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Abstract
p-hydroxybenzaldehyde (p-HBA) is a natural phenolic component, which is an active ingredient in
traditional Chinese medicines such as Gastrodia elata Bl. This study aimed to examine the
pharmacodynamic effects of p-HBA and its mechanism in PD. A two-point method was used to establish
a rat model of PD via stereotactic injection of 6-hydroxydopamine (6-OHDA) into the brain and BV2 cells
were treated with MPP+ to induce oxidative stress to clarify the target and pathway of p-HBA. The results
indicated that p-HBA improved the behavior of PD rats treated with p-HBA. And p-HBA significantly
increased the number of TH- and NeuN-positive neurons while reducing the number of α-synuclein-
positive neurons in the substantia nigra and improved neuronal cell morphology. ELISA showed that p-
HBA decreased the secretion of NO, an oxidative stress-related factor, and increased the expression of
GSH-Px, a peroxidase, in the serum of rats with PD. p-HBA reduced LDH and ROS secretion in MPP+-
induced oxidative stress damage in BV2 cells and increased SOD and GSH-Px levels.
Immunofluorescence and western blotting analysis showed that p-HBA increased the expression of p-
PI3K/PI3K, p-AKT/AKT, Nrf2 and HO-1. The above experimental results suggest that, p-HBA may regulate
the PI3K/AKT/Nrf2 pathway, alleviating oxidative stress in nerve cells, and preventing the development
of PD.

1.Introduction
The occurrence of Parkinson's disease (PD) involves many factors, and commonly occurs in middle-aged
and elderly individuals [1]. According to epidemiological studies, the global prevalence of PD is 0.1–0.3%,
with that among individuals aged > 65 years being approximately 0.95%. The prevalence of PD increases
by 1% each year after 60 years of age and 4% each year after 80 years of age [2]. Studies have shown
that the lesion in PD include degeneration of the substantia nigra (SN) and dopaminergic neurons and
the formation of Lewy bodies [3]. PD is caused by the relative or absolute insufficiency of dopamine (DA)
secretion, a relative increase in acetylcholine levels, and dominant cholinergic nerve function, all of which
result in increased muscle tone and other symptoms of PD [4]. The etiology and pathological
mechanisms of PD are extremely complex. Degeneration and necrosis of DA neurons lead to
insufficiency of DA secretion, which is considered the main pathological mechanism of PD [5]. Currently,
the treatment of PD is based on drugs that enhance the function of the central DA nerve or weaken the
function of the cholinergic nerve [6]. Commonly used first-line drugs include levodopa, selegiline
hydrochloride (SEL), amantadine, and anticholinergics [7]. Nevertheless, long-term use of these drugs
leads to bad reactions. For instance, levodopa and amantadine cause side effects such as nausea,
vomiting, and loss of appetite and serious adverse reactions such as hallucinations and mental
disorders [8]. Although SEL is well tolerated, they may cause gastrointestinal ulcers and angina pectoris
[9]. Anticholinergic drugs may cause memory loss, dry mouth, constipation, and other symptoms [10].
Therefore, developing more effective and safer drugs for the prevention and treatment of PD is
necessary.
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Tall gastrodia tuber (Gastrodia elata Bl.), sweet in taste and smooth in texture, is a traditional medication
native to Yunnan Province, China. Studies have shown that tall gastrodia tuber can reduce the loss of
tyrosine hydroxylase (TH)-positive neurons in pars densa SN, consequently ameliorating PD[11]. In
addition, it increases the expression of glial cell-derived neurotrophic growth factor (GDNF) and
decreases that of tumor necrosis factor-alpha (TNF-α) and caspase-3, exerting therapeutic effects
against PD [12]. p-hydroxybenzaldehyde (p-HBA), a natural phenolic component of tall gastrodia tuber,
has several neuroprotective activities, including anti-inflammatory and antioxidant activities [13, 14]. A
study on oxidative stress in mouse brain microvascular endothelial cells (bEnd.3) showed that p-HBA
improved the expression of nuclear factor erythroid-2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-
1), thereby alleviating oxidative stress and nerve damage, inhibiting neuronal apoptosis, and improving
neurological function [15]. Studies have shown that Nrf2 serves as a target protein of AKT and that
inhibitors of AKT and PI3K can decrease Nrf2 activity, thus regulating the oxidative stress response and
promoting the progression of PD [16]. In this study, the pharmacodynamic effects of p-HBA against PD
were investigated using rat models of PD in vivo and BV2 cells with MPP+-induced oxidative damage in
vitro. In addition, the mechanism through which p-HBA regulates the PI3K/Akt/Nrf2 pathway to alleviate
oxidative stress was examined.

2.Materials

2.1Drugs
p-HBA was purchased from Chengdu Aikeda chemical reagent company (Batch No.: 202005171). Its
structural formula is shown in Fig. 1A SEL was purchased from Orion Corporation of Finland (Batch No.:
2018581). It can inhibit the activity of MAO-B, preventing the degradation of DA and enhancing the
function of dopaminergic neurons, and can be used as monotherapy for the clinical treatment of PD [17].
SEL was used as the positive control drug in our study.

2.2 Reagents
LDH, SOD, ROD and GSH-Px assay kits (Batch No.: A003-1-2, A001-3-2, A006-2-1 and A005-1-2,
respectively) were purchased from Nanjing Jiancheng Bioengineering Co., LTD. An NO assay kit (Batch
No.: S0021S) was purchased from Shanghai Biyuntian Biotechnology Co., LTD. Anti-PI3K, anti-p-PI3K,
anti-AKT, anti-p-AKT, anti-HO-1 and anti-Nrf2 (Batch No.: R22768, 341468, 342529, 310021, R24541 and
R380773, respectively) were bought from Zhengneng Bio-Technology Co., LTD. Anti-β-actin antibodies
(Batch No.: AC026) was bought from Cell Signaling Technology Inc.

LY294002 (Batch No.: A133122) was purchased from Beijing AmBeed Biotechnology Co., Ltd. and is a
specific inhibitor of PI3K.

2.3 Experimental animals and cells
SPF male SD rats (age, 8 weeks; body weight, 200 ± 20 g) were bought from Chengdu Dashuo Laboratory
Animal Co., LTD. (license number: [Chuan] SCXK 2020-030). The rats were maintained in a controlled
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environment at 23 ± 2℃ with humidity of 50 ± 5% and were allowed free access to food and drinking
water. Animals were handled in accordance with the Animal Welfare and Management Act. All animal
experiments were executed in accordance with the Guidelines for the Care and Use of Laboratory
Animals by the National Research Council and were approved by the Ethics Committee of the Yunnan
University of Chinese Medicine (R-06201975). The research was conducted in accordance with European
community guidelines for laboratory animal use and care.

Mouse microglia (BV2), batch number CX0103, provided by Wuhan Doctor Bioengineering Co., Ltd.,
China. Cells were cultured in DMEM medium containing 10% fetal bovine serum and 10% double
antibody at 37℃ in a 5% CO2 incubator.

3.Methods

3.1Drug Preparation
(1) Preparation of low-, medium-, and high-dose p-HBA solutions: p-HBA was weighed on a 1/10,000
electronic balance and dissolved in double steamed water. Subsequently, p-HBA solutions were prepared
at concentrations of 1, 2, and 4 mg/mL, which were used as low, medium, and high doses, respectively,
and were stored at room temperature away from light.

(2) Preparation of the SEL solution: SEL was weighed on a 1/10,000 electronic balance and dissolved in
double steamed water. The concentration of SEL was adjusted to 56.25 µg/mL, and the solution was
stored at room temperature away from light.

(3) Preparation of the 6-OHDA solution: 6-OHDA was weighed and dissolved in 0.2% ascorbic acid to
obtain 5-µg/µL 6-OHDA. The solution was wrapped with tin foil to avoid exposure to light.

3.2 Establishment of PD model

3.2.1 Anesthesia Induction and Fixation
� Healthy SD male rats were selected, no rotation behavior was detected by APO. The rats were
anesthetized via intraperitoneal injection of 2% pentobarbital sodium (40 mg/kg).

② After narcosis, the head of each rat was shaved with a shaving machine, the tongue was moved to one
side of the tooth to prevent bites, and the head was fixed on a stereoscope. The blunt end of the metal
rod was inserted through the left and right ear canals, respectively, and the skull was fixed so that the left
and right scale values were similar. After the metal rod was fixed, the ears were gently pulled and shaken
to confirm the immobility of the head. In addition, the jaw was maintained in a horizontal plane without
tilting.

