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Background: Alzheimer’s disease (AD) is characterized by neuroinflammation, amyloid-8 (A/) accumulation, and abnormal
microtubule-associated protein tau (Tau) phosphorylation. This study evaluates the therapeutic potential of pterostilbene (PTS),
a natural compound with anti-inflammatory activity, in an A31-42-induced AD mouse model.

Methods: AD mice were established by intraperitoneal injection of aggregated A/51-42 and were subsequently treated with PTS,
donepezil, or PTS combined with a 5-site amyloid precursor protein—cleaving enzyme 1 (BACE1) upregulating agent. Cognitive
performance was assessed through behavioral tests, and AD-related pathology was evaluated using Enzyme-linked immunosor-
bent assay (ELISA), immunofluorescence, reverse transcription quantitative polymerase chain reaction (RT-qPCR), and Western
blotting.

Results: Compared with AD mice, PTS treatment significantly improved cognitive performance in behavioral tests (p < 0.01), re-
duced hippocampal A immunoreactive deposition and decreased soluble and insoluble A340/42 levels (p < 0.01), and markedly
inhibited Tau phosphorylation at Ser396 and Thr231 (p < 0.01). PTS also significantly suppressed neuroinflammatory responses,
as evidenced by reduced levels of tumor necrosis factor-alpha (TNF-«), interleukin-1 beta (IL-173), and interleukin-6 (IL-6), to-
gether with downregulation of microglia- and astrocyte-associated proteins (p < 0.01). At the molecular level, PTS was associated
with reduced expression of BACE1, Clathrin, and Nicastrin as well as inhibition of the nuclear factor kappa B (NF-x<B) pathway,
as reflected by decreases in NF-<B p65 subunit (p65) and phosphorylated inhibitor of nuclear factor kappa B alpha (p-IxBa) lev-
els, along with restoration of IxBa expression (p < 0.01). Co-treatment with the BACE1 upregulation—associated agent partially
attenuated the protective effects of PTS.

Conclusion: PTS exerts significant neuroprotective effects in an A 51-42-induced AD mouse model by alleviating cognitive impair-
ment, amyloidogenic pathology, neuroinflammation, and Tau hyperphosphorylation, potentially through modulation of BACE1-
related processes and NF-xB signaling. PTS may represent a promising multi-target therapeutic candidate for AD.
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Introduction pose a substantial socioeconomic burden on patients’ fami-
lies and society at large. Accordingly, exploring the under-
lying pathogenesis of AD and developing safe and effective

Alzheimer’s disease (AD) represents a major neurode- . . . L
therapeutic strategies remain urgent priorities.

generative disorder characterized by progressive clinical

deterioration, including memory impairment, cognitive de-
cline, and behavioral abnormalities [1,2]. As the leading
cause of dementia in older adults, AD has a profound impact
on global public health. Dementia affects over 50 million
people globally, as reported by the World Health Organi-
zation (WHO), with 60%—70% of cases attributable to AD
[3]. By 2050, global estimates predict a rise in the number
of individuals living with dementia to nearly 152 million,
especially in regions with rapidly aging populations, such
as Asia. In China, there are more than 10 million AD pa-
tients, and new cases continue to rise annually [4,5]. The
high prevalence of this disease and the medical costs im-

Currently, clinical therapeutic strategies for AD
mainly include symptom-relieving drugs and pathology-
specific treatments [6—8]. Among them, cholinesterase in-
hibitors (e.g., donepezil, galantamine) and N-methyl-D-
aspartate (NMDA) receptor antagonists (e.g., memantine)
can alleviate the deterioration of cognitive function, but
have limited effects on pathological progression [9,10]. In
recent years, immunotherapy strategies targeting the core
pathological features of AD — amyloid-3 (AS) plaque
clearance and microtubule-associated protein tau (Tau) pro-
tein phosphorylation—have attracted considerable atten-
tion [11]. However, many clinical trials have shown limited
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efficacy, and such approaches may be accompanied by se-
rious adverse reactions, such as cerebral edema and hemor-
rhage [12,13]. The limitations of the above treatments have
prompted increasing interest in multi-target, low-toxic nat-
ural active compounds, which have gradually become the
focus of AD treatment research due to their multifaceted
biological effects and favorable safety profiles.

