Asiatic painted frog (Kaloula pulchra: Microhylidae),
characterized by a triangular-shaped body (55-77 mm long in
males and 56—76 mm long in females), is predominantly found
in low-altitude areas of South China and Southeast Asia (Fei
et al., 2012). Upon disturbance or capture, these frogs inflate
their bodies to a near-spherical shape and secrete a protective
white substance from their skin (Zhang etal.,, 2010).
Microhylid species, including K. pulchra, have been used in

traditional Chinese medicine for several centuries to alleviate
symptoms described as “dispelling wind”, a condition
associated with PD (Fauna CGOCMA, 1983). While previous
research has identified an antimicrobial peptide (brevinin-2KP)
and two trypsin inhibitors from the skin of microhylids (Conlon
& Kim, 2000; Gao et al., 2022; Zhang et al., 2010), no studies
have explored the presence of cathelicidins or antioxidants. In
this research, a novel cathelicidin (Cath-KP) with potent
antioxidant effects was identified from K. pulchra frog skin
secretions. Based on circular dichroism (CD) and homology
modeling, the secondary structure of the identified peptide
was determined. In vitro antioxidant properties were assessed
using 2,2’-azinobis-(3-ethylbenzthiazoline-6-sulphonate)
(ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging assays and ferric-reducing antioxidant power
(FRAP) analysis. The possible role of Cath-KP in neurological
diseases was explored by examining its underlying
mechanisms and effects on viability, delivery, mitochondrial
Awm, and ROS accumulation in MPP*-induced MN9D cells.
The neuroprotective effects of Cath-KP in MPTP-induced PD
mice were also evaluated. To the best of our knowledge, this
is the first cathelicidin demonstrated to show potent
antioxidant and neuroprotective properties in PD mice by
targeting oxidative stress. These findings may help guide the
development of innovative PD therapeutic agents and expand
our understanding of the biological functions of cathelicidins.

MATERIALS AND METHODS

Reagents and cells

Anti-TH (F-11, sc-25269), SOD-1 (24, sc-101523), SOD-2 (E-
10, sc-137254), and HO-1 (F-4, sc-390991) antibodies were
obtained from Santa Cruz Biotechnology (USA). Nrf2
(ab137550), Keap1 (ab227828), Bcl-2 (ab182858), and anti-
histone H3 (ab1791) antibodies were obtained from Abcam
(UK). Sirt1 (#9475), phospho-FAK (#3283), FAK (#13009),
phospho-p38 (#4511), and p38 (#14451) antibodies were
purchased from Cell Signaling Technology (USA). Bax
(50599-2-1g) was purchased from Proteintech Group (USA).
Human integrin a1 (FAB56761G) and 81 (FAB17781G) 488-
conjugated antibodies were purchased from R&D Systems
(USA). The GAPDH antibody (AB0037) was purchased from
Abways Technology (China). Goat anti-mouse IgG (H+L)
(DyLight 488 conjugate) (BA1126), goat anti-mouse IgG (H+L)
(DyLight 550 conjugate) (BA1133), and goat anti-rabbit IgG
(H+L) (DyLight 550 conjugate) (BA1135) secondary antibodies
were purchased from Boster Biological Technology (USA).
Tubulin antibody (AT819), actin antibody (AA128), horseradish
peroxidase (HRP)-labeled goat anti-rabbit 1gG (H+L)
secondary antibody, and HRP-labeled goat anti-mouse 1gG
(H+L) secondary antibody were purchased from Beyotime
Biotechnology (China). MPTP (M0896) and MPP* (D048)
were obtained from Sigma-Aldrich (USA). Cath-KP and
fluorescein isothiocyanate (FITC)-Cath-KP (>95% purity) were
synthesized, purified, and confirmed by GL Biochemistry
(China). The mouse DA neuronal cell line (MN9D) was
obtained from the American Type Culture Collection (ATCC,
USA) and maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, USA) with 10% fetal bovine serum (FBS,
Gibco, USA) and 1% penicillin-streptomycin-amphotericin B
solution ( P7630, Solarbio, China) in an incubator at 37 °C and
5% CO,. Human umbilical vein endothelial cells (HUVECSs)
obtained from ATCC were maintained in DMEM-F12 (Gibco,
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USA) with 10% FBS, growth factors, and 1% penicillin-
streptomycin-amphotericin B solution in an incubator at 37 °C
and 5% CO,. The Sirtuin-1 (Sirt1)-specific inhibitor EX527
(SI541, Selleck, USA) was dissolved in dimethyl sulfoxide
(DMSO).

Animals and ethical statement

Adult K. pulchra specimens (weighing 40-60 g) were collected
from Baiyun District, Guangzhou City, Guangdong Province,
China, and humanely sacrificed. Their skin tissue was
immediately removed and placed in liquid nitrogen until use.
Male C57BL/6 mice (8—10 weeks old, 25-30 g) were obtained
from BesTest Bio-Tech Co., Ltd. (Zhuhai, China) and housed
at the experimental animal center at Southern Medical
University under a 12:12 h light/dark cycle at 25+2 °C and
55%+10% humidity, with free access to food and water. Prior
to the studies, the animals were given at least one week to
acclimatize to their new environment. All animal procedures
were authorized by the Animal Care and Use Ethics
Committee of Nanfang Hospital (NFYY-2021-1074).

Molecular cloning and sequence analyses

Molecular cloning of Cath-KP-encoding cDNA followed our
previous studies, with minor modification (Chai et al., 2021;
Zeng et al., 2018). In brief, after obtaining the 5 fragments of
cDNA encoding the Cath-KP precursor through polymerase
chain reaction (PCR) amplification using the primer encoding
the cathelin domain and the 5 PCR primer from the SMART
cDNA Library Construction Kit, a sense primer (5-AAATG
CAGAGCTGCTGGTGGGGGGC-3') was synthesized and
coupled to the 3° PCR primer CDS Il from the same kit to
screen the full cDNA encoding Cath-KP. SignalP v.6.0
(http://www.cbs.dtu.dk/services/SignalP) was used to predict
the signal peptide. The Bioinformatics Resources Portal
(http://lwww.expasy.org/tools/) was used to determine the
physicochemical characteristics of Cath-KP. The Basic Local
Alignment Search Tool (BLAST) was used to identify
cathelicidin sequences with high homology to Cath-KP, which
were then aligned using ClustalW (http://embnet.vital-
it.ch/software/ClustalW.html). PEP-FOLD v.3.5 (http://bioserv.
rpbs.univ-paris-diderot.fr/services/PEP-FOLD3) was used to
predict the structure of Cath-KP.

CD analysis

The secondary structure and stability of Cath-KP under
different solvent conditions were determined using a
Chirascan-plus CD spectrophotometer (Applied Photophysics,
UK). Spectra (180-260 nm) were determined in a cuvette with
a 0.1 cm path length, bandwidth of 1 nm, response time of 1 s,
scan rate of 100 nm/min, and temperature of 25 °C. Cath-KP
was dissolved in 0, 30, 60, and 90 mmol/L sodium dodecyl
sulfate (SDS) solution or 60 mmol/L SDS solution with 0, 100,
200, and 400 mmol/lL NaCl at a final concentration of
50 ymol/L. To further determine the effect of temperature on
secondary structure stability, Cath-KP (final concentration of
50 ymol/L) was dissolved in 60 mmol/L SDS and incubated at
25, 37, 50, 70, and 90 °C for 1 h before measuring the CD
spectra. The CD data (deg-cm?dmol) were reported as the
mean residual ellipticity (0) of two successive scans.