3.2.2 Modeling
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� The skin and periosteum of the rat head were cut with surgical scissors, and the position of the
fontanelle was determined at the intersection of sagittal and coronal sutures. The coordinates of the
fontanelle as the origin were zero. The right dense part of SN (SNC) and the ventral tegmental area (VTA)
of the midbrain were injected using a two-point method. The location of SNC was determined based on
the following coordinates: AP = -5.0 mm; ML= -1.5 mm; DV= -8.2 mm. The location of VTA was
determined based on the following coordinates: AP = -5.0 mm; ML= -1.5 mm; DV= -8.2 mm.

② A 10-µL microsampler was washed with 0.2% ascorbic acid 2–3 times. Discharge the bubbles, and
inhale 8 µL of 6-OHDA solution (5 µg/µL).

③ The position of the injection pump was adjusted, and 4 µL of 6-OHDA solution was injected into SNC
and VTA at the injection rate of 1 µL/min. The needle was kept in place for 5 minutes after injection and
withdrawn slowly.

④ The wound was cleaned with a cotton ball soaked in iodophor, and the drill hole was sealed with bone
wax. After the wound was closed using an Angle needle and surgical suture, the suture and surrounding
region were cleaned with a cotton ball soaked in iodophor.

3.2.3 Validation of PD models
After 2 weeks of modeling, 0.5-mg/kg apomorphine was intraperitoneally injected into rats, and the
number of rotations within 30 minutes was recorded after 5 minutes of adaptive rotation. Rats with more
than 120 rotations were considered successful models of PD [18].

3.3 Grouping and treatment
Rats with PD were divided into the following 5 groups, with 6 rats in each group randomly: model, SEL,
low-dose p-HBA, medium-dose p-HBA, and high-dose p-HBA. In addition, 6 healthy male SD rats
comprising the control group (Saline containing 0.2% ascorbic acid was injected into the blank group of
rats in the same way as in 3.2.) were administered double steamed water intragastrically once a day for
6 weeks (Fig. 1B). Based on pre-determined doses and related studies [19], the low, medium, and high
doses of p-HBA were set to 10 mg/kg, 20 mg/kg, and 40 mg/kg, respectively. The doses of treatment in
all groups are shown in Table 1.
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Table 1
Treatment dose in each group.

Group Dose

Control Equal amount of double steamed water

Model Equal amount of double steamed water

SEL 562.5 µg/kg

Low p-HBA 10 mg/kg

Medium p-HBA 20 mg/kg

High p-HBA 40 mg/kg

3.4 APO-induced rotation test
After 4 and 6 weeks of treatment, 0.5-mg/kg apomorphine was intraperitoneally injected into rats, and
the number of rotations within 30 minutes was recorded after 5 minutes of adaptive rotation. The
double-blind principle was used to evaluate the number of rotations in rats.

3.5 Morris water maze test
In this study, before establishing the model, the rats were trained adaptively to the water maze
environment and familiar with the experimental procedure. For the Morris water maze test, a pool with a
diameter of 1.6 m and a height of 0.5 m was used. The pool was grouped into four quadrants. In the
target quadrant (third quadrant), a well-configured circular transparent platform was placed, and four
easily distinguishable markers were pasted on the black pool wall. The platform was overwhelmed 1 cm
below the water surface, and the temperature of the water was maintained at 20℃. During the
experiment, light exposure was stable and the movement of rats was recorded using a camera placed
above the pool. The results were processed and analyzed using supporting software [20]. The
experiment was carried out after 6 weeks of administration.

3.5.1 Memory Training Period (day 1–5)
On day 1, whether the rats located the platform within 60 s was observed, and the required time was
recorded. If the rats did not locate the platform, they were led to the platform and permitted to stay for
60 s to observe and learn. Subsequently, the rats were removed from the pool and dried. This training
procedure was repeated for the next 4 days.

3.5.2 Space Exploration Experiment (day 6)
The platform was removed, and the rats were placed in the water maze in the order of the first 5 days.
Given that the number of times the rats located the platform is proportional to their spatial memory [21],
the number of times the rats bridged the location of the platform within 60 s was recorded to evaluate
the cognitive function of rats.
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3.6 Open field test
The open field test is a commonly used neurobehavioral experimental method for evaluating mental
depression based on the spontaneous motor behavior of rats. Depression is the most common non-
motor symptom of PD, with a high incidence rate in the early stages of the disease. Long-term
depression can exacerbate the motor symptoms of PD [22]. For the open field test, a black box of 100
cm × 100 cm × 40 cm was used and a camera was placed above it to record the movement of rats in a
quiet and dark place. The test was performed after 4 and 6 weeks of treatment, and the results were
processed and analyzed using supporting software. The number of grids crossed at the level of the open
field experiment reflected the level of spontaneous activity of the rats, and the number of grids crossed
decreased when the rats became depressed. The resting time reflected the depression level and motor
function of rats. The longer the resting time, the higher the degree of depression and the worse the
motor function. The standing time reflected the exploratory action and curiosity level of rats in a new
environment. The shorter the standing time, the more depressed the animal [23].

3.7 Suspension test
The two forelimbs of the rats were suspended on a horizontal wire (diameter, 3 mm) fixed 60 cm above
the ground. The suspension time of only one forelimb was not within the normal time range. The test
was performed after 4 and 6 weeks of treatment. The test was performed once every 5 minutes 3 times.
The longer the suspension time, the stronger the grip strength, balance, and coordination [24]. The
average suspension time of both forelimbs was evaluated to examine the effects of p-HBA on limb
movement disorder in rats with PD.

3.8 Tape removal test
The tape removal test was performed after 4 and 6 weeks of treatment. Studies have shown that the
time required to tear the tape is inversely proportional to the balance and coordination ability of rats [25].
Two researchers cooperatively conducted the test. One researcher was responsible for fixing the rat,
whereas the other pasted a medical tape (0.5 cm × 0.5 cm) on the hairless part of the nose tip of the rat
and gently pressed it with fingertips to ensure it was firmly glued. The first group released the tape and
placed the rats on a horizontal table, whereas the second group recorded the time required to remove the
tape completely. Each rat was tested three times, with an interval of at least 2 min and the longest
observation time of 60 s. The average time was calculated to evaluate the effects of p-HBA on the
balance, coordination, and perception abilities of rats with PD.

3.9 Effects of p-HBA on serum levels of NO and GSH-Px in
rats
Blood was collected from the abdominal aortas of rats and centrifuged at 3500 r/min for 15 min to gain
serum. The expression of NO and GSH-Px in rat serum was tested using colorimetry assay kits
according to the instructions.
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3.10 HE staining
Rat brain tissues were fixed in 4% paraformaldehyde for 24 h, dehydrated, embedded in paraffin, and
sectioned. The sections were dewaxed, stained with hematoxylin and eosin successively, dehydrated,
and sealed with neutral resin. Finally, pathological changes in rat brain tissues were observed using a
pathological section scanner.

3.11 Immunofluorescence analysis for the detection of TH,
NeuN, and α-synuclein
Dehydrated rat brain tissues were sliced and incubated with primary antibodies against TH (1:1000),
NeuN (1:1000), and α-synuclein (1:1000). Subsequently, the tissue slices were incubated with goat anti-
rabbit antibody (1:5000) for 10 min in the dark (FITC) and treated with DAPI for 10 min to stain the
nucleus. The slices were sealed, stored in the dark, and photographed. Microscopically, the cytoplasm
and nucleus of positive cells appeared green and blue, respectively.

3.12 Effect of p-HBA on PI3K, P-Akt and Nrf2 protein
expression detected by immunofluorescence assay
The brain tissues of rats in the control group, model group and p-HBA 40 mg/kg group were taken
forimmunofluorescence study. The tissue sections of brain with good dehydration were observed and
incubated with primary antibody PI3K (1:200), P-Akt (1:100) and Nrf2 (1:200). Following this, goat anti-
rabbit secondary antibody (1:400) tagged with red fluorophore was introduced. Cell nuclei was retained
using DAPI, followed by sealing the slides. The expressions of PI3K, P-Akt and Nrf2 were then observed
using a fluorescence microscope.

3.13 The effect of p-HBA on oxidatively damaged BV2 cells

3.13.1 p-HBA concentration investigation
Mouse microglia (BV2) were purchased from Wuhan Doctor Bioengineering Co., Ltd. The cells were
cultured in DMEM medium containing 10% fetal bovine serum and 10% double antibody at 37℃ in a 5%
CO2 incubator. When the cell count reaches 80% to 90%, it can be used for subsequent experiments.

