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Abstract

Lilium brownii (L. brownii) is a plant that can be used for both medicine and food. Its bulbs are commonly used to treat
neurological disorders like depression, insomnia, and Parkinson’s disease (PD). However, the mechanism by which it
treats PD is not yet fully understood. This study aims to investigate the possible mechanism of L. brownii extract in treat-
ing PD and to compare the efficacy of ethanol and aqueous extracts of L. brownii. In this study, mice with PD induced by
I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP) were given L. brownii extracts for 30 days, and the
effects of both extracts were then evaluated. Our study demonstrated that both extracts of L. brownii effectively improved
motor dysfunction in PD mice induced by MPTP. Additionally, they increased the number of neurons in the substantia
nigra region of the mice. Moreover, both extracts reduced levels of malondialdehyde (MDA) and ferrous ion (Fe**), while
increasing levels of superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) in serum. They also influenced the
expression of proteins associated with the p62-Keap1-Nrf2 pathway. Interestingly, while both extracts had similar behav-
ioral effects, the ethanol extract appeared to have a more significant impact on individual proteins in the p62-Keap1-Nrf2
pathway compared to the aqueous extract, possibly due to its higher phenolic acid glyceride content. In conclusion, L.
brownii shows promise as an effective and safe treatment for PD.
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Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder globally (Sharma et al. 2022), with
prevalence rates varying by region and age group. In Europe
and the United States, about 1% of individuals over 60 years
old have PD, increasing to over 4% in those over 80. In
China, the prevalence is 1.7% in individuals over 65, and it
is projected to rise significantly by 2030 (Li et al. 2019b).
PD is characterized by both motor symptoms (like tremors,
muscle rigidity and gait disorder) and non-motor symptoms
(such as depression, insomnia and constipation) (Fu et al.
2016; Ma et al.2017). The disease is primarily linked to the
loss of dopamine (DA) neurons and the formation of Lewy
bodies containing misfolded a-Synuclein (a-Syn) (Dickson
etal. 2010; Simon et al. 2019). While the exact causes of PD
are not fully understood, factors like oxidative stress, neuro-
inflammation and the misfolding and aggregation of a-Syn
are believed to play a role (Bloem et al. 2021). Current treat-
ment options focus on symptom management through medi-
cations like levodopa and surgical interventions like deep
brain stimulation (Meissner et al. 2011; Fox et al. 2018).
Research has demonstrated that long-term levodopa use in
many patients results in complications including unstable
symptoms and abnormal involuntary movements (Meissner
et al. 2011). Moreover, existing medications can only alle-
viate PD symptoms but are unable to reverse the disease
progression. Consequently, the development of new drugs
that can effectively prevent or treat PD is of considerable
practical importance, contributing to social advancement
and human welfare.

