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Alzheimer’s disease (AD) stands as the predominant age-related neurodegenerative disorder, for which effica-
cious treatment remains elusive. An auspicious avenue for this disease lies in natural compounds sourced from
tranditional medicine and plant origins. Parthenolide (PTN) is a natural product with multiple biological func-
tionsand. Recent investigations have illuminated PTN’s protective properties against neurological maladies;
however, its potential therapeutic role against AD remains uncharted. This study aims to explore the role of PTN
in treating AD. Our in vitro findings underscore PTN’s bioactivity, as evidenced by its capacity to curtail
apoptosis, reduce reactive oxygen species (ROS) production, and restore mitochondrial membrane potential in
PC12 cells. Moreover, PTN treatment demonstrates a capacity to ameliorate deficits in spatial learning and
memory in the 3 xTg-AD murine model. Notably, PTN’s therapeutic efficacy surpasses that of a clinical agent,
donepezil. Mechanistically, PTN’s neuroprotective effects stem from its adept regulation of the AMPK/GSK3p
(ser9)/Nrf2 signaling pathway and protection on neuronal cells from ROS-related apoptosis. Although the mo-
lecular target and the pre-clinical evaluations of PTN need to be further explored, this study indicates PTN as a
potential agent or lead compound for the drug development against AD.

1. Introduction

Alzheimer’s disease (AD) stands as a formidable neurodegenerative
disorder and represents the predominant form of dementia, regrettably
bereft of efficacious pharmaceutical interventions [1]. Presently, global
estimates indicate an alarming prevalence of 50 million AD cases [2].
Notably, AD pathology is fundamentally underpinned by neuronal loss,
the principal driver of cognitive decline among AD patients [3]. Thus,
the mitigation of neuronal apoptosis holds significant promise in

impeding AD progression. The distinctive pathological hallmarks of AD
encompass extracellular senile plaques (Ap) and intracellular neurofi-
brillary tangles (NFTs), both potentially contributing to neuronal demise
[4]. Growing evidence underscores that A aggregation within the ce-
rebral milieu precipitates mitochondrial dysfunction, excessive intra-
cellular reactive oxygen species (ROS) generation, oxidative stress, and
perturbed energy metabolism, ultimately culminating in neuronal
demise through necrotic or apoptotic pathways [5,6]. Furthermore, the
oxidative stress elicited by Ap aggregation exacerbates neurotoxicity
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and amplifies neuronal injury [7]. Therefore, Ap-induced oxidative
stress and its ensuing apoptotic signaling cascades contribute extremely
to the development of AD and may provide therapeutic strategies for this
disease. AMPK emerges as a pivotal kinase for energy homeostasis
regulation, wielding significant influence during AD pathogenesis,
particularly in the context of AP deposition and oxidative stress dy-
namics [8,9]. Consequently, AMPK signaling and its downstream cas-
cades have emerged as a focal point of AD research. Previous research
corroborates that the interplay among AMPK, glycogen synthase kin-
ase-3f (GSK3p), and nuclear factor erythroid-2-related factor 2 (Nrf2)
signaling pathways significantly impacts anti-oxidative stress and
anti-neuronal apoptosis mechanisms in AD patients [10-12]. These in-
sights delineate novel trajectories and prospects for the development of
AD therapeutics via targeting AMPK and its downstream cascade.

At present, the predominant approach in treating AD involves the use
of drugs aimed at mitigating neuronal damage. Regrettably, many of the
pharmaceuticals currently in use come with relatively low efficiency or
associated side effects [13]. Consequently, there exists an imminent
imperative to develop novel therapeutic agents for AD that are both
more efficacious and safer. Medicinal plants stand out as an invaluable
reservoir of unique chemical compounds characterized by intricate
structures and diverse pharmacological attributes, presenting an
intriguing avenue for AD drug development [14]. Within this context,
we established a screening system in Af-challenged PC12 cells and
evaluated the protective effects of our in-house natural products to find
potential active compounds for alleviating AD symptoms.

In this study, we identified Parthenolide (PTN) as a potent inhibitor
against AP;_s4p-triggered apoptosis in PC12 cells from 120 in-house
natural compounds. PTN has been the subject of sustained inquiry as a
natural sesquiterpene lactone, known to exhibit diverse biological
functionalities under pathological conditions. It serves as a secondary
metabolite produced by plants of Pyrethrum parthenium (L.) [15].
Notably, PTN has been the subject of sustained scientific inquiry due to
its multifaceted biological activities, particularly in pathological con-
texts. It first gained prominence for its cytotoxicity against cancer stem
cells while preserving the integrity of normal cells [16]. PTN has
exhibited a spectrum of remarkable pharmacological effects, spanning
anticancer, antithrombotic, antiviral, hepatoprotective, and
anti-inflammatory properties, and a role in neuroprotection [17,18].
However, there has been a paucity of research elucidating the role of
PTN in neurodegenerative conditions such as AD. Based on our
screening result, this study, for the first time, further elucidates the
impact and underlying mechanisms of PTN on AD pathology both in vitro
and in vivo. Our findings suggest that PTN holds promise as a potential
therapeutic agent for AD prevention and treatment.

