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Abstract

DL-3-n-butylphthalide (NBP)—a compound isolated from Apium graveolens seeds—is protective against brain ischemia via various mechanisms in humans and
has been approved for treatment of acute ischemic stroke. NBP has shown recent potential as a treatment for Parkinson’s disease. However, the underlying
mechanism of action of NBP remains poorly understood. In this study, we established a rat model of Parkinson’s disease by intraperitoneal injection of rotenone
for 28 successive days, followed by intragastric injection of NBP for 14-28 days. We found that NBP greatly alleviated rotenone-induced motor disturbance in
the rat model of Parkinson’s disease, inhibited loss of dopaminergic neurons and aggregation of a-synuclein, and reduced iron deposition in the substantia nigra
and iron content in serum. These changes were achieved by alterations in the expression of the iron metabolism-related proteins transferrin receptor, ferritin
light chain, and transferrin 1. NBP also inhibited oxidative stress in the substantia nigra and protected mitochondria in the rat model of Parkinson’s disease. Our
findings suggest that NBP alleviates motor disturbance by inhibition of iron deposition, oxidative stress, and ferroptosis in the substantia nigra.

Key Words: cystine/glutamate antiporter solute carrier family 7 member 11; DL-3-n-butylphthalide; ferritin light chain; ferroportin 1; ferroptosis; glutathione

peroxidase 4; oxidative stress; iron; rotenone; transferrin receptor

Introduction

Parkinson’s disease (PD) is a neurodegenerative disease that commonly
occurs in older adult people. Patients with PD usually have symptoms such as
quiescent tremor, motor delay, myotonia, and postural balance disorders (Liaw
et al., 2005; Bloem et al., 2021). The pathological features of PD include the
loss of dopamine (DA) neurons, iron deposition, and the formation of Lewy
bodies, which mainly comprise a-synuclein (a-syn) aggregations (Spillantini
et al., 1997; Duda et al., 2000; Dorszewska et al., 2021) in the substantia
nigra (SN) pars compacta. However, the pathogenesis of PD is still unclear.
Many studies have shown that excessive unstable iron in the SN results in
oxidative stress and generates reactive oxygen species (ROS) through the
Fenton reaction (Chen et al., 2019b; Angelova et al., 2020; Han et al., 2021).
According to observations of patients with PD, excess iron and oxidative
stress are important factors in ferroptosis (Do Van et al., 2016). In addition,
ferroptosis is associated with pathogenic changes found in PD animal models,
such as elevated iron deposits in the SN, consumed glutathione (GSH), lipid
peroxidation, and increased generation of ROS (Dias et al., 2013; Stockwell
et al., 2017; Gao et al., 2019). Therefore, it is important to identify potential
therapeutic strategies to prevent iron deposition and ferroptosis during the
development of PD.

DL-3-n-butylphthalide (NBP) is a compound that is isolated from Apium
graveolens seeds. To date, NBP has been approved by the National Medical
Products Administration to treat acute ischemic stroke (Xu et al., 2019b). NBP
exerts protective effects on brain ischemia via various mechanisms, including
antithrombosis, antiapoptosis, and antioxidation activities, protection of
mitochondria, and promotion of angiogenesis (Tian et al., 2017; Wang et al.,
2018b). Previous studies have shown that the therapeutic role of NBP is not
confined to cerebrovascular disease and that NBP protects dopaminergic
neurons in a rotenone model of PD (Xiong et al., 2012a; Chen et al., 2018).
However, the mechanism of action of NBP for the treatment of PD is not fully
understood.

Rotenone is a naturally occurring compound that originates from the roots of
the Derris and Lonchocarpus plant species (Jenner, 2001) and has been used
as an inhibitor of mitochondrial complex | to establish PD animal models since
the 1980s (Heikkila et al., 1985). Rotenone can induce a-syn accumulation
and the subsequent generation of Lewy body-like inclusion bodies, resulting
in the selective degeneration of dopaminergic neurons in the SN (Betarbet
et al., 2000; Deng et al., 2021). In this study, we aimed to investigate the
neuroprotective effects and mechanism of action of NBP in a rotenone-
induced rat model of PD.
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Methods