Take BV2 cells in the logarithmic growth phase and inoculating them at a density of 1×10⁵ cells/mL into
a 96-well plate, 100 µL per well, incubating overnight in an incubator. Cells were divided into a control
group and p-HBA dose groups (final concentrations of 2 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL,
0.125 mg/mL, 0.0625 mg/mL, and 0.03125 mg/mL, prepared using DMEM medium containing 1/1000
DMSO). The p-HBA dose groups were replaced with 100 µL of the aforementioned drug-containing
medium, while the control group was replaced with an equal volume of DMEM medium. The cells were
cultured in a incubator for 24 hours, the supernatant was discarded, and each well was added with 10 µL
of CCK-8 solution and 100 µL of DMEM basal medium. The cells were cultured in a CO₂ incubator for 30
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minutes, and the OD value was measured at a wavelength of 450 nm using a microplate reader.
Calculate the cell survival rate using the following formula.

cell viability (%) = Sample OD value-Average OD value of zero hole ×100%

  Control mean-Average OD value of zero hole

3.13.2 MPP+ concentration investigation
BV2 cells in the logarithmic growth phase were seeded in a 96-well plate at a density of 1×105 cells/mL
(100 µL per well) and incubated overnight. Wells were assigned to a blank group and MPP+ treatment
groups (final concentrations: 1200, 1000, 800, 600, and 400 µmol/L; prepared in DMEM). The MPP⁺
treatment groups received 100 µL of MPP+-containing medium at the specified final concentrations,
while the blank group was given an equal volume of DMEM basal medium. After 24 h of conventional
incubation, the supernatant was discarded, and 10 µL CCK-8 solution plus 100 µL DMEM basal medium
were added to each well. Following 30-min incubation in a 5% CO₂ incubator, OD₄₅₀ values were
measured using a microplate reader. Cell survival rate was then calculated.

3.13.3 Establishment of an MPP+ in vitro-induced oxidative
damage model in BV2 cells
Cells were divided into control group, MPP⁺ group, MPP⁺ + p-HBA groups (0.03125, 0.0625, 0.125
mg/mL), and MPP⁺ + LY294002 (PI3K inhibitor) + p-HBA groups (0.03125, 0.0625, 0.125 mg/mL). After
overnight incubation, supernatants were discarded. The MPP⁺ + LY294002 and MPP⁺ + LY294002 + p-
HBA groups were treated with LY294002 solution (10 µmol/L), while other groups received basal
medium. Following 1-h incubation, supernatants were discarded. p-HBA treatment groups were
administered p-HBA (0.03125, 0.0625, 0.125 mg/mL), whereas control group, MPP⁺ group,, and MPP⁺ +
LY294002 groups received basal medium. After 4-h incubation, supernatants were discarded. All groups
except control group were exposed to MPP+ solution (1000 µmol/L) for 24 h. At 24 h post-MPP⁺
treatment, measurements were performed: LDH release by microplate assay, intracellular ROS by
chemifluorescence, SOD activity by WST-1 method, and GSH-Px activity by colorimetric assay.

3.13.4 Effects of p-HBA on the levels of LDH, SOD, ROS
and GSH-Px in culture supernatants
Take BV2 cells in the logarithmic growth phase and seed them at a concentration of 1 × 105 cells/mL in
a 6-well plate, with 1 mL per well, and incubate overnight in an incubator. Follow the methods described
in section “3.13.3 Establishment of an MPP+ in vitro-induced oxidative damage model in BV2 cells” for
grouping, modeling, and drug administration. After 24 hours, collect the cell lysate and determine protein
content using the BCA assay kit. Simultaneously, follow the instructions of the LDH, ROS, SOD, and GSH-
Px assay kits to measure the levels of LDH, ROS, SOD, and GSH-Px in the samples.
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3.13.5 Determination of the effects of p-HBA on the protein expression of p-PI3K, PI3K, p-AKT, AKT, Nrf2 and
HO-1 in BV2 cell lysates via western blotting

Take BV2 cells in the logarithmic growth phase and inoculate them at 1×105 cells/mL into a 6-well plate,
1 mL per well.Cells were divided into control group, MPP+ group, MPP+ + LY294002 (PI3K inhibitor)

group, MPP+ + p-HBA (0.0625 mg/mL) dose group, and MPP+ + LY294002 + p-HBA (0.0625 mg/mL) dose
group. The model was established and drugs were administered according to the method described in
section “3.13.3 Establishment of an MPP + in vitro-induced oxidative damage model in BV2 cells”. 24
hours after administration, remove the culture medium, wash once with PBS, add 100 µL of mixed
solution (RIPA lysis buffer: PMSF = 100:1) to lyse the cells and extract the total protein. Concurrently
perform constant-voltage electrophoresis (180 V, 40 min) to separate proteins, then transfer to a PVDF
membrane (110 V, 70 min). Block with a protein-free rapid blocking solution for 15 min, followed by
incubation with primary antibodies against PI3K (1:500), p-PI3K (1:500), AKT (1:500), p-AKT (1:500), Nrf2
(1:500), HO-1 (1:500), and β-actin (1:10,000) at 4°C overnight. The next day, the membrane was
incubated with goat anti-rabbit secondary antibody (1:5,000) at room temperature for 1 hour. The
expression levels of target proteins were assessed by calculating the ratio of optical density between
target protein bands and internal control protein bands.

4. Statistical analysis
The SPSS Statistics (version 26.0) software was used for statistical analysis. The Shapiro–Wilk test was
used to check the normality of the data. For normally distributed data, one-way ANOVA was used to
compare the data among multiple groups, the LSD method was used to assess the homogeneity of
variances, and Dunnett’s T3 method was used to assess the heterogeneity of variances. Non-parametric
tests were used to compare non-normally distributed data. A P-value of < 0.05 indicated statistically
differences.

5. Results

5.1 p-HBA lowered the number of rotations induced by
APO
To investigate whether p-HBA alleviated the damage caused by 6-OHDA, the number of rotations induced
by APO in rats with PD was evaluated. Compared with the model group, the number of rotations in SEL
group, P-HBA10mg /kg, 20mg/kg and 40mg/kg dose groups had no significant change before
administration, and the difference was not significant (P > 0.05, Fig. 1C). After 4 weeks of treatment, the
number of rotations was significantly decreased in the SEL, low-dose p-HBA, and medium-dose p-HBA
groups (P < 0.05, Fig. 1D). Although the number of rotations in the high-dose p-HBA group showed a
decreasing trend, it was not significantly different from that in the model group (P > 0.05, Fig. 1D). After 6
weeks of treatment, the number of rotations was notably decreased in the SEL, low-dose p-HBA,
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medium-dose p-HBA, and high-dose p-HBA groups (P < 0.01, Fig. 1E). Rats in the control group did not
exhibit rotation behavior after injection of APO; therefore, the control group is not labeled in Fig. 1C-
Fig. 1E.

5.2 p-HBA increased the number of platform crossings in
the Morris water maze test
To investigate whether p-HBA improved the spatial memory of rats with PD, the number of platform
crossings was evaluated in the Morris water maze test. Compared with the control group, the model
group had a lower number of platform crossings (P < 0.01, Fig. 1F). Compared with the model group, the
SEL, medium-dose p-HBA, and high-dose p-HBA groups had a significantly higher number of platform
crossings (P < 0.05, Fig. 1F).

5.3 Open field test

5.3.1 Number of horizontal grid crossings
After 4 weeks of treatment, the number of horizontal grid crossings was significantly lower in the model
group than in the control group (P < 0.01, Fig. 1G). Compared with the model group, the SEL, medium-
dose p-HBA, and high-dose p-HBA groups had a notably higher number of horizontal grid crossings (P < 
0.05 or P < 0.01, Fig. 1G). After 6 weeks of treatment, the number of horizontal grid crossings was
significantly lower in the model group than in the control group (P < 0.01, Fig. 1H). Compared with the
model group, the SEL, medium-dose p-HBA, and high-dose p-HBA groups had a significantly higher
number of horizontal grid crossings (P < 0.05 or P < 0.01, Fig. 1H). The experimental results suggest that
p-HBA can increase the autonomous exploratory behavior of PD rats.

5.3.2 Resting time
After 4 weeks of treatment, the resting time was significantly longer in the model group than in the
control group (P < 0.01, Fig. 1I). Compared with the model group, the high-dose p-HBA group had a
notably shorter resting time (P < 0.05, Fig. 1I). Although the resting time of the SEL, low-dose p-HBA, and
medium-dose p-HBA groups showed a decreasing trend, it was not significantly different from that of the
model group (P > 0.05, Fig. 1I). After 6 weeks of treatment, the resting time was significantly longer in the
model group than in the control group (P < 0.01, Fig. 1J). Compared with the model group, the SEL,
medium-dose p-HBA, and high-dose p-HBA groups had a significantly shorter resting time (P < 0.05,
Fig. 1J). Although the resting time of the low-dose p-HBA group showed a decreasing trend, it was not
significantly different from that of the model group (P > 0.05, Fig. 1J). These results collectively indicated
that p-HBA enhanced the autonomous exploratory activity of rats with PD.