2. Materials and methods
2.1. Reagents

Parthenolide, with a purity quotient of 98.09 % (CAS: 20554-84-1),
and AMPK inhibitor Compound C, with a purity quotient of 99.73 %
(CAS: 1219168-18-9), were sourced from MedChemExpress, Shanghai,
China. Donepezil, possessing a purity quotient of 95 % (CAS:
110119-84-1), was acquired from Chengdu Alpha Biotechnology.
APy_42 (#P-2176) was purchased from Dangang Biotechnologies (Zhe-
jiang, China). The detailed information of AB; 42 is shown in the Sup-
plementary Table S1. Reagents for cell culture, including DMEM
(D1152), BSA (A8020), and FBS (F7524), were obtained from Sigma, St.
Louis, MO, USA. Immunofluorescent staining (IF) reagents, such as 4,6-
diamidino-2-phenylindole (DAPI; C0065), DCFH-DA reagent (S0033),
and JC-1 assay (C2005), were sourced from Beyotime Biotechnology,
Shanghai, China. The apoptosis detection kit (C1062L) was also pro-
cured from Beyotime Biotechnology. Hifair® V one-step RT-gDNA
digestion SuperMix and SYBR Green Mix were obtained from Yeasen,
Shanghai, China. A comprehensive list of antibodies utilized in this
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study is provided in Supplementary Table S2. The natural compounds
utilized in this research were acquired from TargetMol (Boston, USA)
and are listed in the Supplementary Table S3.

2.2. Cell lines and culture

Rat pheochromocytoma cells (PC12 cells, SNL-124) were procured
from Sunncell Biotechnology (Wuhan, China). These cells were main-
tained in a culture environment comprising DMEM supplemented with
100 U/mL of penicillin-streptomycin and 10 % fetal bovine serum,
within a 37 °C incubator under 5 % CO» conditions. The culture medium
was renewed every 2 days, and cell passaging was performed at intervals
of once every 3 days.

2.3. Cell viability

PC12 cells were seeded overnight in 96-well plates at a density of 1
x 10* cells per well. After achieving adherence, the cells were exposed
to varying concentrations of compounds for different durations, fol-
lowed by induction with Af; 4o for an additional 24 h. Cells in the
control group received equivalent treatment with the cell solvent.
Following this 24-hour incubation, 100 uL of MTT working solution was
added and incubated for 3—4 h. The MTT solution was then removed,
and 100 uL of DMSO was added, followed by vigorous shaking and
mixing for 10 min. The assessment of cell viability was performed by
measuring absorbance at 570 nm using a microplate reader.

2.4. Detection of mitochondrial depolarization

Depolarization of mitochondrial membrane potential (ym), an early
event in the mitochondrial apoptosis cascade, was quantified using the
JC-1 assay in accordance with the manufacturer’s protocol, with minor
adjustments as outlined in reference [19]. PC12 cells were pre-exposed
to the designated concentrations of the target compounds in 96-well
microplates. Subsequently, the culture supernatant was replaced with
a1 xJC-1 solution (10 pg/mL), and the cells were incubated at 37 °C for
30-60 min. Following a thorough washing of the cells with 1 xPBS
solution twice, JC-1, selectively penetrating the mitochondria, under-
went a reversible shift from a green fluorescent signal (Excitation/E-
mission: 485/535 nm) to a red fluorescent signal (Excitation/Emission:
488/590 nm) in response to membrane potential changes. Imaging was
conducted using a fluorescence microscope equipped with a multimode
microplate reader.

2.5. Reactive oxygen species (ROS) staining in cells

ROS Levels were measured using the fluorescent probe DCFH-DA
reagent, following the manufacturer’s protocol. In brief, PC12 cells
were pre-exposed to the appropriate compounds, as previously outlined,
and subsequently incubated in a serum-free medium supplemented with
10 mM DCFH-DA for 30-60 min. Following this incubation, cells were
subjected to two washes with PBS solution. Untreated cells served as the
negative control. Subsequently, we quantified the fluorescence intensity
in each well using an Infinite M200 PRO microplate reader with exci-
tation and emission wavelengths set at 488 nm/525 nm [20]. The green
fluorescence intensity was directly proportional to the intracellular ROS
levels.