Animals

The prevalence of PD is higher in men than in women (Gillies et al., 2014), and
many studies have used male rats to establish PD models. Moreover, the iron
levels in male rats are more stable than in female rats (Cannon et al., 2009;
von Wrangel et al., 2015). Therefore, we used 60 adult male Sprague-Dawley
rats (8 weeks old, 220-250 g) supplied by the Animal Experimental Center
of Nantong University, Nantong, China. The rats were randomly divided into
three groups: control, rotenone, and NBP groups (n = 20 for each group). The
rats were housed in stainless steel cages at 55—-60% relative humidity and at
21 + 2°C with alternating 12-hour periods of light and dark. The rats were
adapted to the laboratory environment for 5 days before the experiments.
The body weights of the rats were measured daily in the experimental period.
Rotenone (MilliporeSigma, Burlington, MA, USA, Cat#t R8875) and NBP (CSPC
Pharmaceutical Group Ltd., Shijiazhuang, China, Cat# H20050299) were
dissolved in 99% pure sunflower oil, and the final concentrations of rotenone
and NBP were 2 and 50 mg/mL, respectively. The rats in the rotenone and
NBP groups received rotenone at 2.5 mg/kg once per day intraperitoneally
from day 1 to day 28, and the control group received only 99% pure sunflower
oil at 1.25 mL/kg once per day intraperitoneally from day 1 to day 28 (Cannon
et al., 2009; Zhang et al., 2021a). The rats in the NBP group received NBP
at 80 mg/kg once a day by intragastric administration from day 14 to day
28, and the rats in the rotenone and control groups were given 99% pure
sunflower oil at 1.6 mL/kg from day 14 to day 28 (Zhou et al., 2019). The rats
were subjected to behavioral tests and then anesthetized by intraperitoneal
injection of 40 mg/kg sodium pentobarbital (Cat# P-010, MilliporeSigma).
Finally, the rats were euthanized to obtain serum and SN tissues in
accordance with previously published methods (Risold and Swanson, 1997).
The interventions and time points are shown in Figure 1A. All animals were
treated in accordance with the National Research Council Guide for the Care
and Use of Laboratory Animals (National Research Council (US) Committee for
the Update of the Guide for the Care and Use of Laboratory Animals, 2011),
and the Animal Ethics Committee of Nantong University approved this study
(approval No. $20210303-018) on March 3, 2021.

Behavioral tests

Rotarod test

The rats were placed on a rotarod cylinder (IITC Life Science, Woodland Hills,
CA, USA), and the time the animals stayed on the rotarod was measured.
We increased the speed slowly from 4 revolutions/minute to 40 revolutions/
minute over 5 minutes. The test ended if the rat dropped or grasped the
device from the rung and rotated continuously for two turns without
attempting to walk on the rung. The rats were trained daily for 1 week before
rotenone injection. Three rotarod measurements per test were used to record
the latency to fall (Ding et al., 2020).

Balance beam test

A wooden stick of 1 m in length and 2.5 cm in width and with a square cross-
section (Shanghai Yuyan Instruments Co. Ltd., Shanghai, China) was placed
horizontally at a distance of 60 cm from the ground, and the rats were
allowed to walk on the balance beam. Rats were left on the balance beam
until they fell off or for a maximum of 1 minute, and the scoring was achieved
across triplicate experiments. The scoring criteria included six grades: 6
points, able to jump and walk on the balance beam without falling; 5 points,
able to jump and walk on the balance beam with a less than or equal to 50%
chance of falling; 4 points, able to jump and walk on the balance beam with a
more than 50% chance of falling; 3 points, able to walk on the balance beam
with the help of the unaffected hind limb, but the affected paralyzed hind
limb cannot help move the rat forward; 2 points, unable to walk but can sit on
the balance beam; and 1 point, the rat falls when placed on the balance beam
(Chen et al., 2001).

Foot fault test

We conducted a foot fault test in accordance with the methods of Metz and
Whishaw (Metz and Whishaw, 2002). Each rat was placed on a 50 cm x 40
cm mesh screen (Shanghai Yuyan Instruments Co., Ltd.). The mesh density
was 2 cm x 2 cm, and the screen was placed at a height of approximately 30
cm. The rats were pretrained daily for 7 days such that they could walk on
the mesh, and the total number of steps taken by the rats and the number of
normal steps taken using forelimbs and hindlimbs for 1 minute were recorded
during the formal testing. We calculated the foot fault value as the number of
wrong steps and falls/the number of overall steps x 100 %. For each rat, three
measurements were recorded, and their average values were registered as
their scores.

