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Abstract
Parkinson’s disease (PD) is the second most common neurodegenera tive disorder after Alzheimer disease 
accompanied by the death of dopaminergic neurons and brain nigrostriatal mitochondrial damage in the elderly 
population. The features of the disease include tremor, rigidity, postural instability, and motor retardation. The 
pathogenesis of Parkinson’s disease is complex, and abnormal lipid metabolism resulting in ferroptosis due to 
the excessive accumulation of free radicals from oxidative stress in the substantia nigra of the brain was thought 
to be one of the factors causing the disease. Morroniside has been reported to have significant neuroprotective 
effects, although it has not been studied in PD. Therefore, this study focused on determining the neuroprotective 
effects of morroniside (25, 50, and 100 mg/kg) on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, 30 mg/
kg)-induced mice models of PD and explored 1-methyl-4-phenylpyridinium MPP+-induced ferroptosis in PC12 
cells. Morroniside restored impaired motor function in the PD mice models while reducing neuronal injury. The 
activation of nuclear factor erythroid 2-related factor 2/antioxidant response elements (Nrf2/ARE) by morroniside 
promoted antioxidation, the content of reducing agent glutathione (GSH) increased, and the level of the lipid 
metabolite malondialdehyde (MDA) decreased. Notably, morroniside inhibited ferroptosis in substantia nigra of the 
brain and PC12 cells, reduced iron levels, and upregulated the expression of the iron-regulated proteins glutathione 
peroxidase 4 (GPX4), solute carrier family 7 member 11 (SLC7A11), ferritin heavy chain 1 (FTH-1), and ferroportin 
(FPN). More importantly, morroniside repaired the mitochondrial damage, restored the mitochondrial respiratory 
chain, and inhibited the production of reactive oxygen species (ROS). These data indicated that morroniside could 
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Introduction
Parkinson’s disease (PD) is the second most common 
neurodegenerative disorder after Alzheimer disease [1–
4], characterized by degenerative necrosis of dopaminer-
gic neurons in the brain, which causes a decrease in the 
relative levels of dopaminergic neurotransmitters in the 
brain and induces a series of extrapyramidal symptoms 
such as bradykinesia, rigidity, and tremor [5, 6]. Mito-
chondrial damage is critical in the pathogenesis of degen-
erative diseases of the central nervous system and has 
emerged as a new research hotspot and potential target 
for treatment [7]. With the increasing age of the world’s 
population, the incidence of PD is increasing. Dopamine 
replacement therapy is the main method but has toxic 
side effects and serious drug resistance [8, 9]. PD has 
become a challenge in the global medical field, and there 
is an urgent need to develop novel drugs and treatments.

The pathogenesis of Parkinson’s disease is complex and 
involves a combination of factors. Studies have reported 
that the excessive accumulation of free radicals pro-
duced by oxidative stress can damage the nigrostriatal 
dopaminergic neurons in the brain, resulting in reduced 
secretion of dopaminergic neurotransmitters and pro-
ducing a range of symptoms of motor impairment [10]. 
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a 
major transcription factor that is highly sensitive to redox 
environment and binds to the antioxidant response ele-
ments (ARE), thereby initiating downstream antioxidant 
enzymes [11]. ARE upregulates the proteins of NAD(P)
H quinone oxidoreductase 1 (NQO1) and heme oxygen-
ase 1 (HO-1) in the brain substantia nigra of PD patients, 
indicating the activation of the Nrf2-ARE signaling path-
way [12, 13]. However, Nrf2-activated gene transcription 
can be suppressed by multiple factors. When the PD-
associated DJ-1 protein is deficient, the Nrf2 protein is 
unstable and transcriptional responses are highly suscep-
tible to blockage by multiple factors such as reactive oxy-
gen species (ROS) [14]. The reduced antioxidant capacity 
of the body and the accumulation of lipid-ROS can cause 
ferroptosis [15]. Bruce reported that ferroptosis in the PD 
mouse model prepared by 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP), associated with the activation 
of protein kinase Cα (PKCα) and ferrostatin-1 (ferropto-
sis inhibitor), significantly inhibited the toxicity of MPTP 
on dopaminergic neurons [16]. Thus, drugs capable of 
modulating the level of oxidative stress in the body and 
avoiding cellular ferroptosis may potentially alleviate PD.

Ferroptosis is an important pathological process in the 
degenerative death of dopamine neurons and is closely 

linked to various pathological mechanisms such as oxi-
dative stress and mitochondrial dysfunction as the study 
progressed [17]. Under normal physiological condi-
tions, iron is transported between the cytoplasm and the 
mitochondria, and mitochondrial dysfunction disrupts 
iron metabolism, eventually leading to ferroptosis [18]. 
Ferroptosis is an iron- and lipid ROS-dependent form 
of programmed cell death [19]. Several factors contrib-
ute to the pathogenesis of PD, including mitochondrial 
dysfunction and the production of large amounts of 
superoxide radicals, which disrupt mitochondrial iron 
metabolism and eventually leads to ferroptosis in dopa-
mine neurons [20].