Traditional Chinese Medicine, known for its natural com-
position, lower toxicity and powerful synergistic effects,
holds great potential for the long-term prevention and treat-
ment of PD. Various formulas like Baihe Zhimu decoction,
Baihe Dihuang decoction and Ganmai Dazao decoction, as
well as individual herbs such as Bai-he, Gastrodia elata and
Ginkgo biloba have neuroprotective effects and can effec-
tively alleviate the symptoms of PD (Kaur et al. 2017; Lee
et al. 2024). Studies have shown that active components in
these herbs can mitigate PD symptoms through anti-inflam-
matory, anti-apoptotic, anti-oxidative stress mechanisms
and by activating autophagy pathways (Chen et al. 2022).
For instance, phenols like resveratrol have antioxidant and
anti-inflammatory effects that can reduce motor and cogni-
tive impairments in PD mice (Bjerklund et al. 2022; Kung
et al. 2021). Terpenoids, such as andrographolide, have
anti-aging and antioxidant effects, protecting neurons and
improving cognitive function (Prasertsuksri et al. 2023;
Lu et al. 2019). Alkaloids like rhynchophylline have anti-
inflammatory and antioxidant effects, aiding in reducing
motor deficits in PD mice (Hu et al.2018). As a traditional
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Chinese medicine, the crude drug “Bai-he” prepared from
the bulbs of several Lilium species, including Lilium lan-
cifolium Thunb., Lilium brownii F. E. Brown var. viridu-
lum Baker (L. brownii) and Lilium pumilum DC. (Zhang
et al. 2022). The reported phytochemical components of
L. brownii include steroidal saponins, phenolics, flavo-
noids, alkaloids and polysaccharides (Ma et al. 2023; Su et
al. 2021). These bioactive compounds have demonstrated
with sedative-hypnotic, antidepressant, anti-PD, antioxidant
and anti-inflammatory potentials (Wu et al. 2020; Luo et al.
2017). Studies have shown that both aqueous and ethanol
extracts of Bai-he can enhance sleep quality in mice, possi-
bly by increasing serotonin levels in the brain and reducing
stress in the hypothalamic-pituitary-adrenal axis (Oh et al.
2019; Wang et al. 2015). Compounds like Liliumtide A and
Regaloside A isolated from L. brownii exhibit hypnotic and
sedative properties (Li et al. 2023; Zhang et al. 2022). L.
brownii and its formulations have been clinically used and
recognized for the treatment of PD (Guan et al. 2020).
However, it is still uncertain whether the aqueous and
ethanol extracts of L. brownii have the same effectiveness
or show differences in treating PD, as well as their mecha-
nism of action. Therefore, in light of the potential therapeu-
tic benefits of L. brownii for the central nervous system, we
conducted an experiment to explore the effects of both etha-
nol and aqueous extracts of L. brownii on mice with MPTP-
induced PD. The aim was to investigate the efficacy and
possible mechanisms of L. brownii on PD and to provide a
basis for the development and utilisation of L. brownii.

Materials and methods
Animals

Healthy male C57BL/6J mice aged 6—8 weeks were pur-
chased from Beijing Viton Lihua Laboratory Animal
Technology Co., Ltd., with the license number SCXK (Bei-
jing)-2021-001 and animal qualification certificate number
110,011,231,104,369,548. The mice were accommodated
in an SPF-level animal facility at the Research Center of
Henan University of Chinese Medicine for a week. All
animal experimental studies were approved by the Experi-
mental Animal Management Committee of Henan Univer-
sity of Chinese Medicine (Ethics Approval Document No.
202,303,014). Maintenance conditions included a tem-
perature of (22+2) °C and a humidity of 55-65%, along
with a 12-hour light/dark cycle, the mice had free access
to food and water. All feeding, handling and sample collec-
tion of animal experiments are strictly in accordance with
the principles of the Laboratory Animal Ethics Committee
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and the International Standards for the Conduct of Animal
Experiments.

Drugs

In August 2022, the fresh bulbs of L. brownii were obtained
from Longhui County, Hunan Province. They were con-
firmed by Prof. Guo Tao from Henan University of Chi-
nese Medicine to be the underground scale bulbs of Lilium
brownii F. E. Brown var. viridulum Baker. The sample has
been stored at Henan University of Chinese Medicine in
Room BN912, with the reference number 20,220,862 A.

Two batches of 4 kg fresh bulbs from L. brownii were
processed by being extracted twice with 80% ethanol for 2 h
and three times with water for 1 h, respectively. The result-
ing extracts were then filtered and concentrated, yielding
500 g of ethanol extract and 312.5 g of aqueous extract with
concentrations of 12.5% and 7.8125%, respectively.

Madopar (product code: YT0317) was obtained from
Shanghai Roche Pharmaceuticals.