Immunofluorescence

Tyrosine hydroxylase (TH) is an enzyme important for DA synthesis and is a
marker of dopaminergic neurons (Fujino et al., 2020). SN coronal sections
(30 um in thickness) were cut from —4.5 to —6.2 mm caudal to bregma in the
frozen brain tissue by using a cryotome (Thermo Fisher Scientific) and then
were blocked in Tris-buffered saline with 3% bovine serum albumin for 2 hours
and incubated with a TH primary antibody (rabbit, 1:500, Abcam, Cambridge,
UK, Cat# ab6211, RRID: AB_2240393) overnight. After washing with Tris-
buffered saline, the secondary antibody Alexa Fluor® 488 donkey anti-
rabbit 1gG (1:500, Abcam, Cat# ab150073, RRID: AB_2636877) was applied
to the sections for 2 hours at room temperature. 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (Beyotime Biotechnology, Shanghai,
China) was used to stain the nuclei for 15 minutes at room temperature,

and the cells were washed with phosphate buffer solution three times. The
sections were sealed with 50% glycerol, and the detection of fluorescence
signals was conducted using an SP8 confocal laser scanning microscope (Leica,
Wetzlar, Germany). Results are shown as TH-positive neurons in the SN.

Western blot analysis

The SN tissues were dissected from the rat brains and homogenized for 30
minutes on ice in radioimmunoprecipitation assay lysis buffer (Beyotime
Biotechnology, Cat# PO013B). The harvested lysate was centrifuged for 15
minutes at 12,000 x g at 4°C, and the supernatant was used for the protein
concentration analysis. The protein concentration was determined by a
bicinchoninic acid protein concentration assay kit (Cat# P0010S, Beyotime
Biotechnology). The proteins were denatured at 100°C for 5 minutes in
a 5x loading buffer (Beyotime Biotechnology). Samples containing 20 pg
protein were loaded and separated on 8-11.2% sodium dodecy! sulfate-
polyacrylamide gels, and the proteins in the gel were transferred to
polyvinylidene fluoride membranes (MilliporeSigma). The membranes were
blocked in Tris-buffered saline with Tween-20 that contained 5% skim milk at
room temperature for 2 hours. The overnight incubation of the membranes
was performed with primary antibodies against a-syn (rabbit, 1:500,
MilliporeSigma, Cat# SAB4502831, RRID: AB_10746736), GSH peroxidase
4 (GPX4; rabbit, 1:1000, Abcam, Cat# ab125066, RRID: AB_10973901),
transferrin receptor (TfR; mouse, 1:1000, Thermo Fisher Scientific, MA, USA,
Cat# 13-6800, RRID: AB_2533029), ferritin light chain (Ft-L; rabbit, 1:1000,
Abcam, Cat# ab69090, RRID: AB_1523609), ferroportin 1 (Fpn1; rabbit,
1:1000, Novus, Centennial, CO, USA, Cat#f NBP1-21502, RRID: AB_1660490),
cystine/glutamate antiporter solute carrier family 7 member 11 (xCT; rabbit,
1:1000, Proteintech, Chicago, IL, USA, Cat# 26864-1-AP, RRID: AB_2880661),
and glyceraldehyde-3-phosphate dehydrogenase (mouse, 1:10,000,
MilliporeSigma, Cat# MAB374, RRID: AB_2107445) at 4°C. Horseradish
peroxidase—labeled goat antirabbit (1:10,000, Bioworld Technology, Inc.,
Bloomington, MN, USA, Cat# BS13278, RRID: AB_2773728) or antimouse
(1:10,000, Jackson ImmunoResearch Labs, Commonwealth of Pennsylvania,
PA, USA, Cat# 115-035-003, RRID: AB_10015289) secondary antibodies were
incubated with the membranes at room temperature for 2 hours. ImagelJ
1.52 software (https://imagej.net/downloads; National Institutes of Health,
Bethesda, MD, USA) (Schneider et al., 2012) was used to scan and analyze
the final images. Results are shown as the optical density ratio normalized to
glyceraldehyde-3-phosphate dehydrogenase.

Perls’ iron staining

The rats were perfused with 4% paraformaldehyde (MilliporeSigma), and
the brain was removed, fixed with 4% paraformaldehyde for 6 hours, and
dehydrated by immersion in 20% sucrose and then in 30% sucrose. The whole
brain tissue was sliced coronally into 30 um thick sections on a cryotome
(Thermo Fisher Scientific). The sections were fixed with 4% paraformaldehyde,
washed with double distilled water for 30 seconds, and incubated in freshly
prepared solutions of 2% hydrogen chloride and 2% potassium ferrocyanide
(Thermo Fisher Scientific) for 30 minutes. The hydrogen chloride and
potassium ferrocyanide solutions were omitted when preparing the negative
control sections. The 20-minute elimination of endogenous peroxidase
activity was performed with 99% methanol and 1% hydrogen peroxide (Wang
et al., 2015). The diaminobenzidine reaction products were observed under a
fluorescence microscope (DM4000 B, Leica), and images were captured at a
final magnification of 200x. The data were collected from three fields of view
per rat.