Pterostilbene (PTS) is a naturally derived benzofuran
compound that is mainly present in blueberries and Pteros-
tilbene plants [14,15]. Its superior pharmacokinetic proper-
ties, such as strong lipid solubility and high bioavailability,
give it significant advantages in the treatment of various dis-
eases. Studies have shown that PTS has anti-inflammatory,
antioxidant and neuroprotective effects, particularly in neu-
rodegenerative diseases, suggesting its potential therapeutic
value [16,17]. In the studies of AD, PTS can reduce neu-
roinflammation through the inhibition of the nuclear fac-
tor kappa B (NF-xB) axis, can enhance A/3-degrading en-
zyme activity to reduce A deposition, regulate Tau protein
phosphorylation-related kinases to inhibit the neurofibril-
lary tangle formation, and alleviate oxidative stress damage
to neurons [18,19]. Furthermore, BACE1 (3-site amyloid
precursor protein-cleaving enzyme 1), a key protease re-
sponsible for A generation, is increasingly recognized as
a critical therapeutic target owing to its role in promoting
A accumulation, neuroinflammation, and abnormal Tau
phosphorylation [20,21]. Although PTS has demonstrated
efficacy in targeting A3 and Tau pathology, its potential in-
teraction with BACEI and the resulting multifaceted thera-
peutic effects remain unclear.

Based on current evidence, this study utilized an AS1-
42-triggered mouse model to investigate the impact of PTS
on learning- and memory-related impairments associated
with AD. A pharmacological intervention associated with
BACEI upregulation was applied to explore the involve-
ment of BACE1-related signaling in PTS-mediated regu-
lation of A5 accumulation, neuroinflammatory responses,
and Tau phosphorylation. Through integrated behavioral
and molecular analyses, this study aimed to characterize the
multi-target actions of PTS and to provide an experimental
basis supporting its viability as a therapeutic approach for
AD.

Materials and Methods

Modeling and Grouping

C57BL/6 mice (2-3 months old, from Beijing Vital
River Laboratory Animal Technology Co., Ltd., SPF grade)
were kept under controlled conditions (22 + 2 °C, 50-60%
relative humidity, 12-h light/dark cycle), and were pro-
vided ad libitum access to standard chow and water. An
AD mouse model was established by intraperitoneal injec-
tion of A31-42. The AB1-42 peptide (Sigma-Aldrich, St.
Louis, MO, USA; A9810) was dissolved in sterile saline
to a final concentration of 82 pmol/L and incubated at 37

°C for 48 hours prior to administration to promote peptide
aggregation, following commonly used protocols in AfS-
induced mouse models [22,23]. Then, mice were intraperi-
toneally injected with 200 uL of AS1-42 solution, once
per mouse, to induce AD-related pathological changes. In-
traperitoneal administration of pre-incubated A51-42 was
employed to induce Af-associated neuroinflammatory re-
sponses and amyloidogenic alterations in the brain.

Mice were allocated at random into five groups (n
= 10 per group). The control group (Control) was gav-
aged with saline (10 mL/kg) daily from the 8th week. The
AD model group (AD) received an intraperitoneal injection
of AB1-42 (82 umol/L) to induce AD, followed by daily
saline gavage (10 mL/kg) from the 8th week. The AD+PTS
group was gavaged with pterostilbene (30 mg/kg; Sigma-
Aldrich, St. Louis, MO, USA; P1499) daily from the 8th
week, and the AD+positive control group (POS) was gav-
aged with donepezil (2.5 mg/kg; Sigma-Aldrich, St. Louis,
MO, USA; D6821) daily. The AD+PTS+3-NP group re-
ceived A51-42 to induce AD, followed by pterostilbene ad-
ministration (30 mg/kg, gavage) starting from the 8th week.
To induce mitochondrial dysfunction and oxidative stress,
mice in this group were intraperitoneally injected with 3-
nitropropionic acid (3-NP, 30 mg/kg; Sigma-Aldrich, St.
Louis, MO, USA; N5636) once daily for 7 consecutive
days, as previously described [24]. Upon completion of
the study, mice were sacrificed via gradual carbon dioxide
(COy) inhalation using a controlled, non-prefilled exposure
method, in compliance with the American Veterinary Med-
ical Association (AVMA) recommendations for animal eu-
thanasia, with death subsequently verified. Brain tissues
were promptly harvested for downstream biochemical and
histological assessment.