Instruments and reagents

The mouse rotor fatigue instrument (XR-6 C) and open
field instrument (XR-XZ301) were provided by Shanghai
Xinsoft Information Technology Co., Ltd. The vertical elec-
trophoresis instrument (BV-2) and transfer electrophoresis
instrument (BT-2) were obtained from Wuhan Saiweier Bio-
technology Co., Ltd. The Infinite F50 microplate reader was
supplied by Tecan (Switzerland). Olympus BX53 upright
fluorescence microscope was supplied by Olympus Corpo-
ration (Japan). The BCD-272WDGD Refrigerator was from
Qingdao Haier Co., Ltd. The 3K15 High-Speed Cryogenic
Centrifuge was provided by Sigma (Germany) and the ultra-
low temperature storage box (-80 °C) was supplied by Haire
Biomedical Co., Ltd. The Uv-2600 UV spectrophotometer
was produced by Shimadzu (Japan).

The MPTP reagent (1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine hydrochloride, HY-15,608) and Regaloside A
(114420-66-5, >99%) were purchased from MCE Inc. The
PBS reagent (P1020) was obtained from Beijing Solaibao
Co., Ltd. Normal saline (DG0242) was sourced from Henan
Kelun Pharmaceutical Co., Ltd. The 4% paraformaldehyde
fixative solution (BL539A) was provided by Beijing Lan-
jieke Technology Co., Ltd. The following reagents were
supplied by Wuhan Saiweier Biotechnology Co., Ltd: RIPA
lysate (G2002), 50xCocktail protease inhibitor (G2006),
PMSF (100mmol/L, G2008), phosphorylated protease
inhibitor (G2007), BCA protein quantification kit (G2026),
Protein reduction loading buffer (G2075), SDS-PAGE gel
preparation kit (G2003), Protein marker (G2083) and PVDF
membrane 0.45 pm (WGPVDF45) and antibodies including

TH (GB11181), BDNF (GB11559), a-Syn (GB11404), p62
(GB11531), Keapl (GB113747), Nrf2 (GB113808), HO-1
(GB12104), GPX4 (GB113745), ACSL4 (GB115608)
and Actin (GB12001). The MDA kit (A003-1-2), SOD kit
(A001-1-2), GSH-Px kit (A005-1-2) and tissue iron kit
(A039-2-1) were obtained from Nanjing Jiancheng Co., Ltd.

Determination of the content of phenolic acid
glyceride components in L. brownii extracts

Initially, a standard curve was created using the absorbance
values of various concentrations of Regaloside A detected
at 310 nm. Following this, the absorbance at 310 nm was
measured at 0.125 mg/ml for the ethanolic and aqueous
extracts of L. brownii, respectively. The content of pheno-
lic acid glyceride components present in these extracts were
then calculated by referencing the standard curve (Ran et
al. 2022).

Establishment of a mouse model of PD

To ensure that the mice are free of any physical obstacles,
they undergo experimental tests such as open field, rotarod
and pole climbing after an acclimatization period of 7 days.
Subsequently, except for those in the control group, all
selected mice received daily intraperitoneal injections of
MPTP solution (30 mg/kg) for a duration of 7 consecutive
days to induce the PD.

Grouping and administration

The L. brownii extracts and Madopar dosages given to the
mice were adjusted to match the adult clinical equivalent,
as reported in previous studies (Wang et al. 2020; Ma et
al. 2016). Following the identification of mice displaying
PD symptoms through open field, rotarod, and pole climb-
ing tests, the mice were randomly allocated into different
groups based on existing literature, with each group consist-
ing of 8 mice: MPTP group (Rui et al. 2020; Haque et al.
2021), Madopar group (Mad, 107.14 mg/kg) (Huang et al.
2020, 2021), L. brownii ethanol extract at low and high dose
groups (LEE-L, 1.25 g/kg; LEE-H, 2.5 g/kg), and L. brownii
aqueous extract at low and high dose groups (LAE-L,
0.78125 g/kg; LAE-H, 1.5625 g/kg). All groups, except for
the control and MPTP groups, received the designated drugs
via gavage for a period of 30 days. Throughout this time, the
body weights of all mice were measured and documented
every two days. The open field, rotarod, and pole climb-
ing tests were repeated at the end of the treatment period,
and samples were collected after the behavioral assessments
were completed.
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Behavioural tests

As described in the literature (Kheirbek et al. 2009), the mice
were tested on open field (XR-XZ301), rotarod (XR-6 C)
and climbing pole (homemade). Following each testing ses-
sion with a mouse, it was necessary to clean the instruments
with 75% alcohol to prevent any potential interference with
the subsequent mouse evaluations.