Morroniside belongs to the cyclic enol ether glycosides 
and is the active ingredient in the traditional Chinese 
medicine Cornus officinalis Sieb. Et Zucc [21]. Morroni-
side has been reported to exert neuroprotective, antioxi-
dant, and anti-inflammatory effects [22–24]. Studies have 
reported that morroniside can enhance the activity of 
superoxide dismutase (SOD) and glutathione in ischemic 
cortical tissue, decrease the expression of caspase-3, and 
protect against focal cerebral ischemic injury in rats [25]. 
Recent studies on morroniside have focused on its neuro-
protective effects, among which, its use in the treatment 
of cerebral ischemia-reperfusion injury is more common. 
However, none of the studies have looked at the effect of 
morroniside on PD.

In this paper, we subjected PD mice models to open-
field and pole-climbing experiments, analyzed the orga-
nization and substructure of their brain substantia nigra, 
and analyzed the level of tyrosine hydroxylase (a key 
enzyme for dopamine synthesis, TH). The level of oxida-
tive stress and ferroptosis in the substantia nigra of mice 
were studied. The effect of morroniside on the oxidative 
stress pathway Nrf2/ARE and ferroptosis was verified in 
PC12 cells. The protective effect of morroniside against 
mitochondrial damage was investigated. To our knowl-
edge, this study represents the first report to date on the 
association of morroniside with PD and provides novel 
information on the modulation of PD by morroniside.

Materials and methods
Animals and grouping
Thirty-six healthy male C57BL/6 mice of SPF grade aged 
8–12 weeks and weighing 22–32 g were purchased from 
the Chengdu Dashuo Experimental Animal Co. Ltd. (cer-
tificate SCXK(Chuang) 2020-030, Chengdu, Sichuan, 
China). The mice were housed at 23 ± 2  °C, fed ad libi-
tum, exposed to natural light, and were acclimatized for 
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one week. The mice were divided into 6 groups (n = 6): 
control group, model group, morroniside low (L-mor-
roniside), medium (M-morroniside), and high (H-mor-
roniside) dose group, and positive drug madopar group. 
The control group was injected with the same dose of 
saline as the MPTP-induced PD model group. The PD 
model was induced by intraperitoneal injection of MPTP 
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, AbMole, 
USA) at 30  mg/kg for 5 consecutive days. Based on the 
model group, the mice were divided into morroniside 
(HPLC ≥ 97%, Aktin Chemicals, Inc. China) low, medium, 
high groups, and madopar (Guiechem, China) group. 
At the beginning of modeling, the mice were given 25, 
50, and 100  mg/kg morroniside via gavage, along with 
50 mg/kg·d madopar (Guiechem, China) to the madopar 
group for 14 d. After the completion of the experiments, 
the animals were given a 50 mg/kg intraperitoneal injec-
tion of 1% sodium pentobarbital. To obtain the substantia 
nigra tissues, the animals were sacrificed. All experimen-
tal procedures were carried out under the guidelines of 
the Animal Experimental Committee and the Ethics 
Committee of Chengdu University of Traditional Chinese 
Medicine (No. 20,211,498 A).

Open field experiment
The behavioral differences of experimental mice were 
studied according to the classical method of open field 
studies [26]. The open field consisted of 70 × 70 × 30  cm 
melamine boxes (Shanghai XinRuan Information Tech-
nology Co. Ltd, China). The box was divided into 16 
equal squares and two areas (middle and outer perime-
ter). Each mouse was placed in the central area and con-
tinuously monitored for 5  min to analyze the time and 
frequency of each mouse entering different areas, and the 
mouse feces were disposed of promptly during the exper-
iment to reduce the disturbance of odor.

Pole test
The lower end of the log climbing rod was fixed, with a 
diameter of 0.8 cm and a length of about 40 cm. The mice 
were placed on the top of the climbing bar (Shanghai 
XinRuan Information Technology Co. Ltd, China) and 
guided to climb down from top to bottom within 15  s. 
After 1  h of administration of the drug by gavage, the 
pole-climbing time of mice was measured. The mice were 
placed head down on the top of the pole and allowed to 
climb down naturally. The time taken by the mice from 
the top of the pole until both forelimbs touched the bot-
tom platform of the pole was recorded and repeated 
thrice [27].

HE staining
Hematoxylin-eosin (HE, Solarbio, China) staining was 
performed for substantia nigra studies. The substantia 

nigra of the brain was fixed in 4% paraformaldehyde, 
dehydrated, and embedded in paraffin. Subsequently, 
the substantia nigra was cut into 4  μm thick sections, 
dewaxed, and rehydrated. The slides were immersed in 
hematoxylin for 2 min and then rinsed in water for 1 min. 
Then, the slides were stained with 1% eosin solution and 
incubated for 3s. The slices were dehydrated twice in 95% 
ethanol and 100% ethanol for 3 min. After a final treat-
ment with xylene and sealing with resin, the photos were 
taken under an optical microscope (MOTIC, Hong Kong, 
China).