Measurement of antioxidant activities in vitro

ABTS (S0119, Beyotime Biotechnology, China) and DPPH
(Sigma-Aldrich, USA) radical scavenging activity assays were
performed as reported previously, with slight modifications
(Zeng etal., 2020a). In brief, 10 pyL of phosphate-buffered
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saline (PBS) or Cath-KP (final concentrations ranging from
2.5-40 pmol/L) was added to a 96-well plate containing 200
puL of ABTS* or DPPH working solution and left at room
temperature for 16 min and 9 min, respectively. Absorbance
was detected at 734 nm and 517 nm using a microplate
reader (Infinite M1000 Pro, Tecan, Switzerland). Total
reducing power of Cath-KP was evaluated using a FRAP Kit
(S0116, Beyotime Biotechnology, China) according to the
methods described in our prior research, with minor
modification (Zeng et al., 2020a). Briefly, 5 uL of PBS or Cath-
KP (final concentrations ranging from 2.5-40 pmol/L) was
added to a 96-well plate with 180 pL of FRAP working solution
and left at room temperature for 5 min. Absorbance was
detected at 593 nm using a microplate reader. Total
antioxidant capacity was determined using a standard curve
and expressed as the equivalent concentration of FeSO,
solution. All assays were performed in triplicate.

PD mouse model induction

A MPTP-induced PD mouse model was established to
examine the potential neuroprotective effects of Cath-KP
based on previous reports (Zhang et al., 2017). In brief, mice
were administered an intraperitoneal injection of MPTP at a
dose of 30 mg/kg at around 0800h for 5 consecutive days to
establish a subacute PD mouse model. Control mice were
administered an intraperitoneal injection of sterilized 0.9%
saline. Simultaneously, mice were continuously administered
an intraperitoneal injection of 1 mg/kg of Cath-KP and 0.9%
saline at approximately 1600h for 6 consecutive days. On day
9 after the first dose, behavioral tests, including open field,
grasping, pole, and rotarod tests, were carried out to assess
mobility and anxiety, upper limb locomotion, anti-fatigue
ability, and motor coordination of mice. On day 12 after the
first dose, mice were anesthetized with 1% sodium
pentobarbital (50 mg/kg; Ceva Santé Animale, France). Blood
was removed with sterilized 0.9% saline and their brain
tissues were quickly removed for immunohistochemical,
immunofluorescence, and western blot analyses.

Behavioral study

All tests were performed between 0900h and 1400h and were
assessed by the same rater in an observation room under low-
intensity light. The mice were acclimated for at least 1 h prior
to the start of the tests. To prevent olfactory cues, all
equipment was cleaned with 10% ethanol between each
animal test.

Open field test: An open field test was conducted to assess
both movement and anxiety-related behaviors in mice. Each
mouse was individually placed at the center of a box (50
cmx50 cmx40 cm) and videotaped for 10 min using
EthoVision XT software (China). Parameters such as total
distance traveled, total duration of activity, and distance
traveled in the center were noted.

Grasping test: A grasping test was used to assess the motor
capacity of the forelimbs of mice. In brief, mice were
suspended by their two front paws on a horizontal cable
(diameter 1 mm, 30 cm from the ground). The duration for
which the mice remained suspended was recorded.

Rotarod test: An accelerated rotarod test was used to
determine endurance capacity of mice. In brief, mice were
trained twice daily for three days on a TSE Rotarod (TSE
Systems, Bad Homburg, Germany) at a speed of 5 r/min. In
the formal experiments, the time to fall was recorded as the
speed of the spinning rod gradually accelerated from 0 to 30
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r/min over 5 min.

Pole-climbing test: A pole-climbing test was implemented to
assess motor coordination of the mice. In brief, mice were
positioned at the top of a vertical pole (55-cm length, 1-cm
diameter), facing downwards. Prior to the formal experiment,
mice received three days of training. The total time required to
descend to the base was recorded.

Cell viability assay

MN9D cells (3%10° cells/well) were grown in 96-well plates
(Corning, Germany) for 24 h at 37 °C, then incubated with
Cath-KP (0-5 pmol/L), MPP* (0— 1 mmol/L), and MPP* (1
mmol/L) plus Cath-KP (0-5 pmol/L) for another 24 h at 37 °C.
After that, cell viability was determined using CCK-8 reagent
(C0037, Beyotime Biotechnology, China) following the
manufacturer's manual. A multifunctional microwell plate
tester (Infinite 200 Pro, Tecan Group AG, Switzerland) was
used to detect absorbance at 450 nm. All experiments were
repeated at least three times.

Intracellular ROS detection of live cells

The conversion of non-fluorescent 2,7-
dichlorodihydrofluorescein  (DCFH) to fluorescein by
intracellular ROS can serve as the basis for measuring
intracellular ROS, with increased levels reflected by
fluorescence intensity. Here, MN9D cells seeded in black 96-
well plates (3x10° cells/well) were washed with PBS three
times and stained with 20 pmol/L DCFH-DA (S0033M,
Beyotime Biotechnology, China) for 2 h at 37 °C after the
incubation experiments (Chai etal,, 2022). Intracellular
fluorescence intensities were measured using an IX73
Inverted Microscope (Olympus, Japan) and FACScan flow
cytometry (Becton Dickinson Company, USA).

Mitochondrial ROS detection of live cells

MNOD cells (3x10° cells/well) were treated with 1 mmol/L
MPP* and/or 5 uymol/L Cath-KP for an additional 24 h after
being grown in 96-well plates for 24 h at 37 °C. MitoSOX
(M36008, Thermo Fisher Scientific, USA) and Hoechst 33258
staining (C1017, Beyotime Biotechnology, China) solutions
were added. After incubation for 15 min at 37 °C, the cells
were washed three times, and images were scanned using an
IX73 Inverted Microscope (Olympus, Japan).

Mitochondrial Agm detection of live cells

MNID cells (3x10° cells/well) were treated with 1 mmol/L
MPP* and/or 5 pmol/L Cath-KP for an additional 24 h after
being grown in 96-well plates for 24 h at 37 °C. The cells were
then stained with JC-1 (C2003S, Beyotime Biotechnology,
China) after washing three times with PBS (pH 7.4). The Aym
of labeled cells was determined using flow cytometry or
fluorescence microscopy, with green fluorescence signals (J-
Monomers) indicating low Aym and red fluorescence signals
(J-Aggregates) indicating high Aym.

Intracellular superoxide dismutase (SOD), catalase (CAT),
and nitric oxide (NO) detection assays

MN9D cells (3x10° cells/well) were treated with 1 mmol/L
MPP* and/or 5 pmol/L Cath-KP for an additional 24 h after
being grown in 6-well plates for 24 h at 37 °C. The cells were
then collected and split with RIPA lysis buffer (P0013,
Beyotime Biotechnology, China). According to the
manufacturer’s instructions, levels of SOD, CAT, and NO were
detected using assay kits (Cu/Zn-SOD and Mn-SOD Assay Kit
with  WST-8 (S0103), Catalase Assay Kit (S0051), and
Nitrate/Nitrite Assay Kit (S0023), respectively) from Beyotime

Biotechnology (China).