Histological observation

Lesions within the substantia nigra region of the mouse
brain were examined through Hematoxylin and Eosin
(H&E) staining. The substantia nigra tissue was initially
fixed in paraformaldehyde, followed by dehydration using
a series of graded ethanol concentrations ranging from 50
to 100%. Subsequently, the tissue was cleared with xylene
and embedded in paraffin. The tissue was then sectioned
into 5 um slices, with some of the sliced samples stained
with H&E to assess pathological changes under a 200x
magnification light microscope. Other samples underwent
deparaffinization, rehydration, antigen retrieval, and serum
blocking, followed by overnight incubation with the corre-
sponding primary antibody at 4 °C, and subsequently with
the secondary antibody for 1 h at room temperature. The
sections were stained with diaminobenzidine and hema-
toxylin, dehydrated, washed, examined under a microscope,
and their average optical density values were measured
using Image J version 1.44.

Biochemical factor testing

Blood samples were collected from the eyeballs and subse-
quently centrifuged at 10,000 rpm for 10 min. Subsequently,
the levels of malondialdehyde (MDA), glutathione peroxi-
dase (GSH-Px) and superoxide dismutase (SOD) were mea-
sured in the serum according to the kit’s instructions. The
head was then decapitated using a guillotine, cooled on ice,
and the cerebral cortex was carefully extracted using pre-
cise forceps. The cerebral cortex was homogenized, and the
resulting homogenate was centrifuged at 4000 revolutions
per minute for 15 min to obtain the supernatant. The fer-
rous iron (Fe**) levels in the mouse cerebral cortex were
determined in accordance with the instructions provided in
the kit.

Western blot analysis
Following homogenization of the entire mouse brain with a
combination of RIPA lysis buffer and a 50x protease inhibi-

tor, the resulting mixture was centrifuged at 14,000 rpm
for 20 min to collect the supernatants for quantification of
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protein levels utilizing the BCA assay. Subsequently, pro-
tein samples (each containing 40 pg) were fractionated
on 10% polyacrylamide SDS-PAGE gels, transferred onto
polyvinylidene fluoride membranes (0.22 um), and blocked
with 5% skimmed milk for 1 h at 37 °C. The membranes
were then exposed to primary antibodies overnight at 4 °C,
followed by three washes with TBST. Subsequent to this,
the membranes were treated with the appropriate horserad-
ish peroxidase (HRP)-conjugated secondary antibody for
1 h at room temperature. The gray value of the target bands
was subsequently analyzed using Alpha software.

Statistical analysis

All datas were from three independent replicate trials and
presented as mean +standard deviation (X =+ s). Statistical
analysis was performed by one-way ANOVA using SPSS
26.0 software, where "P<0.05, #P<0.01 indicates sta-
tistical significance compared to the control group, and
"P<0.05, ""P<0.01 denotes statistical significance com-
pared to the MPTP group.

Results

The content of phenolic acid glyceride components
in L. brownii extracts

The linear regression equation of Regaloside A was
y=20.623x+0.0689, R?=0.9995 (Fig. 1A). According to
the Regaloside A, the content of phenolic acid glycerides
components in ethanol extract and aqueous extract were
182.392 and 12.686 mg/g, respectively (Fig. 1B).

Effects of L. brownii extracts on body weight of
MPTP-induced PD mice

As shown in Fig. 2, the mice lost weight after injection
of MPTP solution and gradually gained weight over time.
Except for the control group, no difference in the body
weight was found between mice in MPTP group and those
in other groups.