5.3.3 Standing time
After 4 weeks of treatment, the standing time was significantly shorter in the model group than in the
control group (P < 0.01, Fig. 1K). Compared with the model group, the SEL, medium-dose p-HBA, and
high-dose p-HBA groups had a significantly longer standing time (P < 0.05, Fig. 1K). After 6 weeks of
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treatment, the standing time was significantly lower in the model group than in the control group (P < 
0.01, Fig. 1L). Compared with the model group, the SEL, low-dose p-HBA, medium-dose p-HBA, and high-
dose p-HBA groups had a significantly longer standing time (P < 0.05, Fig. 1L). Altogether, these results
indicated that p-HBA increased the autonomous exploratory activity of rats with PD.

5.4 Suspension test
The suspension test was performed to evaluate the grip strength, balance ability, and coordination ability
of rats with PD. After 4 weeks of treatment, the suspension time was significantly shorter in the model
group than in the control group (P < 0.05, Fig. 1M). Compared with the model group, the SEL, low-dose p-
HBA, medium-dose p-HBA, and high-dose p-HBA groups had a significantly longer suspension time (P < 
0.05, Fig. 1M). After 6 weeks of treatment, the suspension time was significantly shorter in the model
group than in the control group (P < 0.05, Fig. 1N). Compared with the model group, the SEL, medium-
dose p-HBA, and high-dose p-HBA groups had a significantly longer suspension time (P < 0.05 or P < 
0.01, Fig. 1N). Although the suspension time of the low-dose p-HBA group showed an increasing trend, it
was not significantly different from that of the model group (P > 0.05, Fig. 1N).

5.5 Tape removal test
The tape removal test was performed to examine the effects of p-HBA on the balance and coordination
abilities of rats with PD. After 4 and 6 weeks of treatment, the time required to remove an adhesive tape
from the nose tip was significantly longer in the model group than in the control group (P < 0.05 or P < 
0.01; Fig. 1O, 1P). Compared with the model group, the SEL, low-dose p-HBA, medium-dose p-HBA, and
high-dose p-HBA groups required significantly less time to remove the tape (P < 0.05 or P < 0.01; Fig. 1O,
1P).

5.6 p-HBA improved the serum levels of NO and GSH-Px in
rats with PD
Compared with the control group, the model group had significantly higher serum levels of NO and
significantly lower serum levels of GSH-Px (P < 0.05, Fig. 1Q, 1R). Compared with the model group, the
SEL, low-dose p-HBA, medium-dose p-HBA, and high-dose p-HBA groups had significantly lower serum
levels of NO, whereas the SEL and low-dose p-HBA groups had significantly higher serum levels of GSH-
Px (P < 0.05 or P < 0.01, Fig. 1Q, 1R). The serum levels of GSH-Px in the medium-dose and high-dose p-
HBA groups showed an increasing trend (P > 0.05, Fig. 1R).

5.7 p-HBA had protective effects on neurons in the
substantia nigra
HE staining was performed to assess the morphological characteristics and quantity of neurons in the
SN. Normal neurons in the SN of the control group were purple-red with an irregular shape, larger cell
body, and higher abundance. Compared with the control group, the model group had a lower number of
neurons in the SN and more cell shrinkage. Compared with the model group, the SEL, low-dose p-HBA,
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medium-dose p-HBA, and high-dose p-HBA groups showed an increase in the number of neurons and
cell size (Fig. 2A).

5.8 p-HBA improved the expression of TH, NeuN, and α-
synuclein in rats with PD
Under UV excitation, the nucleus appeared blue, whereas TH, NeuN, and α-synuclein appeared green.
Compared with the control group, the model group had significantly lower expression of TH and NeuN
but significantly higher expression of α-synuclein in the SN (P < 0.05 or P < 0.01; Fig. 2B). Compared with
the model group, the SEL, low-dose p-HBA, medium-dose p-HBA, and high-dose p-HBA groups had
significantly higher expression of TH but significantly lower expression of α-synuclein in the TN (P < 0.05
or P < 0.01; Fig. 2B). In addition, the expression of NeuN in the SN of rats was significantly higher in the
high-dose p-HBA group than in the model group (P < 0.05, Fig. 2B).

5.9 p-HBA increased the protein expression of PI3K, Nrf2,
and p-Akt
The results showed that the protein expression of P-AKT was significantly lower and that of P13K and
Nrf2 was significantly higher in the model group than in the control group (P < 0.05; Fig. 3). The
significant increase in the expression of P13K and Nrf2 may explain the activation of oxidative stress
response in the model group. Compared with the model group, the p-HBA 40mg/kg group had
significantly higher protein expression of Nrf2and p-AKT (P < 0.05; P < 0.01, Fig. 3), PI3K protein
expression showed an upward trend (P > 0.05, Fig. 3). These results suggested that the antioxidative
effects of p-HBA are associated with the regulation of the PI3K/AKT/Nrf2 pathway.

5.10 p-HBA had protective effects on BV2 cells with
oxidative damage

5.10.1 p-HBA concentration examination
Based on preliminary experiments, We hypothesized that p-HBA exerts protective effects against PD by
alleviating oxidative stress-induced damage in nerve cells by regulating the PI3K/AKT pathway. To verify
this hypothesis, MPP+ was used to induce oxidative damage in BV2 cells and the targets of p-HBA were
identified. The p-HBA concentration examination showed that, compared with the blank group, the cell
survival rate decreased significantly (P < 0.05) when the p-HBA dosage was 0.25 mg/ml, indicating that
when the p-HBA concentration exceeded 0.25 mg/ml, it produced drug toxicity and severely damaged
the growth of BV2 cells (Fig. 4A). Therefore, the dosing concentrations of p-HBA were selected as
0.03125 mg/ml, 0.0625 mg/ml, and 0.125 mg/ml for the small, medium, and large doses, respectively.

5.10.2 MPP+concentration examination
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The experimental results showed that compared with the blank group, the survival rate of BV2 cells
decreased significantly at MPP+ doses of 600 µmol/L, 800 µmol/L, 1000 µmol/L, and 1200 µmol/L (P < 
0.05; P < 0.01, Fig. 4B). The cell survival rate decreases with increasing dose. When the modeling dose is
1000 µmol/L, the cell survival rate is approximately 50%. Therefore, 1000 µmol/L was selected as the
modeling dose of MPP+ for subsequent experiments.

5.10.3 p-HBA reduced LDH and ROS levels of oxidative damage in BV2 cells; increased SOD and GSH-Px
levels

To verify the protective effects of p-HBA against oxidative damage, the levels of the oxidative stress-
related factors LDH, SOD, ROS and GSH-Px in the culture supernatant of BV2 cells were evaluated. The
results showed that, compared with the blank group, the MPP+ group had significantly higher LDH and
ROS levels and significantly lower GSH-Px and SOD levels (P < 0.01; Fig. 4C, D, E, F); Compared with the
MPP+ group, the LDH levels in the MPP++p-HBA (0.03125 mg/mL) dose group showed a decreasing
trend (P > 0.05) (Fig. 4C), while the LDH levels in the MPP++p-HBA (0.0625 mg/mL, 0.125 mg/mL) dose
groups were significantly reduced (P < 0.05) (Fig. 4C); The ROS levels were significantly reduced in the
MPP++p-HBA dose groups (0.03125 mg/mL, 0.0625 mg/mL, 0.125 mg/mL), while the levels of GSH-Px
and SOD were significantly increased (P < 0.05; P < 0.01, Fig. 4D, E, F). Additionally, we observed that
following administration of the inhibitor LY294002, compared to the MPP++p-HBA (0.03125 mg/mL,
0.0625 mg/mL, 0.125 mg/mL) dose groups, the MPP++LY294002 + p-HBA (0.03125 mg/mL, 0.0625
mg/mL, 0.125 mg/mL) showed a decreasing trend in LDH levels (P > 0.05), a significant increase in ROS
levels, and a significant decrease in GSH-Px and SOD levels (P < 0.05). These results suggest that p-HBA
protects BV2 neurons, regulates the expression of oxidative stress factors, and has neuroprotective
effects. Since LY294002 is a specific inhibitor of PI3K, the antioxidant stress-protective effect of p-HBA
was antagonized by the addition of LY294002. Therefore, we speculate that p-HBA may mediate the
release of the aforementioned oxidative stress factors by activating the PI3K signaling pathway.
Consequently, we conducted the following experiments to validate this hypothesis.

