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Abstract
Paeoni�orin (PF) has numerous bene�ts, including anti-in�ammatory and anti-apoptosis effects. It also
exhibits neuroprotective effects in Alzheimer’s disease (AD) via the ROS-JNK-p53 pathway. However, it is
not clear if it has neuroprotective effects against cognitive impairment in Parkinson’s disease (PD).
Through network pharmacology, we identi�ed probable targets as well as signal pathways through which
PF might affect cognitive impairment in PD. Then, we experimentally validated our �ndings. The core
genes of the PPI network include MAPK8 (JNK), TP53, CASP3 (caspase-3), protein-95 (PSD95), and SYN.
Pathway enrichment analysis revealed that genes involved in apoptosis and MAPK signaling were
signi�cantly enriched. Because JNK is a key mediator of p53-induced apoptosis, we wondered if JNK/p53
pathway in�uences the effects of PF against apoptosis in mouse model of PD. Molecular docking
analysis showed that PF had good a�nity for JNK/p53. The results of the experiments indicated that PF
ameliorated behavioral impairments and upregulated the expression of the dopamine (DA) neurons,
suppressed cell apoptosis in substantia nigra pars compacta (SNpc) of PD. Additionally, PF improved
MPTP-induced neuronal injury by inhibiting apoptosis in hippocampal neurons of the CA1 and CA3, and
upregulating postsynaptic density PSD95 as well as synaptophysin (SYN) protein levels. Similar
protective effects were observed upon JNK/p53 pathway inhibition using SP600125. Overall, PF
improved cognitive impairment in PD by inhibiting JNK/p53 signaling pathway.

Introduction
Parkinson’s disease (PD) is the 2nd most prevalent neurodegenerative disorder after Alzheimer's disease
(AD) (Xicoy et al., 2020). Cognitive impairment (CI) is a prevalent non-motor symptom of PD (Santangelo
et al., 2015). CI affects >80% of PD patients and can cause dementia (Macchi et al., 2021), thereby
affecting many aspects of life and increasing the risk of premature death (Baiano et al., 2020). Thus,
elucidation of the mechanisms involved in CI among PD patients is urgently needed for better outcomes.
Dopaminergic neurons in substantia nigra and ventral tegmental area project to the hippocampal region
through midbrain and cortex dopamine system pathway (Espadas et al., 2021). The CA1 region of the
hippocampus is involved in cognitive processes, particularly learning, and memory (Li et al., 2020), and
which along with CA3, forms the hippocampal Schaffer collateral pathway, is one of the most studied
hippocampal synaptic pathway (Zamora et al., 2021). Dopamine (DA) released from dopaminergic
neurons plays important roles in synaptic plasticity processes. When dopaminergic neurons in the ventral
tegmental areas and substantia nigra are damaged, causes a reduction of the direct dopaminergic
projections. This could eventually result in reduced levels of neurogenesis and synaptic plasticity in
hippocampus.

The JNK pathway plays a key role in cell differentiation, apoptosis and in synaptic plasticity processes (Ji
et al., 2020). Studies of JNK knockout mice or mice treated with the JNK inhibitor SP600125 have shown
that JNK is involved in various aspects of neuronal excitation, learning, and memory formation (Gong et
al., 2020). It has been shown that the expression of phosphorylated JNK (p-JNK) is increased in post-
mortem brain samples from AD patients, and it is positive for colocalization with Aβ (Killick et al., 2014).
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And a number of studies have shown that the JNK signaling pathway is involved in Aβ-induced neuronal
apoptosis (Chen et al., 2018, Olivera et al., 2017), such as PD. Therefore, JNK pathway may be a potential
target for the prevention or treatment in cognitive impairment of PD.