Effects of L. brownii extracts on motor function in
MPTP-induced PD mice

As shown in Fig. 3, compared to the control group, the
distance traveled, speed of movement, central residence
time and residence time on the rod of mice in the MPTP
group significant decreased while the duration of pole
climbing and head turning notably increased. Given the L.
brownii extracts, there was a noticeable increase in distance



Metabolic Brain Disease (2024) 39:1085-1097

1089

y =20.623x + 0.0689
R = 0.9995

>
e 9o
N -]
R

Absorbance
S © © © o o
P ™~ w - N Q

o

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

The mass concentration of Regaloside A (mg/mL)

Regaloside A
= —m

0.8 -
0.7 1
0.6 -
0.5 1
0.4 -
0.3 1

0.2 1

N e

0.0 r r r T T
200 250 300 350 400
Wavelength(nm)

Absorbance

Fig. 1 The content of phenolic acid glyceride components in L. brownii extracts. A Standard curve of Regaloside A. B Uv spectrum of etha-

nol extract and aqueous extract of L. brownii
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Fig. 2 Influence of L. brownii extracts on body weight in MPTP-
induced PD mice. Control (Con: normal saline), MPTP (normal
saline), Mad: 107.14 mg/kg, LEE-L: 1.25 g/kg, LEE-H: 2.5 g/kg,
LAE-L: 0.78125 g/kg, LAE-H: 1.5625 g/kg

travelled, speed of movement, time spent in the central and
time spent on the pole, and a marked decrease in the dura-
tion of pole-climbing and head-turning. Further, no differ-
ence was observed between the ethanol and aqueous extract
treatment groups.

Histopathological observation

As depicted in Fig. 4, the control mice exhibited a signifi-
cant quantity of well-organized neurons in the substantia
nigra region. In contrast, the MPTP group demonstrated
pronounced neuronal damage in the substantia nigra area,
characterized by a significant reduction in cell count, dis-
organized structures, shrinkage of cell bodies, gaps around
cells and noticeably widened intercellular spaces. It was
seen that the number of neurons remarkably increased and
the cell gap reduced in the groups of ethanol and aqueous
extracts of L. brownii, and there was no difference between
them.

Effects of L. brownii extracts on the expression of TH
and a-Syn neurons in the substantia nigra of MPTP-
induced PD mice

As shown in Fig. 5, MPTP solution caused a significant
reduction in the TH-positive dopaminergic neurons and a
significant increase in o-Syn-positive neurons in the sub-
stantia nigra in mice. Notably, L. brownii extracts signifi-
cantly protected MPTP-induced dopaminergic neuron loss.

Effects of L. brownii extracts on biochemical factors
in MPTP-induced PD mice

Compared with the control group, the levels of MDA in
serum (Fig. 6A) and Fe’* in cortex (Fig. 6D) markedly
increased while the levels of SOD and GSH-Px in serum
(Fig. 6B, C) markedly decreased in the MPTP group. After
the administration of L. brownii extracts, the levels of these
indicators converged to those of the control group.

Effects of L. brownii extracts on the p62-Keap1-Nrf2
pathway in MPTP-induced PD mice

As shown in Fig. 7, a-Syn protein expression in the brains
of mice dramatically enhanced while tyrosine hydroxy-
lase (TH) and brain-derived neurotrophic factor (BDNF)
proteins expression significantly reduced in MPTP group.
Compared with the MPTP group, a remarkable increase in
the expression of TH protein in the low dose group of both
ethanol and aqueous extracts and the expression of BDNF
protein in the extract groups, and a decrease in the expres-
sion of a-Syn protein in all L. brownii extracts groups were
found.