Transmission electron microscopy assay
The substantia nigra was removed from each group 
of mice, fixed in 5% glutaraldehyde for 5  h at 4  °C, and 
washed thrice with neutral phosphate buffer for 10 min 
each time. Then, the tissue was fixed in 0.1  mol/L 
osmium acid for 3 h and washed again in phosphate buf-
fer thrice for 10 min each time. Then, the gradient dehy-
dration was performed according to 50%, 70%, 80%, 90%, 
95%, and 100% ethanol for 15 min each time. The resin 
was impregnated, embedded, polymerized, and then 
made into 60–80 nm ultra-thin sections, double-stained 
with uranium-lead, dried at room temperature, and pho-
tographed under a transmission electron microscope 
(TEM, JEOL, Japan).

Immunohistochemistry assay
Substantia nigra Sect.  (5  μm) from each group were 
dewaxed and dehydrated. Then, the sections were treated 
with 3% BSA for 1 h at 25 °C and incubated with rabbit 
anti-mouse tyrosine hydroxylase (TH) (1:100, ab75875, 
Abcam, UK) overnight at 4  °C. After washing the sec-
tions with PBS, they were incubated with goat anti-rabbit 
IgG antibody (1:500, s0001, Affinity, AUS) at room tem-
perature for 2  h, stained with diaminobenzidine (DAB, 
Solarbio, China), and counter-stained with hematoxy-
lin. The TH-positive area of the substantia nigra was 
observed under a microscope, and five fields were ran-
domly selected for image analysis. Immunohistochemi-
cal images were quantified using Image J (NIH, USA) 
analysis software. Mean density, which represents the 
expression of protein, is the cumulative integrated optical 
density (IOD) divided by the area of the effective target 
distribution.

Prussian blue reaction assay
Paraffin sections of substantia nigra were dewaxed in 
water, and the sections were sequentially placed in xylene 
I for 20  min, xylene II for 20  min, anhydrous ethanol I 
for 5  min, anhydrous ethanol II for 5  min, 75% ethanol 
for 5  min, washed with water, and then with distilled 
water thrice. The potassium ferrous cyanide solution 
and hydrochloric acid solution were then mixed in equal 
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proportions into a Prussian blue dye solution (Solarbio, 
China), and the tissues were stained for 1 h before being 
washed twice with distilled water. The tissue was then 
stained for 5  min in a nuclear fast red solution (0.1%, 
Solarbio, China) before rinsing with running water. 
Finally, the slides were placed in anhydrous ethanol I for 
5 min, anhydrous ethanol II for 5 min, anhydrous etha-
nol III for 5 min, xylene I for 5 min, xylene II for 5 min, 
and neutral resin for 5 min to seal the slides. The stained 
slides were then subjected to microscopic examination, 
image acquisition, and analysis.

Immunofluorescence assay
Paraffin sections of substantia nigra were dewaxed in 
water and incubated with 3% BSA and 0.3% Triton for 2 h 
at room temperature to block the antigen. After washing 
with PBS, the sections were incubated with rabbit anti-
mouse Nrf2 antibody (1:400, Abcam, UK) at 4 °C for 24 h 
and Alexa Fluor488 treatment-labeled goat anti-rabbit 
IgG (1:400, Abcam, UK) at room temperature for 2 h in 
the dark. After washing with PBST, the sections were 
imaged with a laser confocal fluorescence microscope 
(Leica, Germany). To quantify the immunofluorescence 
intensity, the integrated optical density (IOD) was calcu-
lated using Image J software, and the mean IOD (MOD) 
was calculated from IOD/Area.

Detection of intracellular ferrous iron
Intracellular ferrous iron level in the substantia nigra or 
PC12 cells was checked with an iron assay kit (ml095089, 
Shanghai Enzyme-linked Biotechnology Co. Ltd., China) 
according to the manufacturer’s instructions. The tis-
sue or cells were washed twice with cold PBS, and lysed 
in 200 µL lysis solution without EDTA, citrate, or other 
metal chelating agents and placed on a shaker for 2  h. 
Then, 200 µL of the sample was added into a 96-well 
plate, and the absorbance was measured. Ferrous iron 
reacts with Ferene S to produce a stable-colored complex 

that can be accessed immediately by reading the absor-
bance at 593 nm [28].

Elisa
The mouse substantia nigra or treated PC12 cells were 
collected and lysed with an appropriate amount of lysis 
solution. The supernatant was extracted by centrifuga-
tion at 3000 rpm for 10 min at 4 °C. A dilution of 0.1 mL 
of the sample was added to the reaction wells and incu-
bated at 37 °C for 1 h. The specific operation and content 
calculation were then performed according to the manu-
facturer’s instructions (Jining Shiye, China).

Western blot
The mouse substantia nigra or PC12 cells were lysed on 
ice in RIPA buffer (Beyotime, China). The lysates were 
centrifuged, the supernatant was collected, and the total 
protein concentration was determined by BCA (P0013, 
Beyotime, China). The protein samples were electropho-
resed on 8–14% SDS gels and transferred to the PVDF 
membrane. Subsequently, the membranes were incu-
bated in TBST (Tween-20) containing 5% skim milk at 
25 °C. The membranes were rinsed with TBST and then 
incubated overnight with primary antibodies Nrf2 (1:500, 
A0674, abclonal, China), HO-1 (1:500, A19062, abclonal, 
China), GPX4 (1:1000, ab125066, abcam, UK), SLC7A11 
(1:1000, ab175186, abcam, UK), FTH-1 (1:1000, 
ab183781, abcam, UK), FPN (1:500, A14884, abclonal, 
China) using β-actin (1:500, AC026, abclonal, China) as 
the internal reference protein. Thereafter, the membranes 
were rinsed with TBST and incubated with a secondary 
antibody for 1  h. After washing, the protein expression 
levels were detected by an enhanced chemiluminescence 
detection kit (KF001, Affinity, AUS).