Paeoni�orin (PF), a monoterpene glycoside, is the main active ingredient of herbaceous peony, which is
used in traditional Chinese medicine (TCM). PF has anti-oxidative (Li et al., 2017), anti-in�ammatory (Wen
et al., 2019) and anti-apoptosis (Wei et al., 2021) effects, and has attracted increasing attention due to its
neuroprotective properties. Treatment with PF is reported to attenuate amyloid-beta deposition in
hippocampus and restore amyloid-beta induced memory dysfunction (Kong et al., 2020). However, the
role and mechanism by which PF improves PD-associated CI is unclear.

Network pharmacology, an emerging discipline, is based on systems biology (Yang et al., 2021) and is
often used to uncover molecular mechanisms underlying chronic and complex diseases like PD (Wang et
al., 2021). Here, we sought to elucidate the mechanisms underlying the effects of PF in PD-related CI
using network pharmacology and experimental validation. The graphical abstract shows the study’s
work�ow.

Materials And Methods
Sixty male C57BL/6J mice weighing 16-18 g and aged 5-6 weeks were obtained from the Animal
Experimental Animal Center of Shanghai University of TCM, China (No. SYXK (Hu) 2020-0009).
Paeoni�orin (PF) and 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) were procured from Sigma
Chemicals. The antibodies against p-JNK (Thr183/Tyr185), JNK, p-p53, p53, SYN, Bcl-2, PSD95, Bax and
cleaved Caspase3 were purchased from Cell Signaling Technology. The antibodies against p-c-Jun, c-Jun
(Ser73) and tyrosine hydroxylase (TH) were purchased from Abcam. Antibody against beta amyloid
antibody (MOAB-2) was purchased from Novus Biologicals. TUNEL assay kit was obtained from Roche.
SP600125 (S1066) was procured from Selleck.

Network pharmacology analysis

Prediction of potential PF targets

Information on PF was obtained from https://old.tcmsp-e.com/tcmsp.php, http://www.lilab-
ecust.cn/pharmmapper/ and http://www.swisstargetprediction.ch/databases. Disease-related genes
were obtained from Therapeutic Target Database (TTD, http://db.idrblab.net/ttd/), Online Mendelian
Inheritance in Man (OMIM, https://omim.org/), Genecards (https://www.genecards.org/), PharmGBK
(https://www.pharmgkb.org/), and DrugBank (https://go.drugbank.com/).

Construction of the drug-target-disease network

Functional interactions of PF were elucidated using STRING (https://string-db.org/) and network
visualization done using Cytoscape.
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Establishment of the PPI network and core PPI network extraction

The core PPI network was build using STRING and Cytoscape.

Pathway and functional enrichment analysis

KEGG and GO analyses were used to predict associated targets and signaling pathways.

Molecular docking

Accuracy and stability were veri�ed by molecular docking. Autodock Vina and optimal models were used
and visualized using PyMOL (2.0).

Experimental validation

Ethical statement

All animal experiment protocols received ethical approval from the Animal Experimental Animal Center of
Shanghai University of TCM, China (license No. SYXK (Hu) 2020-0009). Animals were maintained at a
controlled temperature and humidity (23±2°C and 60±65%, respectively) with free access to standard
laboratory diet.

MPTP-induced mouse model of PD

To induce subacute PD, mice were intraperitoneally (i.p.) injected with MPTP (30mg/kg) for 5 days (Liu et
al., 2021).

Group and drug treatments

Mice were randomly split into 5 groups (10/group). Control (Con) group mice were administered with
saline (1mL/100g daily, i.p.). Mice in the model group received MPTP (30mg/kg, i.p.) from day 1-5. Mice
in the PF group received MPTP (30mg/kg for 5 days) and PF (30mg/kg/d, i.p.) for 7 days. Mice in the
SP600125 group received MPTP (30mg/kg for 5 days) and SP600125 (30mg/kg, i.p.) for 7 days. Mice in
the PF+SP600125 group received 30mg/kg SP600125 (i.p.) after treatment with PF. Prior to experiments,
mice were trained for 3 days.