In addition, compared to the control group, the expres-
sion of p62, nuclear factor erythroid 2-related factor 2
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Fig. 3 Effects of L. brownii
extracts on motor function in
MPTP-induced PD mice. A Five-
minute movement trajectories of
mice. B Total distance traveled
by mice in the open field test.
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Fig. 4 Histopathological analysis of substantia nigra sections in
MPTP-induced PD mice, stained with Hematoxylin and Eosin (H&E,
200xmagnification). Con: normal saline, MPTP: normal saline,
Mad:107.14 mg/kg, LEE-L: 1.25 g/kg, LEE-H: 2.5 g/kg, LAE-L:

(Nrf2), heme oxygenase 1 (HO-1) and glutathione peroxi-
dase 4 (GPX4) proteins significantly reduced in the MPTP
group while that of Kelch-like ECH-associated protein 1
(Keapl) and acyl-CoA synthetase long-chain family mem-
ber 4 (ACSL4) proteins significantly increased (Fig. 8).
Moreover, compared to MPTP group, the expression of Nrf2
and GPX4 proteins remarkable raised in all extract groups
while that of ACSL4 remarkable decreased (Fig. 8D, F, G).
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0.78125 g/kg, LAE-H: 1.5625 g/kg. (*P<0.05, P <0.01, compared
with the control group; "P<0.05, "*P<0.01, compared with the MPTP
group, the arrows represent the neuronal region.)

Additionally, the expression of Keapl protein significantly
decreased in the ethanol extract group (Fig. 8C).

Discussion

L. brownii is a traditional medicinal plant known for its
effectiveness in treating depression, insomnia, Alzheimer’s,
and various neurological disorders. While Bai-he Dihuang
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Fig.5 Effects of L. brownii extracts on the expression of TH and a-Syn
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decoction has shown efficacy in treating PD (Peng et al.
2018), the specific impact and mechanism of the single herb
L. brownii in the treatment of PD remains unclear. Therefore,
MPTP was selected as an inducer of PD to assess the impact
and potential mechanism of L. brownii extract on PD.

In this study, we noted significant changes in the behavior
and physiology of mice injected with MPTP. After injection
of MPTP solution, all mice exhibited significant distress
such as weight loss, raised fur, stiff tail and dry feces. All
these manifestations were attenuated or completely ceased
after L. brownii intervention. These findings suggest that L.
brownii extracts attenuate MPTP-induced PD symptoms.

PD is a neurodegenerative disorder impacting motor abil-
ities, and evaluating motor function can serve as a valuable
indicator to gauge the disease’s progression in an individual
(Shulman et al. 2011). Compared with the control group,
mice in the MPTP group exhibited significant reductions in
distance, speed and time spent in the central area. Further-
more, they often moved in the opposite direction of train-
ing and paused for long periods of time in the course of the
movement. All indications pointed towards the conclusion
that the administration of the MPTP solution not only hin-
dered the motor abilities of the mice, but also influenced
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the substantia nigra. (Con: normal saline, MPTP: normal saline, Mad:
107.14 mg/kg, LEE-L: 1.25 g/kg, LEE-H: 2.5 g/kg, LAE-L: 0.78125 g/
kg, LAE-H: 1.5625 g/kg. *P <0.05, P < 0.01, compared with the con-
trol group; “P<0.05, “"P<0.01, compared with the MPTP group.)

their cognitive functions. Following the administration of L.
brownii extracts, mice demonstrated increased activity lev-
els, as evidenced by enhanced distance traveled, speed, and
time spent exploring the central area, along with a decrease
in moving in the opposite direction of training. Conse-
quently, it can be inferred that L. brownii extracts possess
the capacity to ameliorate motor dysfunction in mice.

The analysis of the substantia nigra area in mice yielded
important findings regarding the potential therapeutic effects
of L. brownii extracts in PD. The research revealed that the
administration of L. brownii extracts led to an increase in
the quantity of neurons, particularly in the expression of
TH neurons, while reducing the presence of a-Syn neurons.
These results indicate that L. brownii extracts may enhance
the production of TH, a key enzyme in dopamine synthe-
sis, inhibit 0-Syn aggregation, and consequently support the
development of dopamine-producing neurons.