All animal experiments complied with the ethical re-
quirements of the Experimental Animal Welfare Ethics
Committee of Capital Medical University and were ap-
proved under protocol number AEEI-2020-139.

Animal Behavior Test

Spatial learning and memory assessment using the
Morris water maze. Prior to testing, mice were acclimated
to the laboratory environment for 24 h. The apparatus com-
prised a circular pool (120 cm diameter, 50 cm height) filled
with water to a depth of 30 cm, keptat 22 £ 1 °C. A platform
was submerged 1 cm beneath the water surface and consis-
tently positioned in a fixed quadrant. All mice underwent
four training trials per day over a 4-day acquisition phase,
with each trial lasting up to 60 s. If a mouse failed to locate
the platform within the allotted time, it was gently guided
to the platform and allowed to remain there for 15 s. The
mouse’s escape latency (the time required to find the plat-
form), the number of crossings over the intersection of the
platform quadrant, and the time spent in the target quadrant
were recorded. After the experiment, a spatial exploration
test was conducted in which the platform was removed, and
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the swimming time the mice spending in the target quadrant
was recorded.

The novel object recognition test (NORT) was used
to evaluate the recognition memory in mice. The proce-
dure consisted of an adaptation phase and a testing phase.
During adaptation, mice were given 10 min of free explo-
ration within the experimental arena. In the testing phase,
two identical objects (familiar objects, TF) were positioned
in fixed locations in the arena, and the mice were permit-
ted to explore for 5 min. Following a 24-h interval, one of
the familiar objects was replaced with a novel object (TN),
and mice were reintroduced to the arena for an additional
5 min. Exploration time directed toward each object was
quantified, and the recognition index was calculated using
the formula RI = TN / (TF + TN). Exploration was opera-
tionally defined as nose-oriented investigation within 1 cm
of the object, including sniffing or visual inspection.

The Y-maze test was applied to assess working mem-
ory and exploratory activity in mice, utilizing an appara-
tus with three arms (40 cm length, 3 cm bottom width, 13
cm upper width, and 15 cm wall height; BrainScience Idea,
Co., Ltd., Osaka, Japan; YM-40M). Mice were placed in
the central zone, and their arm entries along with alternation
behavior were monitored over a 10-min session using Etho-
Vision XT (version 15.0, Noldus Information Technology,
Wageningen, Netherlands). Working memory was quanti-
fied as the proportion of correct alternations relative to the
total number of novel arm entries.

Enzyme-Linked Immunosorbent Assay (ELISA)

Inflammatory cytokines (tumor necrosis factor-alpha
(TNF-q), interleukin-1 beta (IL-1/), and interleukin-6 (IL-
6)) and AB40 and AB42 levels in brain tissue were quan-
tified using ELISA. The ELISA kit (Beyotime Biotech-
nology Co., Ltd., Shanghai, China; P0205S) used in the
experiment was operated strictly following the manufac-
turer’s protocol. Samples and standards were loaded onto
antibody-precoated plates, followed by incubation, wash-
ing, and enzymatic reaction, with absorbance (OD value)
recorded at 450 nm. Target protein concentrations were de-
termined from the standard curve. Each sample was mea-
sured in triplicate to ensure technical reliability. Both sol-
uble and insoluble A3 contents were adjusted according to
total protein levels and reported as pg/mg protein.