Neurobehavioral observations

Pole test

The pole test is commonly used to provide motor-symptomatic relief in PD patients (Matsuura et al.,
1997). The test was done by wrapping a 60cm long and 1cm wide pipe with gauze and �xing a wooden
ball to the top. Subsequently, mice were placed on the wooden ball after which the time taken by the
mouse to move from the top to bottom of the tube documented.
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Open �eld test

The open �eld test is frequently used to assess activity after MPTP injury (Sedelis et al., 2001). Before the
experiment, four mice from each group were placed in the observation box (25×25×25 cm) and allowed to
adapt for 30 minutes. They were then videotaped for 30 min and automated video analysis used to
assess the movement trajectory of the mice and the total distance covered in 30 min noted as an
indicator of horizontal movement.

Morris water maze test

The standard 6-day Morris water maze test was used to assess cognitive function (Si et al., 2016) and
data recorded and analyzed using tracking software.

Western blot analysis

Protein extraction was done using a T-PERTM tissue protein extraction reagent (Thermo Scienti�c, USA)
and protein levels determined using a BCA kit (Beyotime, Shanghai, China). Overnight incubation of the
membranes at 4°C was done with primary antibodies against TH (1:2000), Bax (1:1000), Bcl-2(1:1000),
cleaved Caspase 3 (1:1000), PSD95 (1:1000), p53 (1:1000), SYN (1:1000), JNK (1:500), c-Jun (1:1000), p-
JNK (1:500), p-c-Jun (1:1000), as well as p-p53(1:1000) after which they were incubated with secondary
antibodies. A LI-COR Odyssey scanner was used to detect �uorescence signal (Biosciences, USA) and
image J used to measure the strip optical density.

Immunohistochemistry (IHC)

Brain samples were sectioned at 30μm and blocked for 1 h in 5% BSA at room temperature (RT). They
were then incubated with mouse anti-TH antibody (1:1000). Next, incubation of the sections with HRP-
conjugated secondary antibodies was done for 1 h after which they were incubated for 3 min with 3,3′-
diaminobenzidine (DAB). Positive cells were counted on Image J Pro Plus.

Immuno�uorescence (IF) staining

Brain tissue were cryosectioned at 30μm. The sections were then washed three time using PBS, 5
minutes/wash. and blocked for 30 min using 0.3% BSA in 5% Triton X-100. Then, they were incubated in
the presence of antibodies against Aβ (1:1000; Novus Biologicals, USA), followed by incubation with
secondary antibodies for 1h and imaged on a confocal microscope and positive cells counted using
Image J.

TUNEL assay

TUNEL staining was performed on 30-μm cryosections using an in situ cell death detection kit (Roche,
Switzerland Basel, Germany) and imaged by confocal �uorescence microscopy (Solms, Germany).
Apoptotic cells stained green, while nuclei were stained blue. Image-Pro Plus 6.0 was used to count
positive cells.
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Nissl’s staining

Brain sections were subjected to Nissl staining using the conventional method. Para�n embedded
tissues were sectioned at 5μM, dewaxed in xylene and rehydrated in graded ethanol. Sections were then
stained with 1% toluidine blue for 5 min and then soaked in 70 and 95% ethanol for 5 minutes each,
respectively. After that, the nuclei turned blue and the background were colorless, followed by 100%, 90%,
80%, and 70% ethanol at room temperature. Surviving neurons in hippocampal CA1 and CA3 were
observed under a microscope (Nikon, Tokyo, Japan).

Statistical analysis

Data were presented as Mean ± SEM. Differences between two groups were assessed paired/unpaired t-
test. Differences among groups were evaluated by one- or two-way ANOVA, followed by Tukey’s post hoc
test. P=<0.05 was the cut-off for signi�cance.

Results
Construction of a “PF-Target-PD” Network 

Retrieved from TCMSP, Pharmapper and Sisstarget data repositories, there were 378 related PF targets
(Figure 1A) (Supplementary File S1). A total of 9489 PD-associated genes were identi�ed from the online
disease database (Figure 1B, Supplementary File S2). A total of 156 genes overlapped between the two
datasets (Figure 1C). The “PF-Targets-PD” network was build using STRING and visualized on Cytoscape
(Figure 1D and Supplementary File S3).