Current research highlights the association of PD devel-
opment with oxidative stress and iron accumulation (Cai et
al. 2020; Gerlach et al. 2006). SOD and GSH-Px are inte-
gral components of the body’s antioxidative defense system.
They play a pivotal role in neutralizing reactive oxygen spe-
cies (ROS), oxygen radicals and hydroxyl radicals. MDA
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serves as an indicator of lipid peroxidation, reflecting the
extent of this process within the body. An increase in lipid
peroxidation results in heightened production of oxygen free
radicals, prompting an increase in antioxidant enzymes like
SOD and GSH-Px to maintain a balance between oxidative
and antioxidative processes (Chi et al. 2015). The bioactive
constituents of L. brownii such as polysaccharides, saponins,
phenols and flavonoids, are effective in scavenging superox-
ide ions and hydroxyl radicals (Su et al. 2021). Our research
revealed significant rises in SOD and GSH-Px levels in serum
of mice treated with L. brownii extracts, accompanied by a
noticeable decrease in MDA levels (Fig. 6A-C). The extracts
of L. brownii effectively mitigate the excessive accumulation
of ROS and MDA, thereby aiding in maintaining a balance
between oxidation and antioxidation in mice.

Iron ions play a crucial role in various biological func-
tions such as DNA synthesis, gene expression, myelination,
neurotransmission, and mitochondrial activity. Imbalances
in iron levels within the brain can interfere with regular cel-
lular processes, potentially resulting in the death of neuronal
cells (Sun et al. 2023). Particularly in the iron-rich substan-
tia nigra, oxidative toxicity of DA can be exacerbated. Our
study revealed a notable decrease in iron levels in the cere-
bral cortex of mice treated with L. brownii extracts. This
finding suggests that L. brownii extracts may have a protec-
tive effect by reducing iron accumulation, thus safeguarding
dopamine neurons from iron-induced harm.

The abnormal aggregation of a-Syn is a critical pathologi-
cal factor in the progression of PD, leading to the acceler-
ated death of DA neurons (Lin et al. 2023). BDNF plays a
vital role in promoting neuronal survival and growth, offering
protection against the decline of nigrostriatal dopaminergic
neurons (Yang et al. 2023; Moffat et al. 2023). TH is indis-
pensable for dopamine synthesis, and a decrease in its expres-
sion results in reduced dopamine production (Bobrovskaya
et al. 2006). Consequently, elevated TH activity is associated
with increased DA levels in dopaminergic cells. The levels
of BDNF and TH proteins in the brains of mice in the MPTP
group significantly diminished, while the expression of a-Syn
protein elevated. Following the administration of L. brownii
extracts, the levels of TH, BDNF and a-Syn showed recovery
towards those of the control group. These findings indicate
that L. brownii extracts have the potential to enhance TH and
BDNF production while reducing a-Syn aggregation.

The p62-Keap1-Nrf2 signaling cascade is pivotal in reg-
ulating oxidative stress and redox homeostasis (Zhang et
al. 2021). In PD, dysregulation of the autophagy pathway
can lead to the accumulation of abnormal proteins (Zhu et
al. 2019). The p62 as a key protein in the pathogenesis of
autophagy in PD, also regulates the Keapl/Nrf2 pathway
(Komatsu et al. 2010). In normal conditions, Keap1 binds to
Nrf2 in the cytoplasm and promotes the ubiquitination and