2.6. Apoptosis detection by flow cytometry

PC12 cells were initially seeded in a 12-well plate at a density of 5 x
105 cells per well and cultured for 24 h. Subsequently, the cells were
subjected to pretreatment with the designated target compounds, as
previously described [4]. The analysis was carried out through flow
cytometry in accordance with the instructions provided by the supplier,
employing the Annexin-VFITC/PI apoptosis detection kit. The cells were
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then resuspended in a 1 xbinding buffer and incubated at room tem-
perature in the dark for 40 min with 5 pL of FITC-labeled annexin V.
Subsequently, 5 pL of propidium iodide staining was introduced, and
under the same conditions, incubation was allowed to proceed for an
additional 5 min. The flow cytometry analysis was conducted using the
BD Accuri C6 Plus instrument (Biosciences, USA) to detect both late and
early apoptotic cells. Data analysis was performed using Flow Jo V10.0
software.

2.7. Real-time quantitative PCR

To assess the impact of PTN on mRNA transcripts of cytokines, we
conducted quantitative real-time polymerase chain reaction (qQRT-PCR)
analyses. RNA was extracted from the cells using Trizol Reagent and
subsequently converted into complementary DNA (cDNA) following the
manufacturer’s protocols, utilizing the Hifair® V one-step RT-gDNA
digestion SuperMix. The amplification of the target transcripts was
accomplished using SYBR Green Mix in a CFX Connect real-time PCR
system (Bio-Rad). The primer sequences corresponding to the genes of
interest were synthesized and sourced from Thermo Fisher. The primers
employed in this study are listed in the Supplementary Table S4.

2.8. Animal and treatment

For our investigations, we employed the 3 xTg-AD mouse model of
Alzheimer’s disease, characterized by the presence of three human
mutant alleles, specifically harboring PS1M146V knockin, APPswe and
TauP301L transgenes. These mice (10 months, 28-30 g, female) were
procured as breeding pairs from the Jackson Laboratories and were bred
in the animal facility at Hangzhou Medical College. This model exhibits
age-related cognitive decline and displays pathological features
including extracellular amyloid plaques and tau pathology. The mice
were housed in a group within a tranquil facility, under conditions of a
12-hour light and dark cycle, with room temperatures maintained be-
tween 20 and 24 °C. They were provided ad libitum access to both food
and water. All experimental procedures strictly adhered to the guide-
lines outlined in the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. Additionally, these procedures received
approval from the Hangzhou Medical College Animal Ethics Committee.
Random allocation resulted in the division of the mice into five groups,
each comprising 10 individuals: Wild-type (WT), 3 xTg, 3 xTg+ 1 mg/
kg PTN, 3 xTg+ 5 mg/kg PTN, and 3 xTg+ 5 mg/kg donepezil [21]. All
drugs were dissolved in 2 % DMSO in PBS, and the control group was
given an equal volume of 1xPBS (containing 2 % DMSO). All groups
were injected intraperitoneally once a day for one month.

Throughout the experiment, all mice exhibited survival. Upon
completion of the experimental protocol, euthanasia was carried out
using injectable pentobarbital sodium. Brain tissue from the mice was
harvested and promptly frozen in liquid nitrogen for subsequent protein
expression analysis, while 4 % paraformaldehyde (PFA) treatment was
utilized for histological examination.

2.9. The Morris Water Maze (MWM)

The MWM represents a widely utilized test paradigm for the
assessment of spatial learning abilities in rodents [22]. In our investi-
gation, we subjected mice to the MWM test, employing a methodology
consistent with our previous studies, to evaluate the impact of PTN on
spatial memory and learning capabilities. The experimental setup and
procedures in this study remained in line with our prior research en-
deavors [23]. Preceding the commencement of the experiment, mice
underwent a three-day training period during which they familiarized
themselves with locating the hidden platforms. The time taken to find
the platform, referred to as latency, was recorded during the training
sessions. On the fifth day, the platform was removed, and the mice were
subjected to two trials during which they were allowed unrestricted
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movement for 60 s within two quadrants, neither of which contained the
platform. These trials were meticulously monitored and analyzed using
a recording system (VisuTrack, Shanghai, China), which tracked pa-
rameters such as platform crossings and the time spent within the target
quadrant.

2.10. Novel object recognition (NOR)

The NOR task represents a widely employed behavioral assay for the
assessment of episodic-like declarative memory in rodents, capitalizing
on their inherent proclivity for exploring novelty [24]. During the initial
training session, mice were positioned within the confines of an open
cube test box (50 x50 x50 crn3) and allowed to freely explore two
identical objects, denoted as Object A, for 5 min. Exploratory behavior
encompassed instances where the mice made physical contact with the
objects or probed them within a proximity of 2-3 cm. On the subsequent
day, Object A was substituted with a novel object, Object B, and the mice
were afforded a 5-minute window for unimpeded exploration. All trials
were meticulously recorded employing NOR equipment.