Inductively coupled plasma mass spectrometry analysis

An inductively coupled plasma mass spectrometer (ICP—MS; Agilent
Technologies, Inc., Santa Clara, CA, USA, Cat#t G7850) was applied to measure
the levels of iron in the serum. Rat serum samples were placed in tubes;
hydrogen peroxide and then 5% nitric acid were added. Nitric acid (5%)
was put into another tube as a control. The mixtures were left at room
temperature overnight and then were centrifuged to remove the supernatant.
A standard curve from 0 to 200 pg/L iron was created to determine the
iron concentration of the serum. ICP—MS was used to assess the standards,
control, and digested samples in triplicate.

Transmission electron microscopy

On the basis of the outcomes of TH immunostaining, we isolated the SN of
the midbrain (1 mm?®) using a stereomicroscope (Leica). The SN was fixed in
fresh 2.5% glutaric dialdehyde in 0.1 M sodium chloride buffer at 4°C. After
rinsing three times, the tissue blocks were placed in 2% osmium tetroxide in
2% potassium ferricyanide in 0.1 M glutaric dialdehyde at 4°C in the dark for
2 hours and then rinsed with distilled water. The tissue blocks were stained
for 2 hours with 1% uranyl acetate in the dark and rinsed with distilled water.
The samples were passed through increasing concentrations of ethanol over
20 minutes (30%, 50%, 70%, 80%, 90%, 95%, and 100%) for dehydration,
followed by incubation for 20 minutes in a 1:1 (v/v) mixture of ethanol
and acetone. Then, the samples were left in a mixture of pure acetone (20
minutes), embedding resin (Epon 812, Electron Microscopy Sciences, Hatfield,
PA, USA), pure acetone (1:1 v/v for 1 hour and then 3:1 v/v for 3 hours),
and pure resin. The samples were then placed in fresh resin for 2 hours,
transferred to a new embedding mold, and heated in an oven at 65°C for
24-48 hours. Next, 70 nm thick sections from the resin blocks were prepared.
These sections were stained for 5 minutes with lead citrate and uranyl acetate
solution. Images were obtained with a Tecnai Spirit 120 kV transmission
electron microscope (Thermo Fisher Scientific).
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Lipid peroxidation determination

Malondialdehyde (MDA) and GSH were chosen as lipid peroxidation detection
indices. The two indices were tested in the rat SN using an MDA kit (Cat#
A003-1-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and a
GSH kit (Nanjing Jiancheng Bioengineering Institute, Cat# A006-1). The optical
densities at 532 nm for MDA and 420 nm for GSH were measured with a
Synergy 2 microplate reader (Agilent Technologies, Inc.). Each sample were
measured three times, and the average absorbance values were calculated
for every sample. A standard curve of MDA and GSH were generated. The
concentration of MDA and GSH in the samples was calculated using the
standard curve.

Statistical analysis

No statistical methods were used to predetermine sample sizes; however,
our sample sizes are similar to those reported in previous publications (Liao
et al., 2009; Zhou et al., 2019). Rats that died or did not exhibit expected
characteristics of the PD model were excluded from the experiments. The
evaluator was blinded to groupings. The data were expressed as the mean +
standard error of the mean (SEM). One-way analysis of variance followed by
Tukey’s post hoc test was performed using GraphPad Prism version 8.0.0 for
windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com). The
correlation was analyzed by Pearson correlation analysis. Results with P < 0.05
were defined as statistically significant.

Results

NBP reverses weight loss and alleviates motor disturbance induced by
rotenone

We examined the potential therapeutic roles of NBP in a rotenone-induced
rat model of PD. The rats were treated with rotenone and NBP (Figure 1A).
Rotenone suppressed weight gain compared with that in control rats (P <
0.0001) (Figure 1B). In addition, rotenone significantly impaired the rats’
motor abilities, as reflected by the results of the rotarod test (P = 0.0001;
Figure 1C), beam balance test (P < 0.0001; Figure 1D), and foot fault test (P <
0.0001; Figure 1E). NBP treatment rescued the rotenone-induced suppression
of weight gain (P < 0.0001) and motor disturbance (P < 0.0001), especially 14
days after NBP treatment (Figure 1C—E).
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Figure 1 | NBP reverses weight loss and alleviates motor disturbance induced by
rotenone.

(A) The timeline of the establishment of the rotenone-induced rat model of Parkinson’s
disease, and time points of the experiments. (B) NBP inhibited rotenone-induced weight
loss in rats. (C—E) Quantitative results of latency to fall in the rotarod test (C), score in the
beam balance test (D), and foot fault rate in the foot fault test (E). All data are shown as
the mean + SEM (n = 15-20 rats per group). ***P < 0.001 (one-way analysis of variance
followed by Tukey’s post hoc test). NBP: DL-3-n-butylphthalide.