Quantitative real-time polymerase chain reaction (qRT-
PCR)
The TRIzol RNA extraction kit (Invitrogen, USA) was 
used to collect total RNA from PC12 cells and nigra tis-
sue. Gel electrophoresis and NanoDrop 2000 spectro-
photometry (Thermo, USA) were used to determine the 
RNA’s integrity and purity. The reverse transcription was 
carried out using a reverse transcription kit (Invitrogen, 
USA) according to the manufacturer’s instructions. qRT-
PCR was used to quantify the resulting cDNA, which was 
then evaluated using a Qubit fluorescence spectrometer 
(Invitrogen, USA). The primer sequences are presented 
in Table 1.

Cell culture
The PCI2 cells were obtained from the Chinese Acad-
emy of Medical Sciences. They were cultured in a DMEM 
(Gibco, USA) medium containing 10% fetal bovine serum 
(Gibco, USA), 100 mg/L streptomycin, and 100,000 U/L 

Table 1 Sequences of primers used in qRT-PCR
Target Gene Primers (5′ to 3′)
GPX4 forward CTCCATGCACGAATTCTCAG

reverse ACGTCAGTTTTGCCTCATTG

SLC7A11 forward CCTGGCATTTGGACGCTACA

reverse GCAAGGGGGATGGTTTTTTC

GADPH forward CGTGTTCCTACCCCCAATGT

reverse TGTCATCATACTTGGCAGGTTTCT

GPX4 forward AATTCGCAGCCAAGGACATCG

reverse ATTCGTAAACCACACTCGGCGTA

SLC7A11 forward TGCTGCCTACACAAAGACGTT

reverse CGCCTTGCCCTTTAAGTATTCACC

β-actin forward ACATCCGTAAAGACCTCTATGCC

reverse TACTCCTGCTTGCTGATCCAC
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penicillin (MCE, USA) at 37  °C in a 5% CO2 incubator. 
When the degree of fusion of PC12 cells reached 80% or 
more, they were digested using 0.25% trypsin for about 
2 min, and a serum-containing medium was used to ter-
minate the digestion. The cells were then centrifuged at 
1000 rpm for 5 min and passaged in a serum-containing 
fresh medium.

CCK-8 assay
The PC12 cells at the logarithmic growth stage were 
inoculated with 5 × 104 cells/mL and incubated in 96-well 
plates for 24 h at 37 °C. Then, 1 mmol/L MPP+ (1-methyl-
4-phenyl pyridine, D048, sigma, US) was used to induce 
ferroptosis in the PC12 cells. After treatment with mor-
roniside or 2µM ML385 (B83002122EF46, APEXBIO, 
US) for 24 or 48 h, 10 µL CCK-8 was added to each well 
and incubated for 3 h. The absorbance values of each well 
were measured at 570 nm on an enzyme marker (Thermo 
Scientific, USA).

Flow cytometry for ROS
The PC12 cells were divided into control, morroniside, 
and MPP+-induction groups. The Nrf2 inhibitor ML385 
or morroniside was used in combination with MPP+. 
About 1 × 107 cells were taken from each group and 
washed twice with PBS. Before probe loading, DCFH-DA 
(S0033S, beyotime, China) was diluted with serum-free 
culture solution at 1: 1000 to a final concentration of 10 
µM and immersed for 30 min at 37  °C in the dark. Fur-
ther, the cells were centrifuged and washed 1 to 2 times 
with a serum-free cell culture medium to remove the 
DCFH-DA that had not entered the cells adequately. The 
cells were loaded with probes, prepared as 500 µL sus-
pensions to make a cell density of 1 × 106 to 2 × 107. The 
intensity of the fluorescence of PC12 cells was measured 
in real-time using an excitation wavelength of 488  nm 
and an emission wavelength of 525 nm. The FITC chan-
nel was used to monitor the changes in levels of ROS in 
different groups.

Statistical analysis
All values were expressed as means ± SD, and the analysis 
was performed using SPSS version 23.0 software. One-
way ANOVA was used to determine the differences in 
mean values. If the data fit the homogeneity of variance, 
LSD analysis was selected. Otherwise, Tamhane’s T2 
analysis was selected. P < 0.05 was considered statistically 
significant.