PPI network construction 

The largest component of the network had 797 edges and 151 nodes (Figure 2A). Cytoscape was used to
compute topological parameters and to obtain the core PPI network from the PPI network. The core PPI
network had 14 nodes and 75 edges, including CASP3 (caspase-3), TP53, PSD95, MAPK8 (JNK) and SYN
(Figure 2C, Supplementary File S4).

KEGG and GO enrichment analyses 

Figure 3A shows the top-10 enriched GO terms. Regulation and execution of apoptosis were found to be
enriched (Supplementary File S5). KEGG pathway analysis of the 156 genes identi�ed 93 abundant
signaling pathways, including MAPK and apoptosis signaling pathways (Supplementary File S6). Figure
3B shows the most enriched of the top-30 functional terms. 

Molecular docking 

Molecular docking analysis was used to evaluate the binding a�nity of PF to JNK/p53 and synapse-
associated proteins (Figure 4). Respectively, the a�nities of JNK, p53, PSD95, and SYN for PF were -5.44,
-5.64, -6.38, and - 5.77 kcal/mol, suggesting good binding a�nities. These �ndings show that PF exerts
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neuroprotective effects by inhibiting apoptosis and highlight MAPK signaling as a potential therapeutic
target. p53, a target of MAPK signaling, is a crucial mediator of normal cell differentiation and survival.
Thus, we assessed if the JNK/p53 pathway contributes to PF’s effects on PD-related cognitive decline.

Experimental validation 

PF ameliorated behavioral symptoms, learning, and memory in MPTP-induced PD Mice

Behavior was assessed 5 days after the �nal MPTP injection (Figure 5). Analysis of the distance traveled
in open �eld test as gauge of behavioral ability showed that the control group exhibited high values than
the model group (p=<0.001). Total distances covered by PD mice treated with PF, SP600125 (a speci�c
JNK inhibitor), and PF+SP600125 was signi�cantly higher relative to untreated PD mice (p=<0.001, p=
<0.01, p=<0.001, Figure 5A, 5D). The pole climbing time of PD mice was signi�cantly lower, compared to
non-PD control mice (p=<0.001). Treatment of PD-mice with PF, SP600125, and PF+SP600125 for 7 days,
signi�cantly enhanced their climbing time compared with untreated PD mice (p=<0.001, Figure 5C).
Implying that PF, SP600125, and PF+SP600125 improve the behavioral ability of PD mice.

Spatial learning and memory function were assessed using MWMT in mice from day 13 (Figure 5B). The
acquisition trials of MWMT on day 4-6 of the model group revealed an escape latency that was lengthier
compared to that of the control group (p=<0.001). Moreover, PD mice treatment with PF, SP600125, and
PF+SP600125 had markedly shorter latency on days 4-6, when compared to untreated PD mice (day 4: p
= <0.05, <0.05, <0.01; day 5: p = <0.01, <0.01, and <0.001; day 6: p = <0.05, <0.05, and <0.01, respectively;
Figure 2E). There were no marked differences between intervention groups (p=>0.05). Similar
observations were made upon analysis of platform crossing time and original platform quadrant
distance (Figure 5F-5G). MWMT data indicated that PF could maintain learning and memory abilities that
weakened upon MPTP exposure.

PF attenuated MPTP induced loss of DA neurons in PD mice

IHC examination of DA neuronal damage in substantia nigra (Figure 6A-B) revealed signi�cantly fewer DA
neurons in the PD model relative to non-PD controls (p=<0.001). Relative to untreated PD mice, PD mice
treated with PF, SP600125, and PF+SP600125 had signi�cantly higher number of DA neurons (p
= <0.01, <0.01, and <0.001 respectively).  Additionally, PD mice treated with PF, SP600125, and
PF+SP600125 signi�cantly improved the optical density of TH-positive �bers when compared to
untreated controls (p = <0.01, <0.05, and <0.001, respectively, Figure 6C-D). 