Immunohistochemistry and immunofluorescence assays
A freezing microtome (CM1950, Leica, Germany) was used to
slice embedded mouse brains into 7 ym slices, which were
then incubated with appropriate primary antibodies overnight
at 4 °C. After that, brain slices were treated with fluorescent-
labeled secondary antibodies and 4’,6-diamidino-2-
phenylindole (DAPI) for the immunofluorescence test. Images
were scanned using a confocal laser scanning microscope
(LSM 980, Zeiss, Germany). Quantitative analyses were
carried out using ImageJ software. For immunohistochemical
analysis, the brain slices were exposed to biotin-tagged
secondary antibodies and stained with diaminobenzidine
(DAB). Stereomicroscopy (N23977, Zeiss, Germany) was
used to scan the images.

Western blot assay

MNOD cells (3x10° cells/well) were treated with 1 mmol/L
MPP* and/or 5 pmol/L Cath-KP for an additional 24 h after
being seeded into 6-well plates for 24 h. Total proteins were
extracted from the cells and substantia nigra tissue using
RIPA lysis buffer (P0O013, Beyotime Biotechnology, China),
then quantified using a BCA Protein Assay Kit (P0010,
Beyotime Biotechnology, China) before western blotting was
carried out according to our previous study (Chai et al., 2021).
Primary antibodies against TH, B-cell ymphoma 2 (Bcl-2), Bcl-
2 associated X (Bax), Sirt1, Nuclear factor erythroid 2-related
factor 2 (Nrf2), Heme oxygenase 1 (HO-1), Kelch-like ECH-
associated protein 1 (Keap1), SOD-1, SOD-2, phospho-focal
adhesion kinase (FAK), FAK, phospho-p38, p38, actin,
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
histone H3, tubulin, and HRP-conjugated secondary
antibodies were applied for western blot analysis. Immobilon
western chemiluminescent HRP substrate (Millipore, USA)
was used to incubate the attached antibodies, and Tanon
5200 (China) was used to detect chemiluminescence. ImageJ
was used to determine optical density of the bands. All
experiments were performed in triplicate.

Peptide internalization analysis

For fluorescence intensity detection, MNOD cells (1x10°
cells/well) were cultured overnight in 24-well plates, then
subsequently treated with FITC-Cath-KP (0, 2.5, and 5
pmol/L) for 3 h at 4 °C or 37 °C and assayed using confocal
laser scanning microscopy (LSM 980, Zeiss, Germany) and
FACScan flow cytometry (Becton Dickinson Company, USA).
To evaluate its effect of heparin sulphate on FITC-Cath-KP
internalization, heparin sulphate (50 pg/mL) was preincubated
with 5 pmol/L FITC-Cath-KP for 30 min, followed by co-
incubation with the cells for another 3 h and flow cytometry
analysis. All experiments were performed in triplicate.

Assessment of brain targeting delivery

Male C57BL/6 mice received an intraperitoneal injection of
FITC-Cath-KP (1 mg/kg) and were then anesthetized at 0, 2,
and 6 h post-injection with 1% sodium pentobarbital. Blood
was removed with sterilized 0.9% saline and 4%
paraformaldehyde via cardiac perfusion. Brains were
surgically removed, embedded in paraffin, cut into 7 pym
sections using a Leica CM1950 freezing microtome, and
stained with tyrosine hydroxylase (TH) antibodies and DAPI.
The SNpc slices were immediately scanned using an 1X73
Inverted Microscope (Olympus, Japan). Control mice received
an intraperitoneal injection of sterilized 0.9% saline.

Zoological Research 45(1): 108—124, 2024 111



Statistical analysis

Statistical analyses were performed using GraphPad Prism
v.9.0 (GraphPad Software, USA). All data were evaluated
using unpaired Student’s t-test and ordinary one-way analysis
of variance (ANOVA) with Bonferroni’s multiple comparison
test. Ten individuals from each group were used for the
behavioral tests. Three to five samples from each group were
used for in vivo immunofluorescence, immunohistochemical,
and western blot analyses. Three individuals per group were
employed for in vitro western blot and immunofluorescence
assays. Values are given as meanztstandard error of the mean
(SEM). Significant P-values were determined at : P<0.05;
P<0.01; ™": P<0.001; ™": P<0.0001.

RESULTS

Identification and structural analysis of Cath-KP

The cDNA sequence of Cath-KP was derived from K. pulchra
skin using a PCR-based technique. As shown in Figure 1A,
the Cath-KP precursor, encoded by 540 base pairs, consisted
of 169 amino acid residues and shared high sequence
similarity to antimicrobial peptides (AMPs) in the cathelicidin
family based on a NCBI BLAST search and sequence
alignment, showing 58.49%, 57.89%, and 57.89% homologies
with cathelicidin-HR (H. rugulosus), cathelicidin-PY1 (Paa
yunnanensis), and cathelicidin-NV  (N. ventripunctata),
respectively (Figure 1B). However, the mature peptide, named
Cath-KP (GCSGRFCNLFNNRRPGRLTLIHRPGGDKRTS
TGLIYV) after its classical RR protease cleavage site, showed
no similarity with any reported AMP (Figure 1B). The
theoretical isoelectric point (Pl) of Cath-KP was 11.35,
indicating a positive charge under physiological conditions.

The relative mass of Cath-KP was 4 131.70 Da, while the
relative mass of FITC-Cath-KP was 4 636.35 Da
(Supplementary Figure S1).

The structure of Cath-KP was predicted using the PEP-
FOLD3 method. The structure exhibited an a8 conformation,
with an a- helix (Arg-5-Asn-11) in the N-terminal and a -
hairpin (Leu-18-Asn-Val-37) at the C-terminal (Figure 1C).
Notably, an RTS sequence, typically recognized as a
disintegrin motif, was located in the loop between two -
strands. Consistent with the predicted results, Cath-KP in
aqueous solution showed a broad negative peak near 200 nm,
indicative of an unfolded peptide in equilibrium with a B-sheet
structure (Eiriksdottir et al., 2010). Upon dissolution in SDS
solution, the negative minimum of Cath-KP shifted from 200
nm to 206 nm, indicative of enhanced secondary structure
formation. Results from CD spectral analysis showed that
Cath-KP contained 5.40% a- helices, 38.30% B-sheets,
21.90% turns, and 38.30% random coils in aqueous solution,
with the a- helix ratio increasing gradually with SDS
concentration from 540% to 7.80% (Figure 1D;
Supplementary Table S1). As shown in Figure 1E, F and
Supplementary Table S1, increasing NaCl concentrations
disrupted the secondary structure components of Cath-KP, as
evidenced by the increase in a-helix ratio and decrease in -
sheet ratio. In contrast, increasing temperature resulted in
minimal alterations in CD spectra, indicating that Cath-KP was
stable at high temperature but sensitive to high salt
concentrations.