2.11. Western blotting analysis

Total protein was extracted from both mouse tissue and cell culture
specimens using RIPA buffer, which was supplemented with a protease
and phosphatase inhibitor cocktail. To ascertain protein concentrations,
a BCA protein assay kit was employed, and an equivalent quantity of
protein was loaded and subsequently subjected to separation via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
separated proteins were subsequently transferred onto polyvinylidene
fluoride (PVDF) membranes, and then which were incubated with
protein-free rapid blocking buffer for 30 min at room temperature.
Following this blocking procedure, the PVDF membranes underwent an
overnight incubation at 4 °C with specific primary antibodies. The
subsequent day, the membranes were subjected to three consecutive
washes, followed by an incubation step at room temperature lasting 1-2
h with the appropriate HRP-conjugated secondary antibodies. Finally,
the blots were imaged utilizing an enhanced chemiluminescence (ECL)
reagent, and quantitative analysis was performed using Image J
software.

2.12. Immunofluorescent staining (IF)

Brains from each experimental group were subjected to fixation in 4
% PFA at 4 °C for 8-12 h. Following fixation, a sucrose gradient was
utilized for dehydration, and the brains were subsequently embedded in
an optimized cutting temperature compound (OCT). Serial cryostat
sections, each with a thickness of 25 pm and targeting the hippocampal
region, were obtained. These sections were subjected to blocking using
10 % BSA for 60 min at 37 °C, and then incubated at 4 °C with primary
antibodies, after which they were exposed to the appropriate Alexa-
Fluor-conjugated secondary antibodies for 2 h at 37 °C. Nuclei were
counterstained using DAPI, which included an anti-fluorescence
quencher. Ultimately, the sections were examined utilizing a Nikon Al
laser confocal microscope (Nikon, Japan) and subsequent analysis was
carried out employing ImageJ software.

2.13. Statistical analysis

Statistical analysis to assess the significance of observed differences
among various groups was conducted employing GraphPad Prism 8
software. All experiments were executed in triplicate, and the resulting
data was presented as the mean + standard error of the mean (SEM). To
ascertain statistical disparities between groups, either two-way or one-
way analysis of variance (ANOVA) was applied, followed by Tukey’s
post-hoc test, with a significance level () set at 0.05.
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3. Results
3.1. PTN prevents Ap-induced injury in PC-12 cells

Recent reports have indicated that neurotoxicity induced by Ap
primarily manifests through apoptosis, mitochondrial dysfunction, and
oxidative stress mechanisms, especially AB;_42 [25]. In pursuit of eval-
uating the anti-apoptotic potential of a in-house bank of 120 natural
compounds (Supplementary Table S3), we conducted an MTT assay in
PC12 cells challenged with AB;_42 at 10 pM. Remarkably, our findings
revealed that PTN (at 10 pM) exhibited the most pronounced protective
effect against Af;_42-induced neuronal cell death (Fig. 1A-B). Further-
more, our investigation demonstrated that PTN, within the concentra-
tion range of 1-20 pM, exerted minimal cytotoxicity on PC12 cells (as
depicted in  Fig. S1). Intriguingly, PTN exhibited a
concentration-dependent ~ restoration of the  viability of
APq_4o-stimulated PC12 cells, as illustrated in Fig. 1C. In light of the
previous publications, PTN has showed robust antioxidative effects in
other diseases [26,27]. Subsequent analyses revealed that PTN signifi-
cantly attenuated oxidative stress and reinstated mitochondrial mem-
brane potential (Fig. 1D, F, G). To further substantiate the protective
effects of PTN against apoptosis, flow cytometry data demonstrated a
marked reduction in apoptotic cells compared to the Ap;_42-exposed
group (Fig. 1E, H). Moreover, we conducted an assessment of apoptosis
through both western blot analysis and mRNA levels. The results
revealed that following the stimulation of PC12 cells by Af;_42, there
was a notable upregulation in Bax and cleaved-caspase 3 levels,
concomitant with a decrease in Bcl2 levels. Notably, these alterations
were effectively mitigated by PTN pretreatment in a dose-dependent
manner (Fig. 1I-K). Thus, PTN emerged as a potent agent in mitigating
AP1_42-induced injury responses in PC-12 cells.