Western blot showed markedly suppressed levels of TH in the striata of PD mice, compared to control
group (p=<0.001), which were signi�cantly promoted upon treatment with PF, SP600125, and
PF+SP600125, for 7 days (p = <0.01, <0.05, and <0.001, respectively (Figure 6E-F). These results indicate
that PF protects from MPTP-induced neuronal damage and loss of dopaminergic neurons.

PF reduced MPTP-mediated apoptosis in nigrostriatal of PD mice
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TUNEL assay in the SNpc (TH: red, TUNEL: green, Figure 7A) revealed that the counts of apoptotic
neurons in PD mice markedly decreased relative to control group after MPTP treatment (p=<0.001), while
treatment with PF, SP600125, and PF+SP600125, reversed the percentage of apoptotic cells (p = <0.05,
<0.05, and <0.001, respectively, Figure 7B).

Western blot revealed that the ratio of Bcl2/Bax protein was markedly reduced, while the levels of cleaved
Caspase3 was signi�cantly elevated in the striata of PD mice (p = <0.001 and <0.001, respectively; Figure
7C). Conversely, treatment with PF, SP600125, and PF+SP600125 enhanced the Bcl2/Bax protein ratio
and reduced the level of cleaved Caspase3 (Bcl2/Bax: p=<0.05, <0.05, and <0.01, respectively; cleaved
caspase3: p = <0.05, <0.05, and <0.01, respectively; Figure7D-E). These results imply that PF suppresses
MPTP-mediated apoptosis of substantia nigra neurons in PD mice.

PF improves hippocampal neuronal damage in the MPTP-induced PD mice brain 

Nissl staining analysis of neuronal apoptosis in CA1 as well as CA3 hippocampal regions of PD mice
revealed that PF enhanced neuronal survival in MPTP-treated mice (Figure 8A) and that hippocampal
CA1 and CA3 levels in PD mice was markedly high, relative to control group (p<0.001, Figure 8B-C).
However, apoptosis rates were markedly low in PD mice treated with PF, SP600125, and PF+SP600125
relative to untreated PD mice (CA1: P = <0.01, <0.01, and <0.001, respectively; CA3: p = <0.05, < 0.01, and
<0.001, respectively).

Western blot analysis of Bax and Bcl-2 levels in the hippocampus revealed that the Bcl2/Bax ratio in PD
mice was markedly high, relative to control group (p = <0.001), while treatment of PD mice with PF,
SP600125, and PF+SP600125 markedly increased Bcl2/Bax levels relative to untreated PD mice (p =
<0.05, <0.05, and <0.01, respectively, Figure 8E). Taken together, these data show that PF might suppress
apoptosis in the hippocampal neurons of MPTP-induced PD mice.

PF attenuates Aβ formation and elevates synapse-related proteins in the hippocampus of MPTP-induced
PD mice

Next, we used immuno�uorescence (IF) to examine the effect of PF on hippocampal amyloid β (Aβ)
levels (Figures 9A-C) and found that in the PD group, Aβ-positive puncta were mainly located in the CA1
and CA3, and that the Aβ protein signal was distributed in the cytoplasm. Moreover, the mean
�uorescence intensity of Aβ signal in the CA1 and CA3 of PD mice was markedly high, relative to control
group (𝑃<0.001, 𝑃<0.001). Treating PD mice with PF, SP600125, and PF+SP600125 signi�cantly reduced
Aβ signal intensity in CA1 and CA3 when compared with untreated PD mice (CA1: all p = <0.05; CA3: p =
<0.05, <0.05, and <0.01, respectively). 

Next, western blotting was used to assess PSD95 and SYN levels (Figure 9D-F). Relative to the control
group, levels of these proteins were markedly reduced in the hippocampus of PD mice
(𝑃<0.001, 𝑃<0.001). Treating PD mice with PF, SP600125, and PF+SP600125, signi�cantly enhanced the
protein levels of PSD95 and SYN, relative to untreated PD mice (PSD95: p = <0.05, <0.05, <0.01; SYN: all p
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= <0.01). Overall, the results suggest that the mean �uorescence intensity of Aβ was signi�cantly
decreased, while the level of synapse-associated proteins was signi�cantly enhanced upon treating
MPTP-induced PD mice with PF.