Cath-KP improved motor performance in MPTP-treated
mice and reversed DA neuron loss

The prominent clinical manifestation of PD is the impairment
of motor function. Prior to the formal experiments, preliminary

Figure 1 Sequence characterization and secondary structure determination of Cath-KP
A: cDNA encoding Cath-KP and deduced amino acid sequences. Signal peptide is marked in gray, RR residues are shown in bold and italic. Mature

peptide sequence is boxed, and stop codon is denoted by an asterisk (*). Nucleotide and amino acid numbers are shown after sequence. B:

Alignment of cathelicidin peptides from amphibians. To better present sequence identity, hyphens (-) have been added to some sequences to

indicate residue deletion. Same and highly conserved residues are represented in black and shadows, respectively. All mature peptide domains are
boxed. C: Cartoon image of Cath-KP conformation with labeled N and C termini and RTS motif in red. CD spectra of Cath-KP dissolved in: D: SDS

solutions; E: temperatures; or F: NaCl solutions.
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animal studies were conducted using varying doses of Cath-
KP (0.5, 1, and 2 mg/kg) to determine the most appropriate
dosage for use in vivo. As shown in Supplementary Figure S2,
1 mg/kg of Cath-KP vyielded the best improvement in
dyskinesia in PD mice. Furthermore, no significant hepatic or
renal toxicity was observed in the mice at this dose
(Supplementary Figure S3). Thus, 1 mg/kg of Cath-KP was
selected as the optimal concentration for subsequent animal
experiments. The open field, grasping, pole, and rotarod tests
were used to assess the effects of Cath-KP on MPTP-induced
motor impairment in mice (Figure 2A). As shown in Figure 2B,
MPTP administration markedly decreased locomotor activity in
the open field test. Furthermore, total distance of spontaneous
motion, number of spontaneous activities, and central distance
of spontaneous motion in MPTP-treated mice decreased by
50.00%, 23.52%, and 69.95%, respectively, compared to the
control group in the open field test(Figure 2C—E), suggesting

that MPTP exposure impaired motor coordination.
Additionally, compared to the corresponding control groups,
MPTP injection led to reductions in the average holding time
and time spent on the rotarod by 76.78% and 69.03%,
respectively (Figure 2F, G). The pole-climbing test was utilized
to evaluate mouse coordination and balance. Results revealed
that the MPTP administration extended the pole-climbing time
by 153.25% relative to the control group (Figure 2H). In
comparison to the MPTP-only group, Cath-KP treatment at
1 mg/kg ameliorated motor dysfunction in PD mice. Notably,
total distance of spontaneous motion increased from 16.17 m
to 26.24 m, number of spontaneous activities increased from
865.80 to 1 009.10, and central distance of spontaneous
motion increased from 1.78 m to 4.32 m in the open field test
(Figure 2C—-E), average holding time and time spent increased
from 6.20 s to 16.10 s and 32.80 s to 75.80 s in the grasping
and rotarod tests (Figure 2F, G), while climbing time

Figure 2 Cath-KP decreased motor dysfunction and dopaminergic (DA) neuron degeneration in Parkinson’s disease (PD) mice
A: Experimental design involving Cath-KP treatment (intraperitoneal (i.p.) 1 mg/kg/day) in MPTP-induced PD mice (i.p. 30 mg/kg/day). B: Travelled

trace in open area. C—E: Analysis of total distance, number of activities, and central distance in open field test (n=10). F-H: Analysis of grasping,

rotarod, and pole-climbing tests (n=10). |, K, L: Immunohistochemical staining and analysis of TH-positive neurons in the striatum and SNpc (n=5).

Borders of the SNpc are shown by ellipses and the box represents further enlarged area. Scale bar: 1 mm for images in the striatum; 800, 100, and
50 um for images in the SNpc (from left to right). J, M—P: Representative western blot images and analysis of TH, Bax, and Bcl-2 expression levels
in the SNpc (n=3). Data are represented as meanstSEM with ordinary one-way ANOVA. ns: Not significant. #: P<0.05, ##. P<0.001, and ##:
P<0.0001 vs. Control. : P<0.05, ™: P<0.01, ™": P<0.001, and ™": P<0.0001 vs. PD models.
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decreased from 19.50 s to 13.40 s in the pole-climbing test
(Figure 2H). Thus, these findings demonstrate the potential
benefits of Cath-KP in treating motor dysfunction.

The primary pathological feature of PD is the loss of DA
neurons in the SNpc and a consequent reduction in dopamine
levels in the striatum. The potential protective effects of Cath-
KP on DA neurons in the SNpc following MPTP administration
were assessed. As shown by TH immunohistochemical
analysis (Figure 2I), SNpc DA neuronal degeneration was
clearly observed in the brains of the MPTP group. Post-MPTP
exposure, a marked decrease in DA neurons was detected, as
evidenced by immunohistochemical analysis of TH-positive
cell terminals in the striatum (Figure 2K) and SNpc
(Figure 2L). These findings were confirmed by western blot
analysis (Figure 2J), revealing a 76.62% reduction in TH
protein expression in the model group compared to the control
group (Figure 2M). Notably, Cath-KP treatment reversed these
changes both histologically (725.87% increase in the striatum
and 120.95% increase in the SNpc) and at the protein
expression level (2.57-fold increase in the SNpc).

To explore whether the protective effects of Cath-KP on DA
neuron loss induced by MPTP in the SNpc were associated
with its anti-apoptotic effects, the concentrations of Bax and
Bcl-2 in the SNpc were determined by western blot analysis.
As illustrated in Figure 2N-P, MPTP exposure significantly
reduced Bcl-2 expression but increased Bax expression, and
thus induced apoptosis in the SNpc. Cath-KP treatment
reversed the MPTP-induced changes in Bax protein
expression in the SNpc, but not that of Bcl-2 (Figure 2N-P).
These findings suggest that the protective effects of Cath-KP
against PD are, at least partially, mediated by inhibition of
SNpc apoptosis.

Cath-KP enhanced TH expression in MPP*-induced MN9D
cells
To further explore the protective mechanism of Cath-KP
against MPTP-induced DA neuron loss in mice, we assessed
its effects on TH expression, a cytoplasmic marker of DA
neurons (Daubner et al., 2011), in MN9D cells. As depicted in
Figure 3A, B, the cultured MN9D cells exhibited TH-positive
staining and showed a 76.99% reduction in fluorescence
intensity after MPP* treatment relative to the control group.
Notably, this reduction in MPP*-treated cells was ameliorated
(2.04-fold increase) following Cath-KP treatment, which did
not affect the MNOD cells without MPP* treatment when
comparing the model and control groups. Furthermore,
western blot analysis demonstrated a 45.89% decrease in TH
protein content in the MN9D cells exposed to MPP* compared
to the control group; however, Cath-KP treatment significantly
attenuated this reduction by 1.59-fold (Figure 3C, D). These
results not only validate the utility of MN9D cells for
subsequent mechanistic studies but also suggest that Cath-
KP offers neuronal protection against MPP+ damage.
Decreased TH levels are closely associated with the
progression of DA neuron death (Daubner etal., 2011). To
further explore whether Cath-KP can mitigate the death of
MN9D cells induced by MPP~, cell viability was measured. As
shown in Figure 3E, Cath-KP did not exhibit cytotoxicity to
MNOD cells, even at doses of 5 umol/L after 24 h.
Furthermore, MPP* inhibited MN9D cell proliferation
concentration dependently, with an ECsy value of
approximately 1 mmol/L (Figure 3F). In contrast, Cath-KP
attenuated the cytotoxic effects of MPP* on MN9D cells in a
concentration-dependent manner, with cell viabilities
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enhanced by 2.37%, 32.33%, and 60.85% when co-incubated
with 1.25, 2.5, and 5 ymol/L of Cath-KP and 1 mmol/L of
MPP* for 24 h (Figure 3G). To explore the mechanism by
which Cath-KP suppressed MPP*-induced DA neuron death,
MNOD cell apoptosis was analyzed. As illustrated in
Figure 3H-J, treatment with MPP* markedly reduced Bcl-2
expression and increased Bax expression, thus inducing
MNSOD cell apoptosis. However, Cath-KP administration
reversed the MPP*-induced changes in Bcl-2 and Bax protein
expression in the MN9D cells (Figure 3H-J). Together, these
findings indicate that the neuroprotective effects of Cath-KP
against PD are, at least partially, achieved by preventing
mitochondrial apoptosis.