3.2. PTN protects PC12 cells via regulation of AMPK/GSK3/(Ser9)/Nrf2
signaling pathway

We proceeded to explore the mechanisms underlying PTN’s anti-
oxidative and anti-apotosis activity in Afj_42-induced cells. Based on
the significant role of AMPK/GSK3p(Ser9)/Nrf2 signaling pathway in
mediating ROS-related neuronal injuires, we examined whether PTN
treatment could orchestrate regulation of this signaling pathway in
PC12 cells. Interestingly, western blot analyses unveiled that the Af; 42
group exhibited diminished phosphorylation of AMPK and GSK3p(Ser9),
coupled with suppressed Nrf2 expression. Conversely, PTN pretreatment
robustly reinstated these effects (Fig. 2A-B). As shown in the Supple-
mentary Fig. S3, PTN treatment also significantly increased the nuclear
localization of Nrf2 in AB;_4p-challenged PC12 cells. Nrf2 regulates the
expression of key antioxidant genes such as NAD(P)H: quinone oxido-
reductase 1 (NQO1) and heme oxygenase 1 (HO-1) [28]. PTN also
significantly upregulated the mRNA levels of Nrf2, NQO1 and HO-1 in
Ap1_42-induced cells (Fig. 2C). To ascertain the role of AMPK in medi-
ating PTN’s antioxidative stress effects, we employed Compound C
(dorsomorphin), a well-established AMPK inhibitor. Western blotting
analyse indicated that Compound C treatment reversed the inhibitory
effect of PTN on Ap; 4s-induced PC12 cell apoptosis, as well as a
dampening of PTN’s activation of the AMPK/GSK3p(Ser9)/Nrf2
signaling pathway (Fig. 2D-F). As expected, AMPK inhibitor compound
C also reversed PTN-increased nuclear level of Nrf2 (supplementary
Fig. S4). JC-1 and ROS stainings further confirmed that Compound C
pretreatment negated PTN’s protective effect against oxidative stress
(Fig. 2G, 1, J). Moreover, PTN-reduced apoptosis in Af;_4o-challenged
PC12 cells was also reversed by Compound C treatment (Fig. 2H, K).
These findings collectively suggest that PTN effectively promotes neu-
roprotection in PC12 cells by orchestrating the regulation of the
AMPK/GSK3p(Ser9)/Nrf2 signaling pathway.
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3.3. PTN improved the cognitive impairment of 3 xTg-AD mice

We employed a triple transgenic murine model for AD (3 xTg-AD
mice), which is widely acknowledged for its inclusion of both Af and tau
pathologies and closely mimics the characteristics of the human disease.
We selected female 3 xTg-AD mice for our study due to their known
rapid progression of AD pathology compared to males [29]. The opti-
mization of dosage, treatment duration, and administration route of PTN
was based on established PTN administration studies [18] and the
experimental design of MWM as depicted in Fig. 3A. Motion tracks of the
mice during the probe trial and place navigation test of the MWM are
illustrated in Fig. 3B. Notably, our analysis did not reveal any significant
differences in the total distance covered and mean swimming speed
across all test groups during posthoc multiple comparisons (Fig. 3C-D).
This substantiates the MWM results as a reliable indicator of PTN’s
impact on memory impairment in 3 xTg-AD mice. Furthermore, based
on the results of the place navigation test, PTN treatment notably
resulted in a significant increase in the time spent within the target
quadrant and an elevated number of platform crossings. Importantly,
PTN’s therapeutic effect surpassed that of the clinical control drug,
donepezil (Fig. 3E-F). To gauge spatial learning abilities, we analyzed
the time each mouse required to locate the hidden platform in the MWM,
with escape latency being inversely correlated with spatial learning
proficiency. Analysis of the escape latency and distance covered within
the target quadrant revealed that, in comparison to WT mice, 3 xTg-AD
mice exhibited significantly prolonged escape latency and reduced dis-
tance within the target quadrant during platform location. However,
PTN-treated animals exhibited noteworthy improvements in cognitive
function. Notably, the high-dose PTN treatment group outperformed the
donepezil group in terms of escape latency and distance within the
target quadrant (Fig. 3G-H). These findings strongly suggest that PTN
holds the potential to ameliorate the learning and memory deficits in the
3 xTg-AD mouse model.

The NOR test was employed to assess the impact of PTN on the
memory capacity of rodents, capitalizing on rodents’ inherent inclina-
tion to approach and explore novel objects. As illustrated in Fig. 4A, we
present the motion trails and heat maps of mice across various experi-
mental groups (Fig. 4B). As anticipated, the initial exploration ten-
dencies of the 3 xTg-AD mice group exhibited a reduced inclination
compared to the WT group. However, this propensity for exploration
markedly improved following the administration of treatment (Fig. 4C-
D). Upon the introduction of a novel object on the subsequent day, the
PTN-treated group exhibited a distinct preference for the novel object.
Remarkably, this effect surpassed that observed in the donepezil group.
In contrast, the 3 xTg-AD group demonstrated a diminished ability to
recognize the new object, with an equal amount of time spent exploring
both familiar and novel objects (Fig. 4E). These findings collectively
reinforce the notion that PTN substantially enhances the cognitive ca-
pacity of 3 xTg-AD mice.