5.10.4 p-HBA increased the protein expression of p-PI3K/PI3K, p-AKT/AKT, Nrf2 and HO-1 in BV2 cells with
oxidative damage

Western blotting was performed to investigate the effects of p-HBA on the protein expression of PI3K, p-
PI3K, p-AKT, AKT, Nrf2 and HO-1 in BV2 cells with oxidative damage. The effects of p-HBA on the
expression of PI3K, p-PI3K, AKT, p-AKT, Nrf2, and HO-1 proteins in oxidatively damaged BV2 cells were
detected using Western blotting. The results show that, compared with the control group, the MPP+ dose
group exhibited significantly downregulated expression of p-PI3K/PI3K, p-AKT/AKT, Nrf2, and HO-1 (P < 
0.05; P < 0.01, Fig. 5A-E), confirming that MPP+ induces neurotoxicity via suppression of the
PI3K/AKT/Nrf2 pathway. Relative to the MPP+ group, the MPP+ + p-HBA (0.0625 mg/mL) dose group
showed significantly upregulated expression of p-PI3K, p-AKT, Nrf2, and HO-1 (P < 0.05; P < 0.01, Fig. 5A-
E). However, compared with the MPP+ + p-HBA (0.0625 mg/mL) group, the MPP+ + LY294002 + p-HBA
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(0.0625 mg/mL) dose group demonstrated marked downregulation of these proteins (P < 0.05; P < 0.01,
Fig. 5A-E), indicating that LY294002 abolishes p-HBA-mediated activation of the PI3K/AKT/Nrf2
pathway. These findings indicate that p-HBA anti-PD is associated with the regulation of the
PI3K/Akt/Nrf2 signaling pathway. After adding the inhibitor LY294002, the PI3K/Akt phosphorylation
activation induced by p-HBA was eliminated, and the downstream Nrf2 nuclear translocation and HO-1
expression were more significantly inhibited, ultimately reversing the protective effect of p-HBA.

6.Discussion
PD is a degenerative disease of the nervous system. Its pathogenesis is due to the degeneration and
death of dopaminergic neurons in substantia nigra, which may be related to many factors such as
heredity, environmental factors and aging of nervous system[26]. In our study, the effects of p-HBA
against PD and its mechanism in regulating the PI3K/Akt/Nrf2 pathway were investigated using a rat
model of PD in vivo and a BV2 cell model of oxidative damage in vitro.

Dopaminergic neurons are primarily located in the dense belt of SN in the midbrain. After successful
modeling with 6-OHDA, the decrease in DA levels on the injured side leads to a compensatory reaction.
Subsequently, the D2 receptor on the injured side is upregulated, resulting in hypersensitivity [27]. When
DA receptor agonists, such as APO, are used, the D2 receptor leads to stronger DA activity than that on
the healthy side. This increased activity manifests as rotation behavior toward the healthy side, with the
number of rotations being proportional to the degree of damage caused to dopaminergic neurons [28]. In
this study, after 6 weeks of treatment, the number of rotations was significantly lower in the three p-HBA
groups, indicating that p-HBA had a certain protective effect on dopaminergic neurons.

In the central nervous system, the hippocampus and striatum are associated with spatial memory and
programmed memory, respectively. DA in the SN reaches the hippocampus and striatum through specific
pathways and participates in motor regulation of the basal ganglia. Therefore, insufficient secretion of
DA can impair memory function in the hippocampus and striatum [29]. The Morris water maze test is
used to assess spatial learning and memory in animals [30]. On day 6 of the exploration experiment, the
number of times the rats located the platform was higher in the three p-HBA groups than in the model
group. This improvement in cognitive function may be attributed to the protective effects of p-HBA on
dopaminergic neurons in the SN [31].

The open field test is commonly used to assess the state of depression in animals based on their
autonomous motor behavior [32]. Depression peaks in the early stages of PD, and its long-term
persistence can exacerbate the motor symptoms of PD [33]. In the open field test, a reduction in
movement and standing time indicates that depression can lead to a decrease in the autonomous
spatial exploration activity of animals [34]. Consistently, this study revealed similar results. In addition, p-
HBA significantly increased the number of grid crossings and standing time and decreased the resting
time in rats with PD, suggesting that p-HBA can alleviate depression in rats with PD and increase their
spatial exploration activity.
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Suspension and tape removal tests are used to evaluate the grip strength and balance and coordination
abilities of animals [35]. In this study, the suspension time of rats in the p-HBA groups was significantly
higher than that of rats in the model group after 4 and 6 weeks of treatment. In addition, the time
required to remove an adhesive tape from the nose tip was significantly lower in the three p-HBA groups
than in the model group. These findings suggest that p-HBA can effectively improve the grip strength
and balance and coordination abilities of rats with PD.

6-OHDA rapidly generates a large amount of ROS after entering neurons in the SN, leading to oxidative
stress and decreasing the number of neurons [36]. In this study, pathological analysis showed that p-
HBA can increase the number of neurons in the SN and improve their morphological characteristics,
indicating that it has protective effects on neurons in the SN.

TH is a rate-limiting enzyme synthesized by DA. The number of dopaminergic neurons can be evaluated
by calculating the number of TH-positive cells in the SNc [37]. In addition, the expression of NeuN can
directly reflect the maturity status of neurons [38]. α-synuclein, the main component of Lewy bodies, is
involved in many aspects of nerve plasticity, learning and memory, and regulation of DA uptake [39]. α-
synuclein is readily accumulated in damaged neurons. Its excessive accumulation and folding can
directly activate microglia and cause oxidative stress, which is a key factor in the pathogenesis of PD
[40]. In this study, the number of TH- and NeuN-positive cells was significantly higher and that of α-
synuclein-positive cells was significantly lower in the SN of rats in the drug-treated groups, suggesting
that p-HBA can alleviate neuronal damage in the SN.

As an important free radical-scavenging enzyme in the body, GSH-Px can suppress the formation of lipid
peroxides and enhance the defense against oxidative damage [41]. NO is an extremely unstable free
radical with strong oxidation property. It is a small molecule with a simple structure that rapidly diffuses
through biofilms. Excess NO can cause oxidative damage to cells [42]. In this study, p-HBA was found to
decrease the expression of NO and increase the expression of GSH-Px in the serum of rats with 6-OHDA-
induced PD. These findings suggest that the therapeutic mechanism of action of p-HBA in PD is related
to its protective effects against oxidative stress.

Existing studies have shown that rats with 6-OHDA-induced PD have a significantly higher number of
abnormally activated microglia in the substantia nigra densa, suggesting that microglia-mediated
oxidative stress and inflammation play a key role in the progression of PD [43]. Reactive oxygen species
(ROS) are the end products of cell respiration, protein folding, and various metabolic activities. ROS are
well-known inflammatory signaling molecules and inflammatory mediators. Long-term or chronic
exposure to ROS, including OH−, ROO- and NO, is considered a key factor in the progression of
inflammatory diseases. MPP+ acts as a specific inhibitor of mitochondrial complex I, blocking the

electron transport chain and inducing explosive accumulation of superoxide anions (O2
−), which are then

converted into highly toxic OH− through enzymatic reactions, causing protein/lipid oxidative damage and
activating pro-inflammatory transcription factors such as NF-κB[44]. Cell death caused by the direct
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application of MPP+ is similar to oxidative damage caused by 6-OHDA. Therefore, BV2 cells were treated
with MPP+ to establish an in vitro model of oxidative damage.

SOD is an antioxidant metal enzyme widely distributed in microorganisms, plants, and animals, and is
broadly classified into three types. Among these, Cu/Zn-SOD is primarily found in the cytoplasm of
eukaryotic cells, where it plays a role in regulating the balance between cellular oxidation and antioxidant
processes. It catalyzes the dismutation of superoxide anion radicals into O2 and H2O2, making it a key
component in antioxidant mechanisms[45]. LDH is a stable cytoplasmic enzyme that exists in all cells. It
participates in intracellular redox reactions by converting lactic acid to pyruvate. When the permeability
of the cell membrane is altered, a large amount of LDH is released, leading to cell damage [46]. GSH-Px
as a key antioxidant enzyme that removes lipid peroxides, has reduced activity, which can cause SOD to
catalyze O2

− into H2O2, H2O2 accumulates and converts into more toxic -OH free radicals, triggering ROS

bursts and lipid peroxidation damage[47]. In this study, in MPP+-induced oxidative stress in BV2 cells,
LDH and ROS levels were significantly reduced, while SOD and GSH-Px levels were significantly
increased, indicating that p-HBA can alleviate cellular damage by reducing oxidative stress.