Cath-KP attenuated oxidative stress in MN9D cells based
on antioxidant activity

MPP* can induce mitochondrial ROS generation, leading to
the accumulation of intracellular ROS and ultimately to
neurotoxicity in DA neurons (Subramaniam & Chesselet,
2013). Therefore, the effects of Cath-KP on intracellular and
mitochondrial ROS levels in MN9D cells were measured. As
displayed in Figure 4A, D, green fluorescence intensity,
reflecting intracellular ROS levels, was significantly increased
after MPP* treatment. This elevation was significantly
suppressed by the addition of Cath-KP. These findings were
confirmed by representative flow cytometry analysis of ROS
generation (Supplementary Figure S4A). In parallel, Cath-KP
alleviated MPP*-induced accumulation of mitochondrial ROS
in MN9D cells (Figure 4B, E).

ROS generation is closely related to mitochondrial Aym. A
reduction in Aym is indicative of mitochondrial malfunction,
under oxidative stress, and apoptosis. As shown in Figure 4C
and F, prominent red fluorescence was observed in all cells,
while green fluorescence was absent in the control cells and
those treated with Cath-KP only. MPP* treatment led to a
reduction in the red/green fluorescence ratio, indicating a
decline in Aym. Nevertheless, co-treatment with Cath-KP (5
pmol/L) effectively reversed this ratio. Similar findings were
obtained by representative flow cytometry analysis of
mitochondrial Aym (Supplementary Figure S4B). In
accordance with its modulation of ROS levels, Cath-KP
enhanced the activities of SOD and CAT, which function as
cellular antioxidants, while diminishing the activity of NO,
which inhibits complex | of the mitochondrial electron transport
chain to facilitate ROS generation (Figure 4G-l) (Aquilano
et al., 2008; Bloem et al., 2021).

In investigating the underlying mechanism for the
antioxidant effects of Cath-KP in MPP*-induced MN9D cells,
the in vitro antioxidant activity of Cath-KP was further
assessed. As shown in Figure 4J, K, Cath-KP was scavenged
ABTS and DPPH radicals in a dose-dependent manner.
Specifically, 40 pmol/L Cath-KP eliminated approximately
64.92% of ABTS radicals at 16 min and 26.47% of DPPH
radicals at 9 min. Consistently, as shown in Figure 4L, the
capacity of Cath-KP to reduce Fe®* was improved with
increasing concentration. Together, these findings indicate
that Cath-KP exhibits antioxidant activity, diminishes ROS
accumulation and its mitochondrial damage, and suppresses
MPP*-induced neuron death via inhibition of the mitochondrial
apoptotic pathway.

Cath-KP modified the Sirt1/Nrf2 and FAK/p38-mediated
pathways
The effects of Cath-KP on the Sirt1/Nrf2 pathway, which is



Figure 3 Cath-KP attenuated the decrease in tyrosine hydroxylase (TH) protein levels and reduced apoptosis of MPP*-treated MN9D cells
A, B: Example images from confocal laser scanning microscopy (A) and quantification of TH expression (B) in MN9D cells. MN9D cells were
incubated with Cath-KP (5 pmol/L) for 24 h with MPP* (1 mmol/L) present or absent before representative confocal laser scanning microscopy. TH,

green fluorescence; DAPI, blue fluorescence. Scale bar: 50 um for original and 10 pm for magnified images. C, D: Representative blots (C) and
quantification analysis (D) of TH expression levels in MPP* (1 mmol/L) and Cath-KP (5 uymol/L)-treated MN9D cells. E-G: Viability of MN9D cells
treated with Cath-KP (0-5 pumol/L), MPP* (0—1 mmol/L), J”and MPP* (1 mmol/L) plus Cath-KP (0-5 umol/L) for 24 h. H-J: Representative western
blot images (H) and statistical analysis of Bcl-2 (1) and Bax (J) expression levels in MN9D cells. Data are represented as means+SEM with Student’
s t-test and ordinary one-way ANOVA (n=3). ns: Not significant. *#: P<0.01, ##: P<0.001, and ##: P<0.0001 vs. Control. ": P<0.05, “: P<0.01, and

" P<0.0001 vs. PD models.

reported to control inflammatory reactions and redox
homeostasis (Fao et al., 2019), were evaluated. As shown in
Figure 5A, C, the expression levels of Sirt1, Keap1, Nrf2,
SOD-1, SOD-2, and HO-1 in MN9D cells were markedly
down-regulated by MPP* treatment compared to the control
group. In contrast, their expression levels were substantially

elevated by Cath-KP treatment compared to MPP* treatment
(Figure 5A, C). Notably, preincubation with the Sirt1-specific
inhibitor EX527 (1 ymol/L) abolished the Cath-KP-enhanced
expression levels of Sirt1, Nrf2, SOD-1, and SOD-2 in the
MPP*-treated MN9D cells (Supplementary Figure S5).
Consistently, as illustrated in Figure 5B, D, MPTP attenuated
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Figure 4 Cath-KP attenuated oxidative stress in MN9D cells based on its antioxidant activity

A, D: Representative fluorescence images (A) and quantitative analysis (D) of intracellular ROS generation in MPP* and Cath-KP-treated MN9D
cells. Intracellular ROS, green fluorescence; BF: Bright Field. Scale bar: 20 pym. B, E: Representative fluorescence images (B) and quantitative
analysis (E) of mitochondrial ROS generation in MPP* and Cath-KP-treated MN9D cells. Mitochondrial ROS, red fluorescence; Hoechst, blue
fluorescence. Scale bar: 20 uym. C, F: Representative fluorescence images (C) and quantitative analysis (F) of mitochondrial Aym in MPP* and
Cath-KP-treated MN9D cells. J-Mono: J-Monomers, green fluorescence; J-Aggr: J-Aggregates, red fluorescence. Scale bar: 20 ym. G-I: Contents
of SOD, CAT, and NO in MPP* and Cath-KP-treated MN9D cells. J, K: ABTS and DPPH radical scavenging activity. L: FRAP antioxidant activity.
Data are represented as meanstxSEM (n=3) with ordinary one-way ANOVA. ##*. P<0.001 and ##*. P<0.0001 vs. Control. : P<0.05, ™: P<0.01,
™. P<0.001, and """: P<0.0001 vs. PD models.
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Figure 5 Modification of the Sirt1/Nrf2-mediated pathway by Cath-KP

A, C: Representative images (A) and quantification analysis (C) of western blots, detecting protein expression levels of Sirt1, Keap1, HO-1, Nrf2,
SOD-1, and SOD-2 in MN9D cells incubated with MPP* and Cath-KP. B, D: Representative images (B) and quantification analysis (D) of western
blots, detecting protein expression levels of Sirt1, Keap1, HO-1, Nrf2, SOD-1, and SOD-2 in mice treated with MPTP and Cath-KP. Data are
represented as means+SEM (n=3) with ordinary one-way ANOVA. ns: Not significant. . P<0.05 and #: P<0.01 vs. Control. = P<0.05 vs. PD

models.

the expression levels of Sirt1, Nrf2, SOD-2, and HO-1 in the
SNpc of mice. These effects were reversed by Cath-KP co-
treatment. Interestingly, the expression levels of Keap1 and
SOD-1 were not changed under MPTP treatment but were
significantly elevated in the peptide-treated group.