Results
The effect of morroniside on the behavior of MPTP-
induced PD mice
C57BL/6 mice showed reduced locomotion, limb stiff-
ness, unsteady gait, and delayed response after MPTP 

administration, which matched the clinical manifesta-
tions of PD patients. Morroniside is a natural product 
with the chemical structure shown in Fig. 1A. The effect 
of morroniside on the behavioral profile of PD mice was 
examined by the Open-field test and the Pole-climbing 
test. The open-field experiments revealed that the model 
group mice preferred the peripheral region more than 
the control group. Compared with the model group, the 
number of uprights, inter-square crossings, central grid 
crossings, and central grid dwell time increased with 
increasing concentration of morroniside in the morroni-
side group. Furthermore, the madopar group behaved 
similarly to the high-dose morroniside group (Fig.  1B). 
The pole-climbing experiment revealed that the mice in 
the model group took longer to climb the pole than the 
mice in the control group. Compared to the model group, 
low doses of morroniside had no significant effect on the 
behavior of PD mice, while medium and high doses of 
morroniside and madopar significantly reduced the pole-
climbing time (P < 0.05) (Fig. 1C). These results suggested 
that morroniside significantly improved the behavior of 
MPTP-induced PD mice.

Effect of morroniside on histopathological changes and TH 
levels in the brain substantia nigra of PD mice
The most important pathological change in PD is the 
degeneration and necrosis of dopaminergic neurons in 
the substantia nigra of the brain. The results of the HE 
staining indicated that compared to the control group, 
neurons in the model group were reduced, the nucleus 
was pyknotic and irregular, the darker staining indicated 
degeneration and necrosis, and the number of surround-
ing microglia increased. The morroniside group could 
alleviate this lesion in a dose-dependent manner com-
pared to the model group. In the high-dose morroniside 
and madopar groups, the neurons in the substantia nigra 
had normal morphology, large nuclei, and clear outlines, 
while the structure of the glial cells was clearer, with no 
neuronal phagocytosis or satellite phenomena (Fig. 2A). 
The TEM results revealed that compared to the control 
group, few nerve fibers in the axons of the model group 
were slightly dissolved, most mitochondria were con-
tracted, the gaps between the crests widened, the mem-
brane density increased, and neuronal cell apoptosis 
occurred. Most of the mitochondria in the low-and mid-
dle-dose morroniside groups had pyknosis compared to 
the model group. Moreover, in the high-dose morroniside 
and madopar groups, the axons were rich in nerve fibers, 
and the mitochondrial morphology was relatively nor-
mal (Fig.  2B). The immunohistochemistry results indi-
cated that the expression of TH in the model group was 
significantly lower when compared to the control group 
(P < 0.05). Morroniside, when compared to the model 
group, can induce TH expression in a dose-dependent 
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manner. Furthermore, at high doses of morroniside and 
madopar, the level of TH was comparable to that of the 
control group (Fig. 2C and D). Morroniside was found to 
improve tissue and organelle damage repair in PD mice 
and promote the recovery of TH levels in the brain’s sub-
stantia nigra.

Effect of morroniside on ferroptosis in the substantia nigra 
of PD mice
The reduced antioxidant capacity of cells and the accu-
mulation of lipid-reactive oxygen species caused fer-
roptosis. Nrf2 is important in the pathogenesis of PD, 
which can regulate the antioxidant response of the body. 
The results of the Prussian blue staining indicated that 
the percentage of positive-expression area in the model 
group significantly increased compared to the control 
group. Compared with the model group, the percent-
age of positive-expression area in the low-dose group 
was also decreased, although it was not statistically sig-
nificant (P > 0.05). The percentage of positive-expression 
area in the middle-dose, high-dose, and madopar groups 
decreased by varying degrees, which was statistically 
significant (P < 0.05) (Fig. 3A). Similarly, the ferrous iron 
content in the substantia nigra of the brain was sig-
nificantly higher in the model group than in the control 

group. Morroniside could reduce ferrous iron content 
levels in the substantia nigra in a dose-dependent man-
ner. Furthermore, the effects of high doses of morroni-
side and madopar were similar to those observed in the 
control group (Fig. 3B). The transcription factor Nrf2 in 
the substantia nigra of the brain was significantly lower 
in the model group compared to the control group. How-
ever, morroniside increased Nrf2 expression and had a 
dose-dependent effect, whereas madopar had a similar 
effect as high doses of morroniside (Fig. 3 C and D). The 
GSH decreased in the model group compared to the con-
trol group (Fig. 3E). As shown in Fig. 3F, morroniside and 
madopar restored aberrant GPX4 and SLC7A11 mRNA 
levels. The GSH was significantly higher in the high-dose 
morroniside and madopar groups compared to the model 
group. Oxidative stress and ferroptosis-related proteins 
are presented in Fig. 3G and H. Compared with the con-
trol group, the expressions of HO-1, GPX4, SLC7A11, 
FTH-1, and FPN were significantly downregulated in the 
model group. Morroniside can upregulate the MPTP-
induced decrease of HO-1, GPX4, SLC7A11, FTH-1, and 
FPN and madopar has similar effects as morroniside. 
These results suggested that morroniside could affect the 
expression of GPX4, SLC7A11, FTH-1, and FPN medi-
ated ferroptosis.