NBP inhibits rotenone-induced a-synuclein overexpression and
degeneration of dopaminergic neurons

We examined the role of NBP in a-syn expression and dopaminergic
neuron loss in the SN in a rotenone-induced rat model of PD by measuring
a-syn expression using western blot and dopaminergic neuron loss by

immunostaining for TH. Our results show that rotenone induced a-syn
expression in the SN compared with that in control rats (P = 0.0003; Figure
2A and B). However, the expression of a-syn in the SN was decreased after
NBP treatment (P = 0.0115; Figure 2A and B). In addition, TH immunostaining
showed that the proportion of TH-positive neurons in the SN of rotenone-
treated rats decreased compared with those in control rats (P < 0.0001;
Figure 2C and D). NBP treatment effectively inhibited the rotenone-induced
loss of TH-positive neurons (P < 0.0001; Figure 2C and D).
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Figure 2 | NBP ameliorates the rotenone-induced loss of DA neurons and expression
of a-synuclein in the substantia nigra in a rat model of Parkinson’s disease.

(A) NBP suppressed the rotenone-induced increase in a-syn expression in the substantia
nigra. (B) Quantitative western blot analysis of results from A. (C) NBP ameliorated the
loss of TH-positive neurons induced by rotenone. Images in the second to fourth rows
are magnifications of the boxed areas in the first row. Scale bars: 1000 pm (top) and 50
pum (bottom three rows). (D) Quantitative results of TH-positive neurons in the substantia
nigra. All data are shown as the mean + SEM (n = 5-9 rats per group). ¥*P < 0.05, ¥***p <
0.001, ****P < 0.0001 (one-way analysis of variance followed by Tukey’s post hoc test).
a-syn: a-Synuclein; DA: dopaminergic; DAPI: 2-(4-amidinophenyl)-6-indolecarbamidine
dihydrochloride; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; NBP: DL-3-n-
butylphthalide; SN: substantia nigra; TH: tyrosine hydroxylase.

NBP decreases the iron content in the substantia nigra and serum and
reverses iron-related protein expression in the substantia nigra in a rat
model of Parkinson’s disease

To determine whether the loss of dopaminergic neurons in the rotenone-
induced PD model was caused by iron overload, we examined the roles of
NBP in iron deposition in the SN by Perls’ iron staining and by measuring
serum iron content by ICP—MS. We found that rotenone caused significant
iron deposition in the SN (P = 0.0002; Figure 3A and B), and treatment with
NBP stopped the iron deposition in the SN in the rotenone-induced rat model
of PD (P = 0.0006; Figure 3A and B). In addition, serum iron was significantly
increased in the rat model of PD (P = 0.0024; Figure 3C), and treatment with
NBP significantly reduced serum iron induced by rotenone in the rat model
of PD (P = 0.0052; Figure 3C). The expression levels of the three iron-related
proteins—TfR, Fpn1l, and Ft-L—were examined by western blot after NBP
treatment in the rotenone-induced rat model of PD. The results showed
that TfR (P < 0.0001; Figure 4A and B) and Ft-L (P < 0.0001; Figure 4A and
D) expression significantly increased, while Fpnl expression was significantly
reduced in rats with rotenone-induced PD (P < 0.0001; Figure 4A and C). NBP
treatment dramatically reversed the expression of TfR, Fpnl, and Ft-L in the
rotenone-induced rat model of PD (TfR: P = 0.0048; Fpnl: P =0.0027; Ft-L: P =
0.0015; Figure 4A-D).

NBP inhibits rotenone-induced oxidative stress, antiferroptosis-related
protein expression, and mitochondrial damage in the substantia nigra in a
rat model of Parkinson’s disease

To further investigate whether the neuroprotective effect of NBP in PD
was mediated by a decrease of iron and subsequent reduction in oxidative
stress, we tested the effect of NBP on MDA and GSH in the SN, mitochondrial
structure, and antiferroptosis-related protein (xCT and GPX4) expression in
the rotenone-induced rat model of PD. Our results show that MDA levels
increased (P < 0.0001; Figure 5A) and GSH levels decreased (P = 0.0448;
Figure 5A) after rotenone treatment. NBP inhibited the effects of rotenone
on MDA (P < 0.0001; Figure 5A) and GSH (P = 0.0011; Figure 5B) levels. In
addition, we observed the mitochondrial structure of the SN by transmission
electron microscopy and discovered that the mitochondria shrank, the
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mitochondrial cristae were reduced, and the outer membrane was ruptured
after rotenone exposure in the rat model of PD (Figure 5C). As expected, NBP
administration alleviated rotenone-induced mitochondrial structural damage
and cristae reduction (Figure 5C). Because the changes that we observed
in the mitochondria were similar to the mitochondrial features observed in

ferroptosis, we measured antiferroptosis-related protein expression after NBP
treatment in the rat model of PD. GPX4 (P = 0.0005; Figure 5D and E) and xCT
(P =0.0002; Figure 5D and F) expressions were significantly decreased in the
SN of rotenone-treated rats. Treatment with NBP reversed this effect (GPX4: P
=0.001; xCT: P = 0.0001; Figure 5D—F).
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Figure 3 | NBP decreases the iron content in the substantia nigra and serum in the rotenone-induced rat model of Parkinson’s disease.