Research has indicated that ROS regulates the activation of
p38 and FAK (Féo etal, 2019; Qin & Rodrigues, 2012).
Therefore, we examined the potential impact of Cath-KP on
the expression and phosphorylation of p38 and FAK in MPP*-
treated MN9D cells and in the SNpc of mice. As shown in
Figure 6A, C, D, compared to the control, MPP* treatment
markedly increased the phosphorylation of p38 but had no
effect on its total protein expression. In contrast, MPP*
treatment markedly decreased the phosphorylation of FAK,
although also had no effect on its total protein level. However,
the effects of MPP* on the phosphorylation of p38 and FAK
were significantly mitigated by Cath-KP, aligning with
observations in the SNpc of mice (Figure 6B, E, F).

Cath-KP promoted nuclear translocation of Nrf2

Typically, upon exposure to oxidative stress, Nrf2 undergoes
translocation to the nucleus and interacts with antioxidant
response elements (AREs), thus initiating the transcription of
multiple antioxidant genes. Analysis of changes in red

immunofluorescence intensity co-localized with blue DAPI
revealed that MPP* treatment decreased nuclear Nrf2 levels
and increased cytoplasmic Nrf2 levels (Figure 7A, C). Notably,
these changes were reversed by Cath-KP treatment. Western
blot analysis confirmed that MPP* treatment significantly
decreased Nrf2 content in the nucleus while increasing its
content in the cytoplasm, indicating suppression of nuclear
translocation (Figure 7B, D). In contrast, Cath-KP enhanced
the nuclear translocation of Nrf2 in the MPP*-treated MN9D
cells.

Cath-KP was cell-permeable and delivered to deep brain
tissues

To ascertain the ability of Cath-KP to penetrate MN9D cells
and exert antioxidant protection, the fluorescence emitted from
FITC-Cath-KP incubated with MN9D cells was measured.
Confocal microscopy (Figure 8A), with TH antibody
fluorescence indicating cytoplasmic localization and DAPI
fluorescence representing nuclear localization, revealed that
FITC-Cath-KP  effectively traversed the cytoplasmic
membrane and entered the MN9D cells in a concentration-
dependent manner relative to the control after 3 h of
incubation (Figure 8A). Further examination was conducted to
determine the influence of temperature on the internalization
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Figure 6 Modification of the FAK/p38-mediated pathway by Cath-KP

A, C, D: Representative images (A) and quantification analysis (C, D) of western blots, detecting protein expression levels of FAK and p38 in MN9D
cells treated with MPP* and Cath-KP. B, E, F: Representative images (B) and quantification analysis (E, F) of western blots, detecting protein
expression levels of FAK and p38 in mice treated with MPTP and Cath-KP. Data are represented as meanstSEM (n=3) with ordinary one-way
ANOVA. ns: Not significant. #: P<0.05 and #: P<0.01 vs. Control. : P<0.05 and "": P<0.001 vs. PD models.

of FITC-Cath-KP. As shown in Figure 8B and Supplementary
Figure S6A, B, FITC-Cath-KP entered the MN9D cells in a
concentration-dependent manner. At 4 °C, cellular uptake was
reduced by approximately 30% (2.5 pmol/L) and 39% (5
pmol/L) compared to uptake at 37 °C after 3 h of incubation,
suggesting an energy-dependent and thermosensitive
transport mechanism for Cath-KP across the MN9D cell
membrane. Cell-penetrating peptides often first interact with
heparin sulphate, a crucial component of cell membranes
(Kim et al., 2015). Thus, we further examined whether heparin
sulphate can affect FITC-Cath-KP absorption by cells.
Compared to the FITC-Cath-KP only group, the internalization
of FITC-Cath-KP was decreased by 39.38% after 30 min with
50 pg/mL heparin pretreatment (Figure 8B; Supplementary
Figure S6C). Collectively, these findings suggest that Cath-KP
may utilize endocytosis as its primary mechanism of entry into
MN9D cells.

To evaluate the potential of Cath-KP to be delivered to brain
tissue, brain sections were examined at 2 and 6 h following
injections of diluent, FITC only, and FITC-Cath-KP. As shown
in Figure 8C, FITC-Cath-KP was distributed into brain tissue
and partially co-located with DA neurons, as evidenced by the
green and red fluorescence from FITC-Cath-KP and TH
antibody, respectively. Moreover, the fluorescence intensity of
the FITC-Cath-KP samples at 2 h post-injection was higher
than that at 6 h post-injection, indicating that Cath-KP can be
non-selectively delivered to deep brain tissues within 2—6 h,
with the peak at 2 h.

DISCUSSION

Amphibian skin plays a pivotal role in host defense and
contains multiple bioactive peptides with antimicrobial, anti-
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inflammatory, antitumor, and antioxidant properties (Xu & Lai,
2015). Among frogs belonging to the Microhylidae family, only
a limited number of peptides have been identified, namely
Brevinin-2KP and two trypsin inhibitors (Conlon & Kim, 2000;
Gao etal.,, 2022; Zhang etal., 2010). In this study, we
identified a novel peptide (Cath-KP) with antioxidant activity
from the skin of K. pulchra frogs. Typically, frog skin bioactive
peptide precursors contain an evolutionarily conserved N-
terminal signal peptide, an acidic spacer region, and a C-
terminal bioactive peptide, which undergo proteolytic cleavage
at the KR or RR sites (Xu & Lai, 2015). The precursor of Cath-
KP also exhibited this structure. Thus, the sequence following
the cathelin domain, ending at the basic RR residues
(GCSGRFCNLFNNRRPGRLTLIHRPGGDKRTSTGLIYV), was
considered the mature peptide and a new member of the
cathelicidin family. Most antimicrobial cathelicidins, including
Cath-MH, cathelicidin-PY, and LL-37, contain high
amphipathic a- helices in membrane-mimetic environments
(Chai etal., 2021; Sancho- Vaello etal.,, 2017; Wei etal.,
2013). In contrast, secondary structure modeling, helix-wheel
analysis, and CD spectra results demonstrated that Cath-KP
lacked this feature, despite its high net charge of 6 at neutral
pH (Figure 1C; Supplementary Figure S7), causing the loss of
antimicrobial activity (data not shown). Critical residues such
as leucine, proline, phenylalanine, tyrosine, methionine,
tryptophan, and free cysteine, capable of donating protons to
radicals with low electron density, underpin the functionality of
amphibian antioxidant peptides (Chai et al., 2022; Guo et al.,
2014; Krishnan etal., 2008; Yang etal.,, 2009; Zeng et al.,
2020a). Here, the primary sequence of Cath-KP consisted of
eight hydrophobic amino acids, including four leucine
residues, two proline residues, one phenylalanine residue, and
one tyrosine residue (Figure 1A). Thus, we hypothesized that



Figure 7 Nuclear translocation of Nrf2 by Cath-KP

A-D: Immunofluorescent staining (A), western blot analysis (B), and quantification (C, D) showing nuclear translocation of Nrf2 in MN9D cells. Nrf2,

red fluorescence; DAPI, blue fluorescence. Scale bar: 10 um for original images and 5 uym for magnified images in (A). Data are represented as
meansxSEM (n=3) with ordinary one-way ANOVA. #: P<0.05, #: P<0.01, and ##*: P<0.0001 vs. Control. ": P<0.05, ™: P<0.01, and ™": P<0.001 vs.