PF inhibited phosphorylation in the JNK/p53 signaling pathway, rescuing MPTP-induced apoptosis

We used western blotting to assess the levels of p-c-Jun, JNK, Jun, p-p53, p-JNK, and p53 proteins in the
hippocampus (P< 0.001, Figure 10A-D). PF treatment resulted in signi�cantly increased p-c-Jun/Jun, p-
JNK/JNK, as well as p-p53/p53 levels (all p=<0.05). Comparable �ndings were obtained after treatment
with SP600125 and PF+SP600125 (p-JNK/JNK: P<0.01, P<0.01; p-c-Jun/Jun: P<0.01, P<0.001; p-
p53/p53: P<0.01, P<0.001). These data strongly indicate that the JNK/p53 pathway in�uences apoptosis
in the hippocampus of PD mice.

Discussion
Parkinson’s disease (PD) is a form of neurodegenerative disease that is associated with motor as well as
non-motor symptoms. Clinically, CI is a common sign of non-motor symptoms (NMS) of PD (Baiano et
al., 2020) and currently, there are no effective treatments. TCM appears to be a good treatment choice.
Paeoni�orin (PF), a biologically active compound extracted from Paeonia lacti�ora Pallas, is commonly
used in TCM. Using network analysis and experimental validation, we have uncovered the multi-target
mechanisms underlying the effects of PF against PD. Using the databases TCMSP, Pharmapper and
Sisstarget, we identi�ed potential interaction targets. PD associated genes were identi�ed on TTD, OMIM,
Genecards, PharmGBK and DrugBank. CASP3 (caspase-3), TP53, MAPK8 (JNK), PSD95, and SYN were
identi�ed as core PPI network components. Integrated GO and KEGG analyses indicated that PF may
exert its anti-PD-related cognitive effects via MAPK signaling.

PF has numerous biological effects, including anti-in�ammatory and immunoregulatory effects (Zhang et
al., 2020), anti-oxidation effects (Yuan et al., 2020) and anti-apoptosis effects (Wei et al., 2021).
Moreover, PF is also reported to attenuate cognitive dysfunction in diabetic rats (Sun et al., 2017) and to
delay neurodegeneration by reducing neuroin�ammation, inhibiting internal, and external cell apoptosis,
and improving motor and non-motor symptoms via regulation of neurotransmitter levels in PD (Du et al.,
2020). A previous study con�rmed that PF exerts its effects against Aβ-induced neuroin�ammation by
inhibiting NF-κB signaling (Cho et al., 2020). PF is also reported to in�uence the development of
neurodegeneration in AD by inhibiting neuroin�ammation (Zhang et al., 2015). However, no studies have
evaluated the therapeutic potential of targeting PF in the treatment of CI in PD. Here, we used molecular
docking to identify proteins associated with cognitive decline in PD and found that JNK, p53, PSD95, and
SYN had good binding a�nity for PF, indicating that JNK is a target of PF. Our �ndings suggest that PF
might have synergistic effects on the cognitive impairment of PD. To evaluate this possibility, we
assessed the effects of PF on a mouse model of PD established by intraperitoneally injecting MPTP,
which is widely used to establish Parkinsonian mouse models (Rai et al., 2017, Rui et al., 2020). We
employed well-recognized methods like the pole and open �eld test to evaluate the neurobehavioral
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functioning of PD mice. Neurodegenerative diseases that are attributed to aging, including PD, can lead to
impaired neurological functions, particularly spatial memory (Lithfous et al., 2013). The MWM test is
used to assess spatial memory formation and to evaluate spatial learning abilities (Fu et al., 2017,
Vorhees et al., 2006). Our analysis found that the climbing time in PF-treated mice was signi�cantly
shorter and the total distance was signi�cantly prolonged. The spontaneous exercise ability of the mice
was also signi�cantly enhanced. Additionally, PF enhanced the protein levels of TH and the number of DA
neurons in nigrostriatal pathways of PD mice. The MWM test revealed that PF improves learning and
memory capacity in MPTP-induced PD mice. Comparable �ndings were obtained by inhibiting SP600125
with JNK, implying that PF exerts its protective effects against PD CI via JNK pathway inhibition.