(A) Perls” iron staining indicated that rotenone treatment led to an increase in iron deposition in the substantia nigra, while NBP decreased the effects of rotenone on iron deposition
in the substantia nigra. Images in the second row are magnifications of the boxed areas in the first row. Scale bars: 200 um (top) and 50 um (below). (B) Quantitative results of the
number of iron-positive neurons. (C) An inductively coupled plasma mass spectrometer was used to detect iron content in the serum of rotenone-treated rats with or without NBP

treatment. All data are shown as the mean + SEM (n = 5-6 rats per group). **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). NBP: DL-3-n-
butylphthalide.
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Figure 4 | NBP reverses iron-related protein expression in the substantia nigra in the rotenone-induced rat model of Parkinson’s disease.
(A) Western blot analysis of the expression of TfR, Ft-L, and Fpn1 in the substantia nigra in the rotenone-induced rat model of Parkinson’s disease with or without NBP treatment.
(B-D) Quantitative results of TfR (B), Fpn1 (C), and Ft-L (D) expression. All data are shown as the mean + SEM (n = 5-9 rats per group). **P < 0.01, ****P < 0.0001 (one-way analysis

of variance followed by Tukey’s post hoc test). Fpn 1: Ferroportin 1; Ft-L: ferritin light chain; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; NBP: DL-3-n-butylphthalide; TfR:
transferrin receptor.
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Figure 5 | NBP reduces oxidative stress and mitochondrial damage and increases xCT and GPX4 expression in the substantia nigra in a rat model of Parkinson’s disease.

(A, B) MDA (A) and GSH (B) levels in the substantia nigra. (C) Mitochondria in the substantia nigra in the rat model of Parkinson’s disease with or without NBP treatment were
examined using transmission electron microscopy. Mitochondria were intact in the control group; mitochondrial shrinkage was accompanied by increased membrane density and
ruptured membrane density. Mitochondrial shrinkage was significantly improved and membrane rupture was alleviated after NBP treatment. Red arrows indicate destruction of the
mitochondrial double membrane; blue arrows indicate destruction of the mitochondrial outer membrane. Scale bars: 500 nm. (D) Western blot analysis of the expression of xCT and
GPX4 in the substantia nigra in the rotenone-induced rat model of Parkinson’s disease with or without NBP treatment. (E, F) Quantitative results of GPX4 (E) and xCT (F) expression.
All data are shown as the mean + SEM (n = 5-10 rats per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way analysis of variance followed by Tukey’s post hoc
test). GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; GSH: glutathione; GPX4: GSH peroxidase 4; MDA: malondialdehyde; NBP: DL-3-n-butylphthalide; xCT: cystine/glutamate
antiporter solute carrier family 7 member 11.

Correlations between latency to fall and MDA and GSH levels in the

significantly correlated with GSH and MDA levels in the SN and with serum
substantia nigra and serum iron levels

We atod whether NBP 3 motor dvsfuncti d lated iron levels. A negative correlation was observed between the latency to fall
e investigated whether rescued motor dysfunction and was correlate . _ .

with a reduction in oxidative stress in the rat model of PD by analyzing the and serum iron levels (r‘ = -0.873, P < 0.0001; Figure 6A) and MDA Ieygls (r
correlation between the latency to fall and GSH and MDA levels in the SN = —0.809, P < 0.0001; Figure 6B). However, the latency to fall was positively
and the levels of serum iron. As shown in Figure 6, the latency to fall was  correlated with GSH levels (r = 0.798, P = 0.0019; Figure 6C).
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Figure 6 | Correlation analysis of the relationship between serum iron content, MDA
levels, or GSH levels with the latency to fall in a rat model of Parkinson’s disease.
(A) Association analysis of serum iron content and latency to fall in the rat model of
Parkinson’s disease. (B) Association analysis of MDA levels and latency to fall in the rat
model of Parkinson’s disease. (C) Association analysis of GSH levels and latency to fall
in the rat model of Parkinson’s disease. Data were analyzed by Pearson’s correlation
analysis (n = 6-8 rats per group). GSH: Glutathione; MDA: malondialdehyde.