Fig. 1 Morroniside improves the behavior of PD mice. (A) Chemical structure of morroniside. (B) Open-field test. (C) Pole-climbing test. Data are shown 
as mean values ± SD, n = 6 per group, #p < 0.05 compared to the control group. *p < 0.05 compared to the model group
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Morroniside regulates levels of oxidative stress in PC12 
cells via Nrf2-ARE
PC12 cells have the general characteristics of neuroen-
docrine cells and have been widely used in in vitro stud-
ies on PD [29–31]. Morroniside at concentrations of 0 to 
20 µM was not cytotoxic to PC12 cells (Fig. 4A). MPP+ 
could induce PC12 cell death, and when combined with 
the Nrf2 inhibitor ML385, it caused increased death of 

the PC12 cells. Morroniside at 5 µM could significantly 
reverse the cell death caused by MPP+ and ML385 
(Fig. 4B). Moreover, the antioxidant capacity of PC12 cells 
was decreased, GSH was decreased, MDA was increased 
upon treatment with MPP+. Morroniside reverses the 
action of MPP+. MPP+ combined with ML385 resulted 
in a greater decrease in GSH and a greater increase 
in MDA levels, while 5 µM morroniside significantly 

Fig. 2 Morroniside improves the structural damage and TH levels in the substantia nigra of PD mice. (A) HE staining of the substantia nigra (n = 3 per 
group). (B) Ultrastructure of the substantia nigra under TEM (red arrows indicate mitochondrial fixation and blue arrows indicate nerve fiber lysis, n = 3 
per group). (C) IHC for TH in the substantia nigra (n = 6 per group). (D) TH expression level statistics (n = 6 per group). Data are shown as mean values ± SD, 
*p < 0.05, **p < 0.01
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Fig. 3 Morroniside regulates ferroptosis in the substantia nigra cells. (A) Prussian blue iron staining of the substantia nigra. (B) Ferrous iron in substantia 
nigra. (C) Relative expression of Nrf2. (D) Immunofluorescence for the detection of Nrf2. (E) Levels of GSH and MDA in substantia nigra. (F) Relative mRNA 
expression of GPX4 and SLC7A11 using qRT-PCR. (G) HO-1, GPX4, SLC7A11, FTH-1, and FPN in substantia nigra by Western blot. (H) Relative expression of 
HO-1, GPX4, SLC7A11, FTH-1, and FPN. Data are shown as mean values ± SD, n = 6 per group, *p < 0.05, **p < 0.01, ***p < 0.001
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reversed the adverse effects caused by MPP+ and ML385 
down-regulated the mRNA levels of GPX4 and SLC7A11, 
while Morroniside could up-regulate the mRNA levels 
of GPX4 and SLC7A11 (Fig. 4D). ROS is a key factor of 
oxidative stress. ROS was significantly increased in PC12 
cells treated with MPP+ compared to control cells. The 
combination of MPP+ with ML385 increased the levels 
of ROS in PC12 cells, while treatment with 5 µM mor-
roniside could significantly reduce the levels of ROS 
(Fig. 4E). The levels of Nrf2 and HO-1 were reduced by 
MPP+, while a combination of MPP+ and ML385 brought 
about a greater decrease in these levels. Morroniside at 
a concentration of 5 µM could significantly reverse this 
decrease in the levels of Nrf2 and HO-1 (Fig. 4F and G). 
These results suggest that morroniside may regulate oxi-
dative stress in PC12 cells through the Nrf2-ARE signal-
ing pathway to affect ROS. ROS and lipid peroxidation of 
intracellular iron overload cause ferroptosis.

Effect of morroniside on ferroptosis in PC12 cells
PD is a degenerative disease of dopaminergic neurons, 
wherein iron deposition in the substantia nigra is an 
important factor. Compared with the control group, 
the MPP+ group or MPP+-ML385 combined group had 

mitochondria in the cells that were solidly constricted, 
the gaps between the cristae were widened, the mito-
chondria were darkened, some of the rough endoplasmic 
reticula were mildly dilated, and more vacuoles were vis-
ible. The ultrastructure of PC12 cells damaged by MPP+ 
combined with ML385 could be repaired with 5 µM mor-
roniside (Fig.  5A). The ferrous iron content was high-
est in the MPP+ or MPP+-ML385 combined groups. In 
PC12 cells, treatment with 5 µM morroniside reduces 
the ferrous iron deposition induced by MPP+ and ML385 
(Fig.  5B). MPP+ downregulated GPX4, SLC7A11, FTH-
1, and FPN, which were further downregulated by the 
combination of MPP+ with ML385 (Fig.  5C and D). 
In contrast, morroniside promoted the expression of 
GPX4, SLC7A11, FTH-1, and FPN. Moreover, morroni-
side alone had no significant effect on GPX4, SLC7A11, 
FTH-1, or FPN. These results suggested that morroniside 
may regulate ferroptosis caused by MPP+ in PC12 cells 
through the upregulation of GPX4, SLC7A11, FTH-1, 
and FPN.