Immunofluorescence

Brain tissue was fixed in 4% paraformaldehyde (Be-
yotime Biotechnology Co., Ltd., Shanghai, China; P0099)
for 24 hours, dehydrated with sucrose gradient and embed-
ded in optimal cutting temperature compound (OCT; Bey-
otime Biotechnology Co., Ltd., Shanghai, China; CO171A).
Frozen sections were prepared at a thickness of 10 pm.
The sections were treated with 0.3% Triton X-100 (Bey-
otime Biotechnology Co., Ltd., Shanghai, China; ST795)
for 20 min to permeabilize and blocked with 5% bovine
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serum albumin (BSA; Beyotime Biotechnology Co., Ltd.,
Shanghai, China; ST023) for 1 h, followed by overnight ex-
posure to primary antibodies targeting A3 (Abcam, Cam-
bridge, UK; ab201060), p-Tau-S396 (Abcam, Cambridge,
UK; ab32057), p-Tau-Thr231 (Abcam, Cambridge, UK;
ab151559). Following PBS washes, sections were ex-
posed to appropriate species-specific Alexa Fluor—tagged
secondary antibodies (anti-rabbit or anti-mouse IgG; In-
vitrogen, Carlsbad, CA, USA; A-11008 or A-11005) at
room temperature for 1 h. DAPI (Beyotime Biotechnol-
ogy Co., Ltd., Shanghai, China; C1005) was applied as a
nuclear counterstain for 5 min, and samples were cover-
slipped with an antifade reagent (Beyotime Biotechnology
Co., Ltd., Shanghai, China; P0126). Coronal brain sections
containing the hippocampus were selected according to a
standard mouse brain atlas, and fluorescence images were
acquired from comparable hippocampal regions across all
groups using laser confocal microscopy (Zeiss LSM 800,
Carl Zeiss, Oberkochen, Germany). Mean fluorescence in-
tensity was analyzed using ImagelJ software (version 1.53,
National Institutes of Health, Bethesda, MD, USA) to eval-
uate AJ accumulation and Tau phosphorylation.

Western Blotting

Hippocampal tissues were homogenized in RIPA
buffer (Guangzhou Yujia Biotechnology Co., Ltd.,
Guangzhou, China; L00399) to extract total protein, and
the concentration was assessed using bicinchoninic acid
(BCA) assay. For Western blotting, proteins (30 pg/lane)
were separated by SDS-PAGE and transferred onto PVDF
membranes (Millipore, USA, IPVH00010). Following
a 1-h block with 5% skim milk at room temperature,
membranes were treated overnight at 4 °C with primary
antibodies targeting BACE1 (Abcam, Cambridge, UK;
ab183612), Clathrin (Abcam, Cambridge, UK; ab21679),
Nicastrin (Abcam, Cambridge, UK; ab3444), Ibal (Abcam,
Cambridge, UK; ab178846), GFAP (Abcam, Cambridge,
UK; ab7260), Tau (Abcam, Cambridge, UK; ab92676),
Tau (Ser396) (Abcam, Cambridge, UK; ab32057), NF-xB
p65 subunit (p65, Abcam, Cambridge, UK; ab32536),
inhibitor of nuclear factor kappa B alpha (IxBa, Abcam,
Cambridge, UK; ab32518), p-IcBa (Abcam, Cambridge,
UK; ab133462). Following primary antibody binding,
membranes were treated with appropriate HRP-linked
secondary antibodies (goat anti-rabbit or anti-mouse IgG;
Cell Signaling Technology, Danvers, MA, USA; 7074 or
7076) at room temperature for 1 h. Protein bands were
visualized with an enhanced chemiluminescence (ECL)
detection reagent (Thermo Fisher Scientific, Waltham,
MA, USA; 32106) and imaged by a chemiluminescence
imaging system (Bio-Rad ChemiDoc XRS+, Hercules,
CA, USA). Band intensities were quantified using ImageJ
software (version 1.53, National Institutes of Health,
Bethesda, MD, USA), and protein expression levels were
normalized to 3-actin.
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Fig. 1. Pterostilbene improves learning and memory impairments in AD mice. The Morris water maze (A—C), novel object recog-
nition test (D-F), and Y-maze (G,H) were used to assess cognitive function in each group. (A) Escape latency (s); (B) Frequency of
platform crossings (n); (C) Time spent in the target quadrant (s); (D) Exploration time of the novel object (TN, s); (E) Exploration time
of familiar object (TF, s); (F) Recognition index (RI); (G) Correct alternation percentage (%); (H) Number of entries into the novel arm
(). **p < 0.01 vs. Control; #p < 0.01 vs. AD; **p < 0.01 vs. AD+PTS. Data are presented as mean & SD (n = 10 mice per group).
AD, Alzheimer’s disease; PTS, Pterostilbene; POS, positive control (donepezil); 3-NP, 3-nitropropionic acid; SD, standard deviation.