Discussion

Recent evidence indicates that ferroptosis is involved not only in iron
deposition and oxidative stress but also in PD development (Dias et al., 2013;
Fan et al., 2021; Mahoney-Sénchez et al., 2021; Zhu et al., 2021). Therapeutic
strategies to inhibit iron accumulation and ferroptosis may prevent the
progression of PD (Zhang et al., 2020). Recently, one study has shown that
NBP plays a powerful role in antioxidative stress in various animal models (Liao
et al.,, 2018). Nevertheless, the effects of NBP in a PD model are unclear. Here,
we studied the neuroprotective effect and potential mechanism of NBP in a
rotenone-induced rat model of PD.

Rotenone is one of the best known neurotoxins that induces PD symptoms
(Sherer et al., 2003b; Lin et al., 2008), exhibits selective toxicity to
dopaminergic neurons, and produces many characteristics of PD, including
degeneration of nigrostriatal dopaminergic neurons and increased a-syn
accumulation (Perier et al., 2003; Sherer et al., 2003a). Additionally, rotenone
can produce oxidative stress by inhibiting mitochondrial function, reducing
intracellular ATP levels, and increasing intracellular ROS levels (Federico et
al., 2012). In this study, we used a rotenone-induced PD model to study
the therapeutic effects of NBP in vivo. Our results demonstrate that NBP
prevented rotenone-induced weight loss and ameliorated motor disturbance.
In addition, NBP protected against rotenone-induced degeneration of
dopaminergic neurons, restored TH-positive neurons, and decreased a-syn
expression. Decreased a-syn expression was consistent with previous
studies that reported that NBP blocked rotenone-induced oxidative stress in
microglia and reduced a-syn accumulation by modulating the Kelch-like ECH-
associated protein 1/erythroid 2-related factor 2/heme oxygenasel signaling
pathway (Wu et al., 2019; Luo et al., 2021). Our previous study confirmed
that hepcidin, an iron-regulating hormone, suppressed rotenone-induced
a-syn expression (Li et al., 2020). These results suggest that NBP may protect
dopaminergic neurons against rotenone-induced neurotoxicity by suppressing
oxidative stress or reducing iron in the SN. In addition, one study has reported
that NBP inhibited rotenone-induced mitochondrial membrane potential
production in SH-SY5Y cells, suppressed ROS generation, and alleviated
oxidative stress, thereby providing neuroprotection in a PD cell model (Xiong
et al., 2012a). NBP also counteracted hydrogen peroxide-induced neural stem
cell injury by activating the phosphatidylinositol 3-kinase/protein kinase B
pathway (Wang et al., 2018a). Although rotenone-induced iron accumulation
is established, it has not yet been reported whether NBP could regulate
iron metabolism and affect oxidative stress in the SN of PD models, and the
mechanism involved is also unclear.

Many studies have determined that the cellular mechanism of SN iron
accumulation leading to PD may be associated with abnormal iron metabolism
in the brain (Jiang et al., 2017; Mochizuki et al., 2020). The iron content is
significantly increased in the SN and serum of patients with PD and animal
models of PD (Berg and Hochstrasser, 2006; Do Van et al., 2016; Liu et al.,
2018). Iron homeostasis is maintained by several key iron metabolic proteins,
including iron importer TfR, iron exporter Fpnl, and iron storage protein
Ft-L. TfR takes up iron via the transferrin-TfR endocytosis pathway, which
occurs through recognition and binding with holo-transferrin. Fpn1, which
is the only iron exporter identified to date, is located in the cell membrane
and is indispensable in maintaining iron homeostasis (Song et al., 2010).
Furthermore, Ft-L contains nucleation sites that promote iron-core formation
and complete iron preservation. Impairment of the expression of these iron
metabolic proteins can destroy the balance of iron homeostasis (Mahoney-
Sanchez et al., 2021). Consistent with these roles, iron deposition in the SN in
PD was significantly correlated with the expression of iron-associated proteins
(Chen et al., 2019a; Mahoney-Sanchez et al., 2021). Therefore, we studied the
effect of NBP on the expression of these three iron-related proteins in the SN