Bcl-2 and Bax genes are apoptotic factors, with Bcl-2 inhibiting apoptosis and Bax promoting it (Narita et
al., 1998). Caspase-3 is an effector of apoptosis (Wang et al., 2021). Assessment of the mechanism
involved in DA neuronal increase, improved learning, and enhanced memory in PD mice revealed that PF
reduced TUNEL positive cells in SNPC and increased the Bcl-2/Bax protein ratio in the striatum. Moreover,
PF enhanced neuronal survival in hippocampal CA1 as well as CA3 regions, and increased the ratio of
hippocampal Bcl-2/Bax proteins. Similar observation upon JNK inhibition, suggested that PF inhibits
apoptosis in the hippocampus of PD mice by inhibiting JNK signaling.

Based on the aforementioned results, we will explore the molecular mechanisms involved in the effects of
PF on PD-associated cognitive decline. There is strong evidence that the degree of amyloid plaque
pathology is an important cause of dementia in PD patients (Luo et al., 2020). A past study has shown
that synaptic plasticity also plays an vital role in hippocampal learning and memory functions (Kurioka et
al., 2021). Synaptogenesis is considered necessary in learning and memory. During neural development,
postsynaptic density protein-95 (PSD-95) is crucial for synaptic plasticity, glutamate transmission and
dendritic spine morphogenesis (Coley et al., 2018, Park et al., 2020). Thus, during development, PSD-95
dysfunction may lead to synaptic malformations associated with nervous system disorders.
Synaptophysin (SYN) is an important marker of synaptogenesis. Mounting evidence indicates that SYN
is important in hippocampal-dependent cognition, anxiety and depression-related behaviors (Dandi et al.,
2018). Through CA1 activity, the hippocampus is prone to degenerative lesions (Benito et al., 2018). The
hippocampal CA3 neurons that drive cognitive function mainly affect spatial and associative learning,
but they also affect working and reference memory (Xiao et al., 2021). In recent years, apoptosis has
emerged as a crucial factor in PD and AD pathogeneses (Mirzayans et al., 2020, Yu et al., 2020, Paquet et
al., 2018). Here, we �nd that PF exerts it protective effects in PD mice by reducing the levels of Aβ in CA1
and CA3 regions, and increasing hippocampal levels of SYN and PSD95. 

JNK signi�cantly in�uences behavior, cognition, and synaptic plasticity (Biggi et al., 2017). p53 has
critical roles in senescence and apoptosis (Ru�ni et al., 2013) and its disruption affects cell proliferation
and migration, which are involved in neurodegenerative diseases (Steffens et al., 2020). p53 is reported to
regulate neurite growth and axon regeneration (Di et al., 2006). JNK signaling activates p53 signaling
(Zyuz’kov et al., 2015, Akhter et al., 2015). It is reported that JNK/p53 signaling is involved in AD
pathogenesis (Shi et al., 2020). Furthermore, p53 phosphorylation is needed for apoptosis activation by
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JNK signaling (Hua et al., 2019). Our data show that PF decreased the hippocampal levels of p-JNK/JNK,
p-c-Jun/c-Jun, and p-p53/p53. We also show that combined treatment with PF+SP600125 markedly
suppressed JNK, indicating potential synergistic effects between PF and SP600125. 

Conclusion
Based on network pharmacology and experimental validation, we show that protective effects of PF
against cognitive impairment in PD are mediated by JNK/p53 inhibition. Our data offer insights into
novel potential therapeutic strategies against cognitive impairment.
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