LY294002 is a highly specific PI3K inhibitor that acts by competitively binding to the ATP-binding site of
PI3K, inhibiting its phosphorylation activity, and thereby blocking the transmission of downstream
signals[48]. In this study, the complete blockade of the protective effect of p-HBA by LY294002 strongly
confirms the central role of the PI3K/Akt/Nrf2 pathway in the mechanism of action of p-HBA. Notably, in
the LY294002-treated group (MPP++LY294002), although there was a downward trend in pathway protein
expression compared to the MPP+ group, the difference was not statistically significant (P > 0.05). This
may be because MPP+ had already strongly inhibited pathway activity, rendering the additional inhibitory
effect of LY294002 insufficiently evident statistically.

The PI3K/AKt signaling pathway serves as an important pathway for improving cognitive function in the
brain [49]. Phosphoinositide 3-kinase (PI3K) requires interaction with receptors or linkers to be activated.
Owing to its different structure and substrate specificity, type I PI3K, which can be activated by cell
surface receptors, is the most widely investigated kinase. AKT is a serine/threonine protein kinase that
requires the activation of two sites, Thr308 and Ser473, for complete activation. It is involved in
regulating cell survival, growth, proliferation, metabolism, and migration [50]. Nrf2 is an important protein
involved in antioxidant defense. It contains 6 Neh functional domains; among which, Neh2 is the binding
site of Keap1 and Neh3 is closely associated with the activation of ARE. Nrf2 can be targeted to regulate
inflammation and oxidative stress responses, delaying the progression of PD [51]. The activity of Nrf2 is
regulated by the PI3K/Akt pathway, which further phosphorylates Nrf2 by regulating the activity of Nrf2-
ARE, enhancing the activity of Nrf2 and the endogenous antioxidant capacity of cells. The results of this
study suggest that the antioxidant defense mechanism of p-HBA is related to the PI3K/Akt/Nrf2
signaling pathway. The increased expression of P13K and Nrf2 in model group may be attributed to the
activation of oxidative stress response in model group. A study showed that the expression of Nrf2 and
its downstream protein HO-1 was higher in mouse midbrain dopaminergic neurons (MN9D) with 6-
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OHDA-induced damage than in control cells. However, treatment with icariin increased the expression of
both factors in MN9D cells with 6-OHDA induced damage [52]. Another study showed that the
expression of PI3K was higher in differentiated rat adrenal pheochromocytoma cells (PC12) with 6-
OHDA-induced injury than in control cells, whereas treatment with asiaticoside increased the expression
of PI3K in PC12 cells with injury [53]. These findings are consistent with those of the present study.

In conclusion, this study showed that p-HBA exerted protective effects against PD both in vivo and in
vitro. Mechanistically, p-HBA regulates PI3K, AKt, and Nrf2 proteins and alleviates inflammation and
oxidative stress, consequently preventing the progression of PD. These findings offer a valuable
reference for the use of p-HBA in the clinical treatment of PD and offer novel insights into the
development of new drugs for PD.

Abbreviations
DA
dopamine
GDNF
glial cell-derived neurotrophic growth factor
MPP+

MPP+ IODIDE
HO-1
heme oxygenase-1
Nrf2
nuclear factor erythroid-2-related factor 2
6-OHDA
6-hydroxydopamine
PD
Parkinson's disease
p-HBA
p-hydroxybenzaldehyde
PI3K
Phosphoinositide 3-kinase
SOD
superoxide dismutase
LDH
lactatedehydrogenase
ROS
Reactive oxygen species
GSH-Px
glutathione peroxidase

Page 19/31



SEL
selegiline hydrochloride
SN
substantia nigra
TH
tyrosine hydroxylase
TNF-α
tumor necrosis factor-alpha
VTA
ventral tegmental area.

Declarations

Ethics approval and consent to participate
All animal experiments were executed in accordance with the Guidelines for the Care and Use of
Laboratory Animals by the National Research Council and were approved by the Ethics Committee of the
Yunnan University of Chinese Medicine (R-06201975). The research was conducted in accordance with
European community guidelines for laboratory animal use and care.

Consent for publication

Not applicable.

Competing interest

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Funding
This work was supported by the National Natural Science Foundation of China (No. 81660671, China),
Science and technology plan project of Science and Technology Department of Yunnan Province (No.
202101AZ070001-172, China), High-level Discipline Construction Project of Dai Medicine, National
Administration of Traditional Chinese Medicine (No. zyzdxk-2023192, China). Yunnan Provincial Key
Laboratory of Dai Medicine and Yi Medicine Postgraduate Programs (grant No. 2024SS24014), Yunnan
Key Laboratory of Integrated Traditional Chinese and Western Medicine for Chronic Disease in
Prevention and Treatmentm (grant No. 2019DG016).

Author Contribution
Page 20/31



Peixin Guo, Yuhuan Xie, Qinghua Chen and Xue Wu designed the experiments. Xue Wu, Linao Zhang,
Qing Li, Shifang Luo, Feifan Liu, Zifang Chen, Wentao Chen, Jiying Wang, Yan Wan, Yuanmei Bai and
Rong Chen conducted the experiments, while Xue Wu, Linao Zhang, Qing Li and Peixin Guo analyzed the
data and discussed the results. Xue Wu, Linao Zhang and Qing Li wrote the manuscript.

Acknowledgement
We thank all the researchers who provided assistance with our study.

Data Availability
Data will be made available on request.

References
1. Guan NM, Lam CBJ, Yian KR, Yen NK, Moi CS (2023) Prevention of Parkinson's disease: from risk

factors to early interventions. CNS & neurological disorders drug targets

2. Deliz JR, Tanner CM, Latapi PG (2024) Epidemiology of Parkinson's Disease: An Update. Curr Neurol
Neurosci Rep 24:163–179

3. Daniel W, Dag A, Roberta B, Roseanne D, Jennifer G, Simon L (2022) Management of psychiatric and
cognitive complications in Parkinson's disease. BMJ (Clinical Res ed) 379:e068718–e068718

4. Department of Neurology PUM, Baldingerstraße 1, 35043, Marburg, Germany. geibl@staff.uni-
marburg.de., Department of, Neurology PUM (1996) Baldingerstraße 1, 35043, Marburg, Germany.,
Department of Neurology PUM, Baldingerstraße 1, 35043, Marburg, Germany. (2019) Mesencephalic
and extramesencephalic dopaminergic systems in Parkinson's disease. Journal of neural
transmission (Vienna, Austria: 126:377–396

5. Hassan MS, Mohamed NA, Yücel Y, Mohamed YA, Gökgül A (2024) The Prevalence of Depressive
Symptoms in Patients with Idiopathic Parkinson's Disease: Cross-Sectional Study from Somalia. Int
J Gen Med 17:5059–5068

6. Armstrong MJ, Okun MS (2020) Diagnosis and Treatment of Parkinson Disease: A Review. JAMA
323:548–560

7. Petty R, Agarwal V, Allison J, Pires SB, Bartlett M, Boey T, Croucher R, Collins H, Collins S, Davies E,
Duffen J, Doyle RE, Robles CG, Inches J, Mills G, Wonnacott S, Foltynie T, Allgar V, Thompson T,
Carroll CB, Mullin S, Zeissler ML, Consortium EAP (2025) Improving recruitment and retention of
people with Parkinson's disease to clinical studies: A scoping review. J Parkinson's disease
15:1877718X241291986

8. Medicine P, Rehabilitation UoRMC, Rochester USA, Spaulding Rehabilitation Hospital MGH, Brigham,
Women HMS, Boston, Massachusetts USA (2020) Amantadine and memantine: a comprehensive

Page 21/31



review for acquired brain injury. Brain injury 34:299–315

9. Khot KB, Gopan SSD, N G, Shastry SD, Bandiwadekar P, Jose A J (2024) Enhancing selegiline
hydrochloride efficacy: Box Behnken-optimized liposomal delivery via intranasal route for
Parkinson's disease intervention. J Liposome Res 34:11–18

10. Evelo A, Licher S, Stricker BH, Visser LE, Ruiter R (2025) Temporal Trends of Anticholinergic Drug
Exposure Among Older Adults: A 25-Year Population-Based Study. Drug Saf :1–7

11. Guan D, Wang M, Zhang M, Lu G, Wang F, Liu X, Wang Q (2025) Exploring the potential protective
mechanism of Gastrodia elata Blume in Parkinson's disease using LC-MS/MS-based striatal
metabolomics. J Ethnopharmacol 352:120094