to elucidate the reason for iron accumulation in a rat model of PD. Numerous
experiments have confirmed that the expression levels of TfR and Ft-L are
upregulated in the SN in patients with PD and iron accumulation occurs in PD
animal models (Wu et al., 2010; Xiong et al., 2012b; Olmedo-Diaz et al., 2017;
Xu et al., 2019a; Zhang et al., 2021b). Similarly, we also found that rotenone
induced TfR and Ft-L expression and iron accumulation in the SN and serum
in the rats used in our current research, which corresponds with our previous
measurement of elevated iron content in the serum of patients with PD
(Wang et al., 2021). Moreover, we found that rotenone significantly inhibited
Fpn1l expression in the rat model of PD. This finding is consistent with other
studies that showed a decrease in Fpnl and a further reduction in iron export
from rotenone-induced SH-SYSY cells (Koziorowski et al., 2007; Zhang et
al., 2014). However, NBP treatment reversed the iron accumulation and the
iron metabolism-related protein expression changes mentioned above. Our
findings suggest that NBP exerts a neuroprotective effect on PD by affecting
the expression of proteins involved in iron metabolism, thus inhibiting
rotenone-induced SN iron accumulation.

Iron accumulation possibly leads to the initiation of the Fenton reaction,
which causes oxidative stress and destruction of dopaminergic neurons in
the SN (Koziorowski et al., 2007). Lipid peroxidation is a result of increased
oxidative stress and is the cause of ferroptosis, which is directly related to
changes in dopaminergic neurons in the SN after rotenone exposure. MDA
is a suitable lipid peroxidation marker in the central nervous system (Avci et
al., 2021). In addition, as a reduction substrate for GPX4, GSH is the major
antioxidant agent in cells (Armstrong et al., 2002; Dixon et al., 2012; Ursini
and Maiorino, 2020). In this study, the increase in MDA and decrease in GSH
levels in serum after rotenone treatment indicate that ROS were increased
and that lipid peroxidation occurred in the rat model of PD. However, NBP
treatment effectively inhibited the oxidative stress induced by rotenone in
rats. Because iron accumulation and oxidative stress are the two main factors
involved in ferroptosis (Dixon et al., 2012; Stockwell et al., 2017; Jiang et
al., 2021), we further observed ferroptosis in the SN in the rat model of PD.
Ferroptosis takes part in the pathology of PD (Do Van et al., 2016; Mahoney-
Sanchez et al., 2021), and ferroptosis has been reported to be involved in
the neuropathological process of rotenone-induced neurotoxicity (Avci et al.,
2021; Sun et al., 2021). In addition, ferroptosis can be effectively inhibited
by the iron chelator deferoxamine. The effect of deferoxamine on ferroptosis
was similar to that of the ferroptosis inhibitors ferrostatin-1 and liproxstatin-1,
which can significantly protect against the loss of dopaminergic neurons in
the SN of PD animal models (Do Van et al., 2016; Stockwell et al., 2017).

We hypothesized that NBP might protect dopaminergic neurons from
rotenone-induced oxidative damage by iron-dependent ferroptosis. xCT
exerts a core effect on antioxidant defense by mediating cystine uptake,
driving GSH synthesis, and maintaining cell survival under oxidative stress
conditions (Liu et al., 2021), and the selenium-containing enzyme GPX4 is
an essential factor in cell redox balance and is an antiferroptotic protein.
Its activity depends on the activation of xCT (Ursini and Maiorino, 2020),
and we detected changes in the expression of both xCT and GPX4 after NBP
treatment. However, NBP inhibited the rotenone-induced impairment of
mitochondria and prompted an increase in XCT and GPX4 expression in the
SN in the rat model of PD. These data indicate that the reduction in xCT and
GPX4 probably causes cells to enter an oxidized state, further aggravating
lipid peroxidation and mitochondrial damage and inducing ferroptosis,
ultimately prompting dopaminergic neuron loss in a rat model of PD.
Nevertheless, NBP can efficiently stop ferroptosis through the upregulation
of XCT and GPX4 expression, thereby stopping lipid peroxidation and exerting
its neuroprotective effect in a rat model of PD. Our correlation analysis also
confirmed that iron accumulation and oxidative stress significantly affected
motor disturbance in the rotenone-induced rat model of PD. However, while
our study uncovered the effects of NBP on iron metabolism and ferroptosis
and alleviated motor disturbance in the rotenone-induced rat model of PD,
questions remain to be investigated, including whether NBP first affects iron
homeostasis and then affects oxidative stress in rotenone-induced PD or
whether it occurs in the reverse order. Whether NBP has the same effect on
alleviating motor disturbance via regulation of iron metabolism in other PD
models or patients with PD also remains unclear.

In conclusion, in this study, we showed that NBP alleviates motor disturbance
in a rat model of PD and protects dopaminergic neurons against rotenone-
induced degeneration. NBP reduced iron deposition, suppressed oxidative
stress, and inhibited ferroptosis in the SN in a rat model of PD. Our study
further confirmed the neuroprotective effect of NBP in treating PD.
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