Fig. 4 Effect of morroniside on oxidative stress in PC12 cells. (A) Effect of morroniside on the viability of PC12 cells by CCK-8. (B) Effect of morroniside 
or ML385 on the viability of PC12 cells by CCK-8. (C) GSH and MDA in PC12 cells through Elisa. (D) mRNA levels of GPX4 and SLC7A11. (E) Effect of mor-
roniside or ML385 on ROS in PC12 cells using Flow Cytometry. (F) Levels of Nrf2 and HO-1 in PC12 cells by Western blot. (G) Relative expression of Nrf2 
and HO-1. Data are shown as mean values ± SD, n = 3 per group, *p < 0.05, ns indicates p ≥ 0.05
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Discussion
PD is a relatively common neurodegenerative disease in 
the elderly population, accompanied by a series of clinical 
syndromes with movement disorders as the main mani-
festation [1, 32]. Results of recent research indicate that 
several chronic diseases are associated with the accumu-
lation of excessive free radicals in the body, and the rela-
tionship between PD, free radicals, and oxidative stress 
is increasingly becoming a hot topic of research [33, 34]. 
The cellular antioxidant capacity is reduced, and lipid-
ROS accumulation leads to iron deposition in the nigros-
triatal area, causing ferroptosis [35]. The pathogenesis 

of PD involves neuroinflammation, mitochondrial dys-
function and oxidative stress, of which mitochondrial 
dysfunction is widely recognised as being closely related 
to reactive oxygen species production and increased 
energy [36, 37]. Similar to ursolic acid and chlorogenic 
acid, morroniside also exhibited the neuroprotective 
effect in the MPTP-induced Parkinsonian mouse model 
[38, 39]. In this paper, we investigated the effects of mor-
roniside on the behavioral and authentication abilities of 
PD mice and explored the enzyme TH, the rate-limiting 
enzyme for dopamine synthesis in the mouse brain sub-
stantia nigra, as well as the oxidative stress pathway and 

Fig. 5 Morroniside inhibits ferroptosis in PC12 cells caused by MPP+. (A) Ultrastructure of PC12 cells under TEM. (B) Ferrous iron in PC12 cells. (C) Expres-
sion of GPX4, SLC7A11, FTH-1, and FPN in PC12 cells by Western blot. (D) Relative expression of GPX4, SLC7A11, FTH-1, and FPN. Data are shown as mean 
values ± SD, n = 3 per group, *p < 0.05, **p < 0.01, ns indicates p ≥ 0.05
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ferroptosis in vivo. We examined the protective effect of 
morroniside on mitochondria in vivo and in vitro. The 
effects of morroniside on oxidative stress and ferroptosis 
were also investigated in vitro in PC12 cells. The com-
bination of in vivo and in vitro experiments confirmed 
that morroniside might regulate cellular ferroptosis via 
lipid peroxidation dependent on ROS and intracellular 
iron overload and affect PD development via Nrf2-ARE 
(Fig. 6).

MPTP is a toxin that potentially and selectively dam-
ages nigrostriatal dopamine neurons and can trigger PD 
in rodents [40]. After the administration of MPTP, mice 
showed abnormalities in locomotor ability and muscle 
tone, similar to the clinical manifestations of human PD 
[41]. Studies have demonstrated that PD mice prefer the 
open-field and slow-climbing time [42, 43]. The detec-
tion of behavioral deficits in PD mice using behavioral 
methods such as open-field and pole-climbing can aid in 
the potential therapeutic evaluation of drugs for PD. The 
pole-climbing time of morroniside-treated PD mice was 
significantly reduced, while the total distance and mean 
speed of open-field activity were significantly increased, 
indicating the occurrence of dyskinesia remission in PD 
mice.

The substantia nigra is the largest nucleus of the mid-
brain [44]. It is located on the dorsal side of the brain and 

runs through the entire length of the midbrain. It extends 
from the upper boundary of the pons gray matter to the 
hypothalamic basal nucleus plane. The absence of dopa-
minergic neurons in the substantia nigra is an important 
pathophysiological basis of PD [45]. Moreover, TH is 
a key rate-limiting enzyme in the synthesis of catechol-
amine neurotransmitters (dopamine) [46]. The changes 
in the content of TH in the brain directly affect the bio-
synthesis of levodopa in the substantial nigra-striatum 
system [47]. The decrease in the level or activity of dopa-
minergic neurons can decrease the synthesis and secre-
tion of dopamine neurotransmitters, which contributes 
to the pathogenesis of PD [48]. As a result, changes in TH 
content can reflect the onset and progression of PD. This 
study found that intraperitoneal injection of MPTP could 
significantly reduce TH in the substantia nigra of mice, 
resulting in Parkinson’s-like symptoms. Morroniside 
can reverse the decrease in neuron number caused by 
MPTP. It may also significantly increase the expression 
of TH in the brain of the PD mouse model, increasing 
the content of dopamine neurotransmitters in the brain 
and improving symptoms of motor disorders in the PD 
rat model. Moreover, previous studies have reported that 
MPTP causes a decrease in the TH levels in the brain by 
inducing ROS and inflammatory responses, which, being 

Fig. 6 Schematic diagram of morroniside on neuroprotection
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a major parameter of oxidative stress, can affect the activ-
ity and function of dopaminergic neurons [49].