3.4. PTN treatment reduced AD pathology in the hippocampus of 3 xTg-
AD mice

To investigate whether PTN confers beneficial effects in mitigating
Ap pathology, we conducted immunofluorescence analyses to assess the
expression of key markers, including APP/f-amyloid, GFAP (an astro-
cytic marker), and Ibal (a microglial marker). As anticipated, the levels
of these markers were significantly elevated in the model mice
compared to the WT group. Remarkably, treatment with PTN led to a
substantial reduction in Af plaque density, as well as in the numbers of
GFAP-positive and Ibal-positive cells (Fig. 5A-D). Additionally, we
quantified their expression levels through western blotting in brain tis-
sue samples. As depicted in Fig. S5E-F, protein expression within the
hippocampus of 3 xTg-AD mice exhibited significant increases. How-
ever, these elevated levels were nearly completely reversed in mice
treated with PTN, akin to the outcomes observed in the donepezil group.
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Fig. 2. PTN conferred neuroprotection via regulation of AMPK/GSK3(Ser9)/Nrf2 signaling pathway in PC12 cells. Pretreatment of PC12 cells with 10 pM or 5 pM
PTN for 2 h followed by exposure for 24 h with 10 pM Ap;_42 in PC12 cells. (A-B) GAPDH was used as the loading control, p-AMPK, T-AMPK, p-GSK-3p, T-GSK-3p,
and Nrf2 were the representative western blot analysis, and the quantitative data of the blot intensity determined by Image J software in plane A. (C) mRNA levels of
Nrf2, NQO-1, and HO-1 were detected via quantitative RT-qPCR in PC12 cells. (D-I) PC12 cells were pretreated with or without 2 pM compound C. (D-E) Western blot
to test the expression of p-AMPK, T-AMPK, p-GSK-3p, T-GSK-3p, and Nrf2 in PC12 cells after AMPK inhibitor. Image J software in plane A was used to determine the
quantitative intensity of the blots of these proteins. (F) Western blot analysis results of representative apoptosis-related protein (Bax, Cleaved-caspase 3, and Bcl2) in
PC12 cells after AMPK inhibitor. (G) After AMPK inhibitor, ROS levels with ROS staining, MMP with JC-1 staining. (H) Cell apoptosis after the AMPK inhibitor was
measured by flow cytometry. (I) Quantitative analysis of percentages of the cellular ROS level after AMPK inhibitor. (J) Fluorescence intensity ratio of red to green
zifter AMPK inhibitor. (K) Quantitation of the percentage of cell apoptosis after AMPK inhibitor. Results are presented as mean + SEM (n = 3). ns = not significant.

3.5. PTN decreased neuronal apoptosis in the hippocampus of 3 x Tg-AD
mice by activation of the AMPK/GSK3/(Ser9)/Nrf2 signaling pathway

Hippocampal neuronal damage has been established as the primary
underlying factor contributing to cognitive impairment in AD. The
anatomical depiction of the hippocampal formation is illustrated in
Fig. 6A. Notably, a substantial increase in NeuN-positive cells was
observed following treatment with PTN or donepezil, as depicted in
Fig. 6B-C. Furthermore, we conducted western blotting to examine the
expression levels of proteins associated with apoptosis in hippocampal
tissue. In harmony with our cellular findings, PTN treatment led to a
remarkable increase in the Bcl-2/Bax expression ratio, along with a
reduction in cleaved caspase-3 expression. This observed effect closely
mirrored the outcomes observed in the donepezil treatment group
(Fig. 6D-E). Our final objective encompassed an assessment of the
neuroprotective potential of PTN, with a particular focus on its influence
on the AMPK/GSK3p(Ser9)/Nrf2 signaling pathway within hippocampal
tissue, employing western blot analysis. These findings unveiled that
PTN treatment induced a significant upregulation in the expression
levels of phosphorylated AMPK (p-AMPK), phosphorylated GSK-3p (p-
GSK-3p), and Nrf2 when compared to the WT group (Fig. 6F-G). In
summation, PTN exhibited a pronounced capacity to suppress apoptosis
and mitigate oxidative stress, a phenomenon attributed to its ability to
enhance the activation of the AMPK/GSK3p(Ser9)/Nrf2 signaling
pathway in AD.