Table 1. Primer sequences utilized in the present study.

Forward primer (5'-3") Reverse primer (5'-3")

Bacel CCGTCATCATGGAAGGTTTC ATGGCCGCCATGACATAGG NM_001145947.3
Gapdh  AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA NM_001289726.2

Reverse Transcription Quantitative Polymerase 2~AAC method. The primer sequences used for RT-qPCR
Chain Reaction (RT-qPCR) are shown in Table 1. All reactions were conducted in trip-
licate.

RNA extraction was conducted using TRIzol reagent
(Beyotime Biotechnology Co., Ltd., Shanghai, China; Statistical Analysis
R0016). RNA concentration and purity were detected by a
UV spectrophotometer (ThermoFisher Scientific, Waltham,
MA, USA; 840-317400), and reverse transcription was per-
formed to synthesize cDNA using a commercial kit (Ther-
moFisher Scientific, Waltham, MA, USA; SO131). qRT-
PCR amplification was conducted with a SYBR Green kit
(Guangzhou Yujia Biotechnology Co., Ltd., Guangzhou,
China; D7268S). The amplification process began with an
initial denaturation (95 °C, 10 min), then underwent forty
amplification cycles (95 °C, 30 s; 60 °C, 30 s; 72 °C,
30 s). Gapdh (Mus musculus) was utilized as the refer-
ence gene, and mRNA expression was quantified via the

Statistical analyses were conducted with GraphPad
Prism 8.0.2 (GraphPad Software, San Diego, CA, USA),
and values are expressed as mean =+ standard devia-
tion (SD). Between-group differences were evaluated us-
ing one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test. For all analyses, n represents the
number of mice in each group, and values obtained from
multiple sections or fields were averaged per mouse before
statistical analysis. Statistical significance was determined
at p < 0.05.
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Fig. 2. Pterostilbene attenuates neuroinflammation in AD mice. (A—C) Inflammatory cytokine concentrations, including TNF-« (A),
IL-18 (B), and IL-6 (C), were quantified using ELISA in hippocampal tissue homogenates of each group of mice. (D,E) Western blot
analysis and corresponding quantitative results showing protein expression levels of Ibal (D) and GFAP (E) in hippocampal tissues. **p
< 0.01, ***p < 0.001 vs. Control; *p < 0.01, *p < 0.001 vs. AD; “*p < 0.01, “**p < 0.001 vs. AD+PTS. Data are presented
as mean = SD (n = 10 mice per group). TNF-a, tumor necrosis factor-alpha; IL-15, interleukin-1 beta; IL-6, interleukin-6; ELISA,
Enzyme-linked immunosorbent assay; Ibal, ionized calcium-binding adaptor molecule 1; GFAP, glial fibrillary acidic protein.

Results ings, and less time spent in the target quadrant compared

with controls (p < 0.01). Administration of PTS and

Pterostilbene Improves the Cognitive Function of AD ~ POS significantly ameliorated these deficits (p < 0.01
Mice vs. AD), whereas co-treatment with 3-nitropropionic acid
(AD+PTS+3-NP) partially attenuated the effects of PTS (p

In the Morris water maze test (Fig. 1A-C), AD mice < (.01 vs. AD+PTS). In the novel object recognition test,
exhibited longer escape latencies, fewer platform cross-
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Fig. 3. Pterostilbene reduces hippocampal A5 immunoreactive accumulation in AD mice. (A) Immunofluorescence micrographs

illustrating A8 immunoreactive deposits in the hippocampus, with quantitative analysis of AJ fluorescence intensity shown on the right.
(B-E) ELISA detecting the concentrations of soluble A340 (B), insoluble A540 (C), soluble A342 (D), and insoluble A342 (E) levels
in brain tissue. **p < 0.01 vs. Control; #p < 0.01 vs. AD; “*p < 0.01 vs. AD+PTS. Data are presented as mean + SD (n = 10 mice

per group). A, amyloid-£.