PD models.

Cath-KP possessed antioxidant activity, as confirmed by
ABTS, DPPH, and FRAP assays and oxidative stress
measurement in MPP*-treated cells (Figure 4; Supplementary
Figure S4). Interestingly, prolonged exposure to sunlight and
strong ultraviolet radiation may contribute to the development
and production of antioxidant peptides in amphibians (Guo
et al., 2014; Yang et al., 2009). We previously discovered an
antioxidant peptide from Fejervarya limnocharis , a frog
species that shares the same habitat as K. pulchra in tropical
solar radiation-exposed Guangdong Province in a low-
elevation region (N23.12°, E113.28°) (Chai etal., 2022).
Therefore, our results provide further evidence that the
development of antioxidant peptides is linked to ultraviolet
exposure and the presence of antioxidant peptides reflects the
adaptation of frog species to a specific environment (Chai
etal., 2022; Guo etal., 2014; Liu etal.,, 2010; Yang et al.,
2016).

MPTP/MPP* models have been widely used to assess
pathology, pharmacology, and drug metabolism in PD (Dauer
& Przedborski, 2003; Zhang etal., 2017). In this research,
MPP*-stimulated MN9D cells and MPTP-induced mice were
used as PD models to explore the neuroprotective effects of
Cath-KP in vitro and in vivo. Consistent with previous findings
that MPP* can damage proteins, lipids, and mitochondria,
consequently altering the status of brain antioxidant enzymes
(Dauer & Przedborski, 2003; Zhang et al., 2017) and inducing
Parkinsonian syndrome and behavioral deficits (Tillerson
etal.,, 2002; Watanabe etal., 2008), our results showed a
remarkable decrease in MPP*-induced MN9D cell viability,
paralleling a decrease in mitochondrial Awm and increase in
intracellular and mitochondrial ROS levels (Figures 3E-G,

4A-F). Results also showed a concurrent decrease in the
levels of antioxidant enzymes, including SOD and CAT
(Figure 4G-I). Motor deficits and cognitive impairments in the
MPTP-induced PD mice were also observed, as shown by the
rotarod, open field, grasping, and pole-climbing tests
(Figure 2B—H), which are widely used to assess balance and
motor coordination, exploratory activity, locomotor activity,
learning and memory ability, and movement disorders related
to the basal ganglia (Dauer & Przedborski, 2003; Tillerson
etal., 2002; Watanabe etal., 2008; Zhang etal.,, 2017).
Consistent with its antioxidant effects, as shown by the ABTS
and DPPH radical scavenging and FRAP antioxidant assays,
Cath-KP  increased antioxidant enzymes, attenuated
intracellular and mitochondrial ROS and total NO
accumulation, protected mitochondria, and reversed toxic
effects in MPP*-induced MN9D cells (Figures 3,4 ). In
addition, Cath-KP restored the antioxidant enzyme levels in
the mouse brain tissues (Figure 5B, D), reduced oxidative
damage from MPTP insult (Figure 2|1-P), and improved mouse
performance in the behavior tests (Figure 2B-H). Overall,
these results demonstrate that Cath-KP can prevent PD
damage by enhancing cell survival and reducing oxidative
stress due to its antioxidant functions.

DA neurons in the SNpc and striatum diminish over time,
resulting in motor impairments, which are the hallmark of PD.
The TH enzyme is essential in dopamine production and
phenotypic expression (Daubner et al., 2011). Motor function
impairment induced by MPTP in PD animal models is typically
accompanied by a marked reduction in TH-positive cells in the
SNpc (Moreira etal., 2010). Similarly, in the current study,
MPTP injection lowered TH content and TH-positive neurons
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Figure 8 Internalization of Cath-KP into MN9D cells and brain tissue

A: Representative confocal laser scanning microscopy images of FITC-Cath-KP entering MN9D cells. FITC-Cath-KP, green fluorescence; TH, red
fluorescence; DAPI, blue fluorescence. Scale bar: 10 um for original images and 5 uym for magnified images in white square. B: Representative flow
cytometry analysis of FITC-Cath-KP entry into MN9D cells under different conditions. Cath-KP (2.5 and 5 ymol/L) was incubated with MN9D cells
for 3 h at 37 °C (panel a), 4 °C (panel b), or in the presence of 50 ug/mL heparin (panel c). Fluorescence intensity was then measured by flow
cytometry. C: Characteristic TH staining images of SNpc from mice at 2 and 6 h after diluent, FITC only, and FITC-Cath-KP injections. FITC-Cath-
KP, green fluorescence; TH, red fluorescence; DAPI, blue fluorescence. White arrows in enlarged area of the right column show the presence of
FITC-Cath-KP in DA neurons. Scale bars=100 pym for original images and 20 ym for magnified images.

in the striatum and SNpc (Figure 21-M). Interestingly, Cath-KP
significantly reversed these changes in both the striatum and
MNOD cells (Figures 2I-M, 3A-G). Multiple cell death
pathways exist, including apoptosis, cell necrosis, and
ferroptosis (Callizot etal.,, 2019; Tang etal., 2023).
Endogenous apoptosis (also known as mitochondrial
apoptosis), which greatly affects PD pathophysiology, can be
triggered by excessive ROS accumulation (Radi et al., 2014).
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Apoptosis-induced cell death has been demonstrated in PD
models in vivo (Radi et al., 2014). In line with these studies,
our results further demonstrated that apoptosis in MN9D cells
and the SNpc was substantially enhanced by MPP*/MPTP
exposure but was inhibited in the presence of Cath-KP, as
evidenced by the increasing Bcl-2/Bax ratio (Figures 2N-P,
3H-J), a key factor regulating cell apoptosis (Bar-Am et al.,
2005). Thus, the protective effects of Cath-KP on DA neurons



may be associated with its suppression of the mitochondrial
apoptotic pathway.

The Sirt1/Nrf2 pathway regulated both inflammatory
response and redox homeostasis (Féo etal.,, 2019). Brain-
specific deletion of Sirt1 significantly increases ROS levels,
exacerbating mitochondrial dysregulation and promoting cell
death. The SNpc experiences more severe DA cell loss in the
absence of Nrf2 because Nrf2 activation can up-regulate the
expression of antioxidant enzymes/proteins like SOD, HO-1,
and glutathione S-transferase, offering protection against
oxidative stress (Wang et al., 2018). Consistent with previous
research (Dong etal.,, 2016; Wang et al.,, 2018), our study
showed that MPTP/MPP* treatment markedly decreased Sirt1
protein levels. Notably, Cath-KP administration reversed this
decrease and subsequently increased the expression and
nuclear location of Nrf2 and its downstream effectors (SOD,
HO-1, and CAT) in both MN9D cells and brain tissue, thus
protecting against MPP*-induced oxidative damage
(Figures 4G-l, 5, 7). Additionally, the effects of Cath-KP were
suppressed by the Sirt1-specific inhibitor EX527
(Supplementary Figure S5). These findings suggest that the
Sirt1/Nrf2 antioxidant pathway plays an essential role in the
neuroprotective effects of Cath-KP in PD.