4. Discussion

In this investigation, we elucidate that PTN exerts a significant
ameliorative effect on Af;_42-induced PC12 cell apoptosis by reinstating
mitochondrial membrane potential and reducing intracellular ROS
levels. Furthermore, our mechanistic inquiries reveals that PTN protects
neuronal cells via activating AMPK/GSK3p(Ser9)/Nrf2 signaling
pathway. The anti-ROS and anti-apoptosis activities of PTN were
counteracted upon the inhibition of AMPK by Compound C. In vivo, PTN
treatment effectively alleviated cognitive deficits and pathological
hallmarks in 3 xTg-AD mice. These therapeutic benefits were notably
associated with the activation of the AMPK/GSK3p(Ser9)/Nrf2 signaling
pathway. Importantly, PTN treatment demonstrated superior thera-
peutic efficacy compared to donepezil. Collectively, our data present
PTN as a potential candidate or a lead compound in the pursuit of
therapeutics for AD.

Currently, the therapeutic landscape for AD remains limited, with
only five approved medical interventions available, all of which are
primarily geared towards symptom management rather than altering
the disease’s trajectory [30]. The recent approval by the US Food and
Drug Administration of aducanumab, an antibody targeting Af, marked
a notable milestone as the first Alzheimer’s drug endorsement in nearly
two decades. However, concerns regarding undesired side effects have
cast a shadow over the landscape of AD therapeutics [31]. The explo-
ration of natural products emerges as a promising avenue for drug dis-
covery. Natural products offer a vast reservoir of chemical diversity,
diverse biological activities, and a range of molecular properties that
render them invaluable for uncovering novel therapeutic agents [32].
Here, we first provided a pioneering effort to demonstrate the
anti-oxidative and anti-apoptosis efficacy of PTN, which contributed to

safeguarding neuronal integrity and improved memory deficits in AD
mice.

PTN, a prominent sesquiterpene lactone, has garnered attention for
its recognized potential in the realms of anti-oxidative, anti-inflamma-
tion, and anti-cancer activity [33]. Previously, PTN had a therapeutic
potential as an antitumor agent for glioblastoma and can cross the
blood-brain barrier [34,35]. In this context, our evidences lend credit to
the new discovery of a repurposing role for PTN against AD with the
mechanism through reduing oxidative stress and mitochondrial
dysfunction. It is noted that chronic inflammation, including the acti-
vation of glial cells and the release of inflammatory mediators, repre-
sents another crucial role in AD pathology [36]. In this aspect, a lot of
previous studies have demonstrated that PTN showed anti-inflammatory
activities in other diseases [33]. Therefore, in addition to the regulation
of AMPK/GSK3p(Ser9)/Nrf2-ROS pathway, the anti-inflammatory ac-
tions of PTN may also contribute to the alleviation of AD pathology. The
potential involvement of anti-inflammatory mechanism in PTN treat-
ment against AD is interesting and deserve further research. In addition,
PTN has low solubility and bioavailability, limiting its in vivo applica-
tion. ACTO001 is derived and synthesized from PTN, currently undergo-
ing Phase II clinical trials for the treatment of Glioblastoma, which
retains the advantageous properties of PTN while featuring improved
stability, solubility, low toxicity, and minimal side effects [37]. Our
results also suggest that it is valuable to evaluate the therapeutic effects
of ACT001 on AD, which may provide a new and important application
for ACT001 development.

The cascade of events involving mitochondrial respiratory chain
disruption and the initiation of neuronal apoptosis due to oxidative
stress stands as a pivotal precursor in the pathogenesis of AD. Therefore,
the natural products with promising antioxidant activity may serve as
therapeutic candidates to treat AD [38]. PTN demonstrates robust
antioxidative properties. Furthermore, PTN enhances the activity of
antioxidant enzymes, and induces the mRNA expression of Nrf2, HO-1,
and NQOI1 [39]. The evidence underscores that natural antioxidants
possess the capacity to mitigate Af-induced neurotoxicity [40].
Considering this accumulating evidences, therapeutic potential of PTN
against AD have been keenly focused on reducing oxidative stress and
mitigating mitochondrial impairment, thereby inhibiting the apoptotic
cascade.

AMPK, known for its significant influence on oxidative stress and
mitochondrial function modulation, assumes paramount importance in
AD pathology. Prolonged oxidative stress in AD is characterized by the
inhibition of GSK-3f(ser9) activation, a concurrent downregulation of
Nrf2 and its downstream target genes, such as NQO-1 and HO-1. This
cumulative effect curtails the cellular antioxidant capacity and promotes
cellular demise [41]. Furthermore, GSK3p and Nrf2 acting as the key
downstream target of AMPK has garnered attention for its potential role
in enhancing cortical neuroprotection. Metformin substantiates its
neuroprotective efficacy through the modulation of the AMPK/mTOR
signaling pathway, primarily by inhibiting tau phosphorylation [42].
Several natural antioxidants have garnered increasing attention for their
potential in the prevention and treatment of AD via regulating AMPK
signaling pathway. Notably, Li et al. have illuminated the neuro-
protective attributes of artemether against Af-induced neurotoxicity,
with concurrent activation of the AMPK/GSK3p(ser9)/Nrf2 signaling
cascade [43]. The polyphenol resveratrol enhances mitochondrial