The transcription factor Nrf2 is a key factor in the cel-
lular oxidative stress response and is transferred from 
the cytoplasm into the nucleus under oxidative stress. 
It then binds to the ARE to regulate the expression of 
antioxidant proteins, thereby enhancing cellular resis-
tance to oxidative stress [11]. Siebert [50] reported that 
Nrf2 was activated by tert-butyl hydroquinone (tBHQ) 
and protected against 6-hydroxy dopamine (6-OH-DA)-
induced damage to nigrostriatal coculture tissues. In 
PD, a slight increase in the HO-1 protein and increased 
immune reactivity in the Lewy body were observed in 
dopamine neurons in the substantia nigra compacta 
[51]. Increased expression of HO-1 counteracts oxidative 
stress and neuroinflammatory damage in both in vitro 
and in vivo model experiments on PD [52]. In this paper, 
MPTP inhibited Nrf2 and HO-1 in the brain substan-
tia nigra and the PC12 cells. Morroniside, on the other 
hand, induced the expression of Nrf2 and HO-1 both in 
vivo and in vitro, implying that morroniside could regu-
late the levels of oxidative stress factors via Nrf2/HO-1. 
The most important oxidative stress parameters are GSH 
and MDA. Morroniside modulated both GSH and MDA 
in both in vivo and in vitro experiments, restoring the 
parameters to the levels observed in the control group. 
Furthermore, MPP+-induced MDA and ROS in PC12 
cells were exacerbated by the Nrf2-inhibitor ML385, 
which was reversed by morroniside treatment, demon-
strating the importance of Nrf2 in morroniside-mediated 
PD mitigation. ROS generated during dopamine synthe-
sis, low levels of GSH, and increased concentration of 
iron ions are the main factors leading to the death of the 
brain neurons in PD patients [53]. The lack or decrease 
in levels of GSH will increase the susceptibility to oxida-
tive stress, which may lead to the occurrence of diseases 
such as PD, AD, and tumors [54]. Free radicals can react 
with unsaturated fatty acids on the cell membrane, lead-
ing to lipid peroxidation; thus, producing abundant MDA 
[55]. Previous studies have shown that the function of 
mitochondria is critical for ferroptosis [56]. Mitochon-
dria are important organelles within the cell and their 
main function is to provide a large amount of energy 
through oxidative phosphorylation of the respiratory 
chain. In addition, mitochondria could also act as hubs 
for a number of metabolic or signalling pathways, partic-
ularly fatty acid metabolism [57]. Importantly, morroni-
side could repair mitochondrial damage both in vitro and 
in vivo, suggesting that it may restore the mitochondrial 
respiratory chain and mitochondrial function to reduce 
ROS production. Free dopamine in the cytoplasm pro-
duces ROS and the toxic dopamine quinone (DAQ) via 
autoxidation [58]. DAQ affects mitochondrial morphol-
ogy and induces the depolarization of the mitochondrial 

membrane, which induces the opening of the mitochon-
drial membrane permeability transition pore (mPTP) 
and increases the sensitivity of dopaminergic neurons to 
injury [59].

Recently, several studies have pointed out that oxida-
tive stress [60, 61], abnormal glutamate metabolism [62], 
and lipid peroxide accumulation in PD models are quite 
similar to ferroptosis. Erastin can cause ferroptosis by 
inhibiting the system Xc- (SLC7A11: SLC3A2) activity, 
reducing the intracellular Cys content, blocking the syn-
thesis of GSH, and accumulating intracellular lipid ROS 
[63]. Therefore, ferroptosis may play an important role in 
the development of PD. GPX4 is a GSH-promoted reduc-
tion reaction of peroxidized lipids, preventing ferropto-
sis [64]. FTH1 is an iron storage protein complex, and its 
reduced levels along with an excess free iron can cause 
disorders of lipid metabolism [65]. The membrane iron 
transporter protein FPN can maintain cellular iron stabil-
ity across iron metabolic pathway [66, 67]. Morroniside 
reduced iron content in substantia nigra and inhibited 
ferroptosis in PD mice in the current study. Morroniside 
reduced iron content in PC12 cells and inhibited fer-
roptosis caused by MPP+, which was consistent with in 
vivo experiments. Morroniside also restored the proteins 
GPX4, SLC7A11, FTH-1, and FPN, which became abnor-
mal during ferroptosis in vivo and in vitro experiments. 
Morroniside can inhibit the development and progres-
sion of PD by inhibiting iron aggregation. However, the 
relationship between Nrf2 and ferroptosis has not been 
as intensively studied, and further research will be con-
ducted at a later stage to confirm this inference.

Conclusion
In conclusion, this study has demonstrated that mor-
roniside improves the behavioral profile of mice with 
MPTP-induced dopaminergic neuronal damage and 
mitochondrial damage, induces the expression of TH, 
and regulates the level of oxidative stress in the body 
via the Nrf2-ARE pathway. It also restores oxidative 
homeostasis in the brains of PD mouse models, protects 
against mitochondrial damage, inhibits the production 
of the lipid metabolite MDA, increases the content of 
the free radical-scavenger GSH, decreases iron content, 
and inhibits ferroptosis. Furthermore, the effect of mor-
roniside on ferroptosis was confirmed in PC12 cells. The 
Nrf2-ARE pathway, which is linked to the pathogen-
esis of PD, promotes antioxidant levels and induces the 
expression of iron-regulated proteins to protect dopa-
minergic neurons in the substantia nigra, delaying the 
progression of the disease. Ferroptosis is a unique form 
of programmed cell death caused by lipid peroxidation 
dependent on ROS and intracellular iron overload, but 
many of its physiological roles remain to be clarified.
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