12. Gan QX, Peng MY, Wei HB, Chen LL, Chen XY, Li ZH, An GQ, Ma YT (2024) Gastrodia elata
polysaccharide alleviates Parkinson's disease via inhibiting apoptotic and inflammatory signaling
pathways and modulating the gut microbiota. Food Funct

13. Yajin Y, Lijun L, Yao D, Ruoxi F, Rongping Z, Ningna Z (2022) p-hydroxy benzaldehyde revitalizes the
microenvironment of peri-infarct cortex in rats after cerebral ischemia-reperfusion. Phytomedicine
105:154379–154379

14. Yu X, Tao J, Xiao T, Duan X (2024) P-hydroxybenzaldehyde protects Caenorhabditis elegans from
oxidative stress and β-amyloid toxicity. Front Aging Neurosci 16:1414956–1414956

15. Zhu Yanping LX, Du Yao Z, Lu R, Li Z, Ningna (2018) Study on the protective effect and mechanism
of p-hydroxybenzaldehyde on the blood-brain barrier. Chin J Traditional Chin Med 43:1021–1027

16. Nand RS, Hagera D, Hareram B, Sen SS, Walia Z, Singh RA, Kumar SB, Pratap SS (2019) The Role of
PI3K/Akt and ERK in Neurodegenerative Disorders. Neurotox Res 35:775–795

17. Éva Szökő TT, Riederer P, László Vécsei (2018) Pharmacological aspects of the neuroprotective
effects of irreversible MAO-B inhibitors, selegiline and rasagiline, in Parkinson’s disease. J Neural
Transm 125:1735–1749

18. Ya-Wei J, Xue Z, Jiang-Peng F, Wei-Xin G, Zi-Lin S, Hai-Chuan W, Guiyun C, Chunyi Z, Cheng X (2023)
Differential remodeling of subthalamic projections to basal ganglia output nuclei and locomotor
deficits in 6-OHDA-induced hemiparkinsonian mice. Cell Rep 42:112178–112178

19. Yang Y, Zhang RDB, Jia Y, Chen. M (2019) Repair Effect of P-Hydroxybenzaldehyde on Cerebral
Ischemia Reperfusion Injury Model Rats. China Pharmaceuticals 28:11–14

20. Guan T, Song J, Wang Y, Guo L, Yuan L, Zhao Y, Gao Y, Lin L, Wang Y, Wei J (2017) Expression and
characterization of recombinant bifunctional enzymes with glutathione peroxidase and superoxide
dismutase activities. Free Radic Biol Med 110:188–195

21. Ayse O, Aydin AM, Osman S, Mustafa M, Narin D, Hande P, Mehmet B, Aysel A (2021) Effects of
adropin on learning and memory in rats tested in the Morris water maze. Hippocampus 32:253–263

22. /au/au-aff aa (2009) Pattern of Depressive Symptoms in Parkinson's Disease. Psychosomatics
50:448–454

Page 22/31



23. Çevik ÖS, Yıldırım DD, Uzun C, Horata E (2025) Contribution of Distinctive Outcome Measures to the
Assessment of Anxiety in the Open Field: A Meta-Analysis of Factors Mediating Open-Field Test
Variability in Rodent Models of Anxiety. Behav Brain Res 490:115612

24. Atiyah IA, Niyomdecha S, Cheaha D (2025) Neural oscillations in the nucleus accumbens-dorsal
hippocampal circuits and behavioral effects of acute fluoxetine administration during the Tail
suspension test in mice. Exp Brain Res 243:174

25. Chai Z, Fan HJ, Li YR, Sun MY, Xiao WS, Yang CJ, Huang JJ, Yu JZ, Li YH, Zhang B, Jin XM, Xiao BG,
Ma CG (2019) Effect of Wuzi Yanzong Pill on oxidative stress response in Parkinson's disease mice.
J Neurol Sci 405:29–29

26. Chandel I, Kumari S, Bagri K, Bhatia A, Deshmukh R (2025) Parkinson's disease: genetics and
neuroinflammatory insights. Inflammopharmacology:1–13

27. P KJ MKR (2020) p-Chloroamphetamine-Enhanced Neostriatal Dopamine Exocytosis in Rats
Neonatally Co-lesioned with 6-OHDA and 5,7-DHT: Relevance to Parkinson's Disease. Neurotox Res
37:543–552

28. Vahid E, Mahdi EB, Abbas A, Amin AM, Abbas P, Hossein H, Yousef S (2020) Functional
dopaminergic neurons derived from human chorionic mesenchymal stem cells ameliorate striatal
atrophy and improve behavioral deficits in Parkinsonian rat model. Anatomical record (Hoboken, NJ:
2007) 303:2274–2289

29. Castillo DF, Lucia C, Fabio F (2021) Bidirectional role of dopamine in learning and memory-active
forgetting. Neurosci Biobehav Rev 131:953–963

30. Kyoung SM, Sehoon J, DaeHyun S, An LJ, JaeHon L, Yena L, S MR, Woo PS, Goo LJ (2022) Effects of
liraglutide on depressive behavior in a mouse depression model and cognition in the probe trial of
Morris water maze test. J Affect Disord 324

31. Andeden MD, Andeden EE, Cucer N (2025) Neuroprotective Effects of Microalga Desmodesmus
arthrodesmiformis EM13 on 6-OHDA Induced Cell Model of Parkinson’s Disease. Neurochemical J
18:800–812

32. Ao-Qi S, Bo G, Jun-Juan F, Ya-Jing Z, Jun Z, Yu-Ling W, Li-Zhong X, Wen-Ning W (2020) NLRP1
inflammasome contributes to chronic stress-induced depressive-like behaviors in mice. J
Neuroinflamm 17:178

33. Xia D, Xiong M, Yang Y, Wang X, Chen Q, Li S, Meng L, Zhang Z (2025) Chronic stress induces
depression-like behaviors and Parkinsonism via upregulating α-synuclein. npj Parkinson's Disease
11:139–139

34. ying WJ, Yue Z, Yu C, Yu W, yuan LS, fei WY, xuan ZZ, Jinling Z, Peijing R (2021) Mechanisms
underlying antidepressant effect of transcutaneous auricular vagus nerve stimulation on CUMS
model rats based on hippocampal α7nAchR/NF-κB signal pathway. J Neuroinflamm 18:291–291

35. Zhong Y, Xuan L, Zhipeng C, Peng W, Huaxin SWD S (2022) Post-ischemia common carotid artery
occlusion worsens memory loss, but not sensorimotor deficits, in long-term survived stroke mice.
Brain Research Bulletin

Page 23/31



36. Zohre S, Shahla EB, Mohammadmahdi S, Nahal N, Rasool H (2022) Post treatment with Gastrodin
suppresses oxidative stress and attenuates motor disorders following 6-OHDA induced Parkinson
disease. Neurosci Lett 790:136884–136884

37. Gopinath A, Zamora AR, Franks S, Riaz T, Smith A, Dizon G, Hornstein L, Follett J, Swartz C, Bravo J,
Kugelmann EL, Farrer M, Okun MS, Khoshbouei H (2024) Immunophenotyping Tracks Motor
Progression in Parkinson's Disease Associated with a TH Mutation. J Parkinson's disease 14:883–
888

38. Sandra VC, Veronica AL, Melania GR, Daniel SS, Isabel UB, Alicia FC, Alino MM (2022)Neuronal and
glial characterization in the rostrocaudal axis of the human anterior olfactory nucleus: Involvement
in Parkinson’s disease. Frontiers in Neuroanatomy 16:907373–907373

39. Rong D, Chang L, Hong J, Yulan C, Lanxiang W, Yuting Z, Fen W, Jing C (2025) Circadian disruption
exacerbates cognitive impairment via an intense neuroinflammatory reaction and alpha-synuclein
deposition in a Parkinson’s disease mouse model. NeuroReport

40. Fyfe I (2025) α-Synuclein pathology in LRRK2 Parkinson disease. Nat Reviews Neurol 21:1–1

41. Yang Y, Peng H, Meng D, Fa Z, Yao C, Lin X, Schick J, Jin X (2025) Stress Management: How the
Endoplasmic Reticulum Mitigates Protein Misfolding and Oxidative Stress by the Dual Role of
Glutathione Peroxidase 8. Biomolecules 15:847–847