proteasomal degradation of Nrf2. However, upon exposure
to certain chemicals or ROS, the ubiquitin E3 ligase activity
of the Keap1-Cul3 complex declines, leading to the stabiliza-
tion of Nrf2. The stabilized Nrf2 accumulates in the nucleus
and activates its target genes (Kobayashi et al. 2004; McMa-
hon et al. 2006; Li et al. 2021).GPX4, a transcriptional tar-
get of Nrf2, plays a crucial role in inhibiting ferroptosis by
reducing ROS levels (Ma et al. 2021). ACSL4 is involved in
the production of lipid peroxides, which are key regulators
of ferroptosis (Sha et al. 2021; Li et al. 2019a). In the study,
the expression of p62, Nrf2, HO-1 and GPX4 proteins in the
brains of mice treated with LB extracts significantly increased,
while the expression of Keapl and ACSL4 proteins notably
decreased. These results suggest that extracts from L. brownii
may potentially mitigate PD symptoms through modulation
of the p62-Keap1-Nrf2 signaling pathway.

In the context of extracting Chinese herbal medicine, water
is commonly utilized for decoction. However, studies have
shown that there are still a large number of active compo-
nents in the residue after water extraction (Zheng et al. 2016).
The selection of extraction solvent significantly impacts the
extraction efficiency and preservation of active constituents.
Presently, ethanol solutions are increasingly employed in the
extraction process of Chinese herbal medicine. In the study,
both ethanol and aqueous extracts showed promising efficacy
in treating PD, with no significant differences observed in
improving motor dysfunction and increasing neuronal count
in the PD mouse model, and only some differences in the
expression of individual proteins. The ethanol extract dem-
onstrated a more pronounced effect on the p62-Keap1-Nrf2
pathway compared to the aqueous extract.

The Regaloside components belong to the phenolic acid
glyceride, which are the characteristic components of Bai-he
and have antioxidant, anti-inflammatory and antidepressant
activities (Fu et al. 2023; Weng et al. 2023). Additionally,
studies have indicated that Regaloside components exhibit
the ability to promote neuronal cell survival and pro-
vide neuroprotective advantages (Tang et al. 2023). These
compounds primarily function by circulating within the
bloodstream (Wu et al. 2021). We found that the content of
phenolic acid glyceride components in ethanol extract was
higher than that in aqueous extract. It is plausible to infer
that ethanol extract demonstrated a more pronounced effect
on individual proteins in the p62-Keap1-Nrf2 pathway cor-
relates with higher phenolic acid glyceride components.

Conclusion
In conclusion, the obtained results demonstrated that both

ethanol and aqueous extracts of L. brownii improved motor
function in PD mice, protected neuronal cells, as well as
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{ Fig. 8 Effects of L. brownii extracts on the p62-Keapl-Nrf2 path-
way in the whole brain of MPTP-induced PD mice. A Proteins of
the p62-Keapl-Nrf2 pathway. B Quantification of p62 expression.
C Quantification of Keapl expression. D Quantification of Nrf2
expression. E Quantification of HO-1 expression. F Quantification of
GPX4 expression. G Quantification of ACSL4 expression. (P <0.05,
#P<0.01, compared with the control group; “P<0.05, “P<0.01
compared with the MPTP group. Con: normal saline; MPTP: normal
saline; Mad: 107.14 mg/kg; LEE-L: 1.25 g/kg; LEE-H: 2.5 g/kg; LAE-
L:0.78125 g/kg; LAE-H: 1.5625 g/kg)

reduced the levels of peroxidation and iron death through
the p62-Keap1-Nrf2 pathway, thus exerting neuroprotective
and anti-PD effects. Interestingly, the ethanol extracts dem-
onstrated superior regulation of individual proteins on this
pathway compared to the aqueous extracts, possibly due to
their higher content of phenolic acid glyceride components.
It indicated that the phenolic acid glyceride components
may be the potential pharmacological substance basis for
the treatment of PD with L. brownii.

During subsequent research, it is possible to further
investigate the therapeutic properties of L. brownii in the
treatment of PD, as well as its possible application in the
treatment of other neurological disorders like Alzheimer’s
disease and stroke. This exploration could provide a deeper
understanding of the neuroprotective benefits associated
with L. brownii treatment.
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