Nrf2 dissociates from its negative modulator Keap1 in the
cytosol, translocates into the nucleus, and binds to AREs, thus
promoting the transcription of antioxidant proteins (Fao et al.,
2019). Here, compared to the control group, Keap1
expression decreased in the MN9D cells treated with MPP*
but not significantly in the MPTP-treated tissues (Figure 5).
Previous studies have reported that the protein level of Keap1
can be significantly decreased in endothelial cells by H,O, and
MPP* stimulation (Guo et al., 2021; Zhu et al., 2019), similar
to our MN9OD cell results. Studies have also shown that
irigenin can suppress Keap1 expression, with GABA treatment
partially rescuing this decrease (Guo et al., 2021; Zhu et al.,
2019), correlating well with our cell experiments (Figure 5).
Interestingly, research has also reported that SAP can reduce
Keap1 expression in mice, which can be reversed by the
antioxidant sitagliptin via Keap1/Nrf2 signaling pathway
activation (Kong et al., 2021). However, oxidative stress does
not modify the expression of Keap1 in H9c2 cells (Yao et al.,
2022); as such, oxidative stress may induce different effects
on the Keap1 protein, which warrants further study. Of note,
changes in Keap1 expression do not appear to affect Nrf2
expression or its downstream antioxidant molecules, such as
SOD and HO-1 (Bian et al., 2021; Choi et al., 2018; Guo et al.,
2021; Kong et al., 2021; Pan etal., 2022; Yao etal., 2022;
Zhu etal., 2019). In accordance with this conclusion, the
expression patterns of other signaling proteins from cells and
brain tissues remained consistent, even with variations in
Keap1 expression, when compared to the MPTP/MPP*
treatment groups (Figure 5).

Accumulating evidence suggests that overexpression of
Sirt1 can inhibit p38 activation, leading to elevated SOD-1 and
Bcl-2 expression, and reduced neuronal and inducible NO
synthases governing NO generation (Aquilano etal., 2008;
Bloem etal., 2021; F&o etal.,, 2019; Wang et al., 2018). In
addition, p38 may phosphorylate Nrf2, facilitating its
association with Keap1 and inhibiting its nuclear translocation
(Fao etal.,, 2019; Karunakaran & Ravindranath, 2009;
Newhouse et al., 2004). Thus, various antioxidants, including
xanthohumol, ethanol extract of Centipeda minima (ECM),
eriodictyol, salidroside, and anthocyanin loaded nanoparticles

(An-NPs), can exert antioxidant and neuroprotective effects by
activating the Nrf2 pathway while dephosphorylating p38 in
different cells and animal models (Amin et al., 2017; Fao et al.,
2019; Jiao et al., 2020; Jing et al., 2015; Wang et al., 2018,
2019). Consistently, Cath-KP mitigated MPP*-induced p38
activation (Figure 6). The intracellular tyrosine kinase FAK is
thought to control a variety of cellular processes, including cell
adhesion, migration, invasion, polarity, proliferation, and
survival (Parsons, 2003). MPP* treatment in SH-SY5Y cells
inhibits FAK phosphorylation, while luteolin, which possesses
antioxidative properties, stabilizes phosphorylated FAK levels
and exhibits neuroprotective effects (Reudhabibadh etal.,
2021). In addition, maclurin, which shows pro-oxidant activity,
can activate p38 signaling and inhibit c-JNK, FAK, AKT, and c-
Myc signaling in PC3 cells (Lee etal., 2018). Similarly, our
results showed that Cath-KP inhibited p38 phosphorylation
and induced further suppression of FAK phosphorylation
induced by MPTP/MPP* treatment (Figure 6). Previous
research has indicated that Sirt1/FAK regulates the nuclear
translocation of p65 via phosphorylation of p38 (Grbci¢ et al.,
2017; Karunakaran & Ravindranath, 2009; Wan et al., 2019).
Thus, Cath-KP likely exerts its neuroprotective effects on PD
models by activating the Sirt1/Nrf2 pathway, promoting the
expression of antioxidant enzymes, and inhibiting the
mitochondrial apoptotic pathway. Furthermore, FAK and p38
appear to be involved in the regulation of this pathway,
although the exact regulatory mechanism requires further
elucidation.

The BBB impedes the delivery of many therapeutic agents
to the central nervous system, complicating treatment
approaches for many neurological disorders (Guidotti et al.,
2017). In our study, Cath-KP showed potential properties for
cell penetration and BBB traversal (Figure 8). According to
conventional wisdom, under physiological pH conditions, the
guanidine head group of arginine can form bidentate hydrogen
bonds with the negatively charged sulphate, carboxylic, and
phosphate groups on cell membranes, resulting in cellular
internalization of cell-penetrating peptides (Guidotti et al.,
2017; Rothbard etal., 2004). Therefore, the transduction
capabilities of cell-penetrating peptides can be greatly
influenced by the amount and order of amino acids in their
sequences, especially arginine. Consistently, Cath-KP
contained six arginine residues and heparin sulfate
suppressed its cellular uptake (Figures 1A, 8B). Moreover, its
cellular internalization was energy-dependent, as evidenced
by the decreased uptake rate at 4 °C than at 37 °C
(Figure 8B). Thus, the cellular internalization mechanism of
Cath-KP functions via energy-dependent endocytosis rather
than energy-independent direct penetration. The primary
sequence of Cath-KP contained an RTS motif, which is
frequently found in disintegrins targeting a,8; integrin (Calvete
et al.,, 2007). In the mammalian central nervous system, a,f3;
integrin is expressed in astrocytes and endothelial cells and
plays an important role in maintaining the physiological
integrity and stability of the BBB (Peng et al., 2008; Yonezawa
et al., 2010). Our molecular docking and antibody competent
assays showed that Cath-KP can bind to a48; integrin
(Supplementary Figures S8, S9). Consequently, we cannot
rule out the possibility that the direct translocation of Cath-KP
across the BBB is related to its effects on a6, integrin in
astrocytes. Therefore, more detailed research is required to
further explore its uptake process. Nevertheless, the cellular
uptake of Cath-KP highlights its value as a drug candidate for
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PD therapy. Furthermore, given the role of non-human
primates in the development of therapeutics for human
diseases (Lei etal., 2015; Li etal., 2021a, 2021b; Su et al.,
2015), evaluating the effects of Cath-KP in non-human
primate models of PD is essential.

In conclusion, we identified a novel antioxidant peptide
(Cath-KP) belonging to the cathelicidin family from the skin of
K. pulchra. Our results showed that Cath-KP alleviated
dyskinesia in MPTP mice by reversing DA neuron loss in the
SNpc and decreasing TH levels in the striatum.
Mechanistically, Cath-KP penetrated cells and exerted a
neuroprotective effect via Sirt1/Nrf2 pathway modulation,
further promoting the expression of antioxidant enzymes and
alleviating the accumulation of ROS. Additionally, FAK and
p38 contributed to this regulatory process. These findings
demonstrate the potential of Cath-KP as a therapeutic option
for PD that targets oxidative stress.
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