J. Sun et al. Biomedicine & Pharmacotherapy 169 (2023) 115909

A ¢ PTN (1 mgkg. 5 mgrkg)
Fan— (I.P. injection)

3xTg mice

Behavir tests %

Euthanasia

Day 0 Day 30 Day 37

‘ Training (3 days)  Place navigation test Spatial probe test
[ Jo— )

Day 0 Day 4 Day 5
3xTg
B ;
PTN-5 mg/kg PTN-1 mg/kg Donepezil
k7
°
c
K]
©
2
=3
©
c
0]
Qo
)
o
1]
2
0]
Qo
o
o
ns
C l P=0.0009 l
— l P<0.0001 l
. & 2 10+ 1
£ 12000 € : - 8
= 3 < 8- P<0.0001
Y ] = 2004 . B g —
g Q o .
& 10000 RN 8 . = 64
3 o =y L
s § £ 4o B
© 8000 S 150 °
E 24
= .
6000 FE|
R B e m— m—
o] T T T T T 100 T T 3xTg - + + + +
3xTg -+ + o+ 4 3xTg - + + + o+ PTN-5mgkg - - + - -
PTN-5mg/kg - - + - - PTN-5 mgkg - - + - - PTN-1 mg/kg - - - + -
PTN-1 mg/kg - - - + - PTN-1 mg/kg - - - + - Donepezil - - - - +
Donepezil - - - - + Donepezil - - - - +
P<0.0001
F 10— P=0.0011 G 80— — Z;(()Jl.UOOI H P<0.0001
& | T
. - O‘;ZOO' 1 P<0.0001 o mﬁm—'
- P P<0.0001 l
" — % 60+ e E 1000q
£ P=0.0006 : € M 4
8 6 o N g £ 800 .
5 £ 40 S
g 2 v S 600 B
§ 4 : g . g
k ] g B
s . B 2 g 400 [+
N w20 | £
lﬁ o 9 200
1T . c
NiulnlE E
0 T T T 2 T T T T T
T T T | I
axTg - + o+ o+ o+ 3xTg - + o+ o+ 4+ B 3xTg - o+ o+ o+ o+
PTN-5mg/kg - - + - - PTN-5 mg/kg - - + - - PTN-5mg/kg - - + - -
PTN-1 mgkg - - - + - PTN-1mg/kg - - - + - PTN-1mg/kg - - - + -
Donepezil - - - - + Donepezil - - - - + Donepezil - - - - +

Fig. 3. PTN improved learning and memory deficits in 3 xTg-AD mice. (A) The timeline of 10-month-old 3 xTg-AD mice was pretreatment of PTN injections were
administered intraperitoneally every day for a month and behavioral tests were conducted. (B) The representative swimming trace of place navigation test and probe
test in MWM. (C) Total distance of mice. (D) Mean swimming speed of mice. (E) During the training trails, The time of escape latency to the platform in a MWM. (F)
Probe test with the time spent in the target quadrant. (G) On the fifth day, the mice of each group crossed platforms within 60 s (H) The distance in target quadrant.
Data are presented as mean + SEM, n = 7. ns = not significant.
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Fig. 6. PTN treatment decreased neuronal apoptosis in the hippocampus of 3 xTg-AD mice by activation of the AMPK/GSK3p(Ser9)/Nrf2 signaling pathway.
Hippocampal formation. (B) NeuN immunofluorescence of the hippocampus. (C) Fluorescence quantification of NeuN. (D) Western blot analysis results of repre-
sentative apoptosis-related protein (Bax, Cleaved-caspase 3 and Bcl2). GAPDH was used as the loading control. (E) Quantitative data of the apoptosis-related proteins
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energetic function, and improves Ap-peptide clearance by activating
SIRT1 and AMPK [44]. In addition, our investigation has documented
the neuroprotective impact of Ginsenoside Rk3, associated with AMPK
activation [23]. In this study, we unveil a novel facet of PTN action,
wherein it modulates the AMPK/GSK3p(ser9)/Nrf2 signaling pathway,
offering new prospects for the treatment of AD.

In summary, our investigation has unveiled the neuroprotective at-
tributes of PTN, elucidating its capacity to mitigate oxidative stress and,
consequently, suppress the apoptotic cascade. This effect is achieved
through the modulation of the AMPK/GSK3p(ser9)/Nrf2 signaling
pathway, both in in vivo and in vitro settings. Although the molecular
target and the pre-clinical evaluations of PTN need to be further
explored, PTN emerges as a compelling candidate or lead compound for
prospective therapeutic interventions targeting AD treatment.
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