42. Pittsburgh Heart L, Blood VMIUP, Pittsburgh, Pennsylvania, Pulmonary A, Critical Care Medicine UoP,
Pittsburgh, Pennsylvania P, Do, Chemical Biology UoP, Pittsburgh, Pennsylvania, and Department of
Medicine CfM, Mitochondrial Medicine UoP, Pittsburgh, Pennsylvania., Heart P, Blood L (2019)
Vascular Medicine Institute UoP, Pittsburgh, Pennsylvania, Pulmonary A, Critical Care Medicine UoP,
Pittsburgh, Pennsylvania, Pharmacology Do, Chemical Biology UoP, Pittsburgh, Pennsylvania, and
Department of Medicine CfM, Mitochondrial Medicine UoP, Pittsburgh, Pennsylvania., Pittsburgh
Heart L, Blood, Vascular Medicine Institute UoP, Pittsburgh, Pennsylvania, Pulmonary A, Critical Care
Medicine UoP, Pittsburgh, Pennsylvania, Pharmacology Do, Chemical Biology UoP, Pittsburgh,
Pennsylvania, and Department of Medicine CfM, Mitochondrial Medicine UoP, Pittsburgh,
Pennsylvania. Sources of Vascular Nitric Oxide and Reactive Oxygen Species and Their Regulation.
Physiological reviews 99:311–379

43. Zhu W, Hu Y, Shi Y, Bao H, Cheng X, Jiang M, Peng Z, Song J, Fang F, Jian C, Yuan W, Chen J, Shu X
(2025) Sleep deprivation accelerates Parkinson's disease via modulating gut microbiota associated
microglial activation and oxidative stress. Microbiol Res 293:128077–128077

44. Meisel JD, Miranda M, Skinner OS, Wiesenthal PP, Wellner SM, Jourdain AA, Ruvkun G, Mootha VK
(2024) Hypoxia and intra-complex genetic suppressors rescue complex I mutants by a shared
mechanism. Cell 187:659–675e618

45. G RN, L PR CCV (2018) Eukaryotic copper-only superoxide dismutases (SODs): A new class of SOD
enzymes and SOD-like protein domains. J Biol Chem 293:4636–4643

46. Danni X, Caiyou S, Tao Q, Zhenwei Z, Jie C, Jingyi D, Tao S, Ying X (2023) Moschus ameliorates
glutamate-induced cellular damage by regulating autophagy and apoptosis pathway. Sci Rep

Page 24/31



13:18586–18586

47. Asatiani N, Sapojnikova N, Kartvelishvili T, Asanishvili L, Sichinava N, Chikovani Z (2025) Blood
Catalase, Superoxide Dismutase, and Glutathione Peroxidase Activities in Alcohol- and Opioid-
Addicted Patients. Medicina 61:204–204

48. Guney EG, Melek O (2021) Therapeutic potential of the PI3K inhibitor LY294002 and PARP inhibitor
Talazoparib combination in BRCA-deficient triple negative breast cancer cells. Cell Signal 91:110229

49. AlRuwaili R, Kuraishy HMA, Gareeb AIA, Albuhadily AK, Alexiou A, Papadakis M, Fetoh MEAE, Batiha
GES (2025) Targeting of the PI3 K/AKT/GSK3β Pathway in Parkinson's Disease: A Therapeutic
Blueprint. Molecular neurobiology:1–24

50. Wanmeng F, Zhengpan X, Yibo C, Jinli P, Yan S, Zhuandan Z, Hao W, Yechun P, Shuangshuang W,
Yuerong W, Dayong W (2023) Molecular integrative study on interaction domains of nuclear factor
erythroid 2-related factor 2 with sirtuin 6. Biochimie 211:68–77

51. Zhang L, Wang S, Zhang Y, Zhang X, Xi J, Wu J, Fang J, Zhao H, Zhang B (2025) Troglitazone as a
Novel Nrf2 Activator to Attenuate Oxidative Stress and Exert Neuroprotection. ACS chemical
neuroscience 16

52. Aanchal V, Kritika A, Ritik A, Kajal P, Ahsas G (2022) Molecular mechanisms regulating the
pharmacological actions of icariin with special focus on PI3K-AKT and Nrf-2 signaling pathways.
Mol Biol Rep 49:9023–9032

53. Xie Y, Li YHF, Hu W, Zhang J, Yang X, Yang M (2022) Study on the neuroprotective effect of micro-
saponins (CA-1) in Centella asiatica based on the PI3K/Akt signaling pathway. J Mod Food Sci
Technol 38:62–70

Figures

Page 25/31



Figure 1

. (A)Structural formula of p-HBA. (B)Establishment of rat models of PD and their treatment timeline.
(C)p-HBA reduced the number of rotations induced by APO in rats (n = 6). Number of rotations before
treatment. (D)p-HBA reduced the number of rotations induced by APO in rats (n = 6). Number of
rotations after 4 weeks of treatment. (E)p-HBA reduced the number of rotations induced by APO in rats
(n = 6). Number of rotations after 6 weeks of treatment. (F)p-HBA increased the number of platform
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crossings in rats with PD (n = 6). (G)p-HBA increased the number of horizontal grid crossings in rats with
PD (n = 6). Number of horizontal grid crossings after 4 weeks of treatment. (H)p-HBA increased the
number of horizontal grid crossings in rats with PD (n = 6). Number of horizontal grid crossings after 6
weeks of treatment. (I)p-HBA decreased the resting time of rats with PD (n = 6). Resting time of rats
after 4 weeks of treatment. (J)p-HBA decreased the resting time of rats with PD (n = 6). Resting time of
rats after 6 weeks of treatment. (K)p-HBA increased the standing time in rats with PD (n = 6). Standing
time of rats after 4 weeks of treatment. (L)p-HBA increased the standing time in rats with PD (n = 6).
Standing time of rats after 6 weeks of treatment. (M)p-HBA increased the suspension time of rats with
PD (n = 6). Suspension time of rats after 4 weeks of treatment. (N) p-HBA increased the suspension time
of rats with PD (n = 6). Suspension time of rats after 6 weeks of treatment. (O)p-HBA reduced the time
required to remove an adhesive tape from the nose tip in rats with PD (n = 6). Time required to remove
the tape after 4 weeks of treatment. (P)p-HBA reduced the time required to remove an adhesive tape
from the nose tip in rats with PD (n = 6). Time required to remove the tape after 6 weeks of treatment.
(Q) p-HBA improved the levels of NO and GSH-Px in the serum of rats with PD induced by 6-OHDA (n =
6). NO levels. (R)p-HBA improved the levels of NO and GSH-Px in the serum of rats with PD induced by 6-
OHDA (n = 6). GSH-Px levels. (* P < 0.05; ** P < 0.01 versus the control group; # P < 0.05; ## P < 0.01
versus the model group; Ns, no statistical significance).
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Figure 2

(A)p-HBA had protective effects on neurons in the substantia nigra of rats with PD (n = 6). HE staining
(200 x and 400 x). The black arrow represents cellular atrophy. (B) Expression of TH, NeuN and α-
synuclein in the substantia nigra of rats with PD (100×) (n = 3). Green, TH, NeuN and α-synuclein protein;
blue, 4,6-diamino-2-styrenol (DAPI). (* P < 0.05 versus the control group; ** P < 0.01 versus the control
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group; # P < 0.05 versus the model group; ## P < 0.05 versus the model group; Ns, no statistical
significance)

Figure 3

p-HBA increased the protein expression of PI3K, Nrf2, and p-Akt(n = 6). **P < 0.01 versus the control
group; #P < 0.05 versus the model group; ##P < 0.01 versus the model group.
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Figure 4

(A) The effect of different concentrations of p-HBA on the survival rate of normal BV2 cells（n=4）. (B) The
effect of different concentrations of MPP+ on the survival rate of normal BV2 cells（n=4） (*P < 0.05
versus the control group). (C-F) p-HBA reduced LDH and ROS levels of oxidative damage in BV2 cells;
increased SOD and GSH-Px levels(n = 4). (C) LDH levels; (D) SOD levels; (E) ROS levels; (F) GSH-Px levels
(**P < 0.01 versus the control group; #P < 0.05; ##P < 0.01 versus the model group).
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Figure 5

p-HBA increased the protein expression of PI3K, p-PI3K, AKT, p-AKT, Nrf2 and HO-1 in BV2 cells with
oxidative damage (n = 3). (A) Western blotting of p-PI3K/PI3K, p-AKT/AKT, Nrf2 and HO-1 proteins. (B)
Protein expression of p-PI3K/PI3K. (C) Protein expression of p-AKT/AKT. (D) Protein expression of Nrf2.
(E) Protein expression of HO-1. *p < 0.05; *p<0.01 versus the control group; #p < 0.05; ##p < 0.01; ns: p >
0.05 versus the model group.
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