AD mice exhibited shortened exploration time of the novel
object (Fig. 1D), prolonged exploration time of the familiar
object (Fig. 1E), and reduced recognition index (Fig. 1F) (p
< 0.01 vs. Control). PTS and POS interventions improved
these parameters (p < 0.01 vs. AD), but AD+PTS+3-NP
weakened the effect (p < 0.01 vs. AD+PTS). In the Y-maze
test, AD mice showed a lower correct alternation percent-
age (Fig. 1G) and a reduced number of entries into the novel
arm (Fig. 1H) (p < 0.01 vs. Control). These impairments
were ameliorated by PTS and POS (p < 0.01 vs. AD), with
reduced efficacy in the AD+PTS+3-NP group (p < 0.01 vs.
AD+PTS). Overall, the above findings indicate that PTS
improves learning, recognition memory, and spatial work-
ing memory in AD mice, and that these beneficial effects
are partially attenuated by co-treatment with 3-NP.

Pterostilbene Reduces Neuroinflammation in AD
Mice

To investigate the anti-inflammatory effects of PTS,
inflammatory cytokine levels and glial activation—related
protein expression were assessed in hippocampal tissues.
TNF-q, IL-13, and IL-6 levels were markedly elevated in
the AD group relative to controls (p < 0.01) (Fig. 2A—C).

Treatment with PTS and POS markedly reduced these pro-
inflammatory cytokines (p < 0.01 vs. AD), whereas co-
treatment with 3-nitropropionic acid (AD+PTS+3-NP) par-
tially attenuated the anti-inflammatory effects of PTS (p <
0.01 vs. AD+PTS). Western blot analysis further demon-
strated that protein expression levels of Ibal (Fig. 2D) and
GFAP (Fig. 2E) were significantly increased in the hip-
pocampus of AD mice compared with controls (p < 0.001),
indicating enhanced microglial and astrocytic activation at
the protein level. Both PTS and POS treatments markedly
reduced Ibal and GFAP expression (p < 0.001 vs. AD),
whereas the inhibitory effects were partially weakened in
the AD+PTS+3-NP group (p < 0.001 vs. AD+PTS). Taken
together, these findings indicate that PTS alleviates neu-
roinflammatory responses in AD mice, as evidenced by re-
duced pro-inflammatory cytokine production and downreg-
ulation of glial activation—associated proteins, effects that
were partially weakened by co-treatment with 3-NP.

Pterostilbene Reduces A3 Deposition in AD Mice

To determine whether PTS affects AS pathology, A
deposition and its soluble and insoluble forms were as-
sessed. Immunofluorescence analysis showed that Ag im-
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Fig. 4. Pterostilbene downregulates BACE1, Clathrin, and Nicastrin expression in AD mice. (A) Relative mRNA expression of
BACE] in hippocampal tissue quantified by RT-qPCR. (B—-D) Western blotting and semi-quantitative evaluation of BACE] (B), Clathrin
(C), and Nicastrin (D) protein expression levels in each group. **p < 0.01, ***p < 0.001 vs. Control; *p < 0.01, *p < 0.001 vs. AD;
&8y < 0.01, “%p < 0.001 vs. AD+PTS. Data are presented as mean = SD (n = 10 mice per group). BACEI, 3-site amyloid precursor
protein—cleaving enzyme 1; RT-qPCR, reverse transcription quantitative polymerase chain reaction.

munoreactive deposits in the hippocampus were substan-
tially higher in AD mice than in controls (p < 0.01). PTS
and POS treatments markedly reduced A5 deposition (p
< 0.01 vs. AD), while the AD+PTS+3-NP group exhib-
ited higher A levels relative to the PTS group (p < 0.01)
(Fig. 3A). Consistently, ELISA results demonstrated ele-
vated levels of soluble A540 (Fig. 3B), insoluble A/340
(Fig. 3C), soluble A342 (Fig. 3D), and insoluble A342
(Fig. 3E) in the AD group (p < 0.01 vs. Control). PTS
and POS significantly decreased both soluble and insolu-
ble AB40 and AB42 levels (p < 0.01 vs. AD), whereas
co-treatment with 3-NP increased these levels compared to
PTS alone (p < 0.01). These results indicate that PTS re-
duces A8 accumulation in AD mice, and that its beneficial
effects are partially weakened by co-treatment with 3-NP.

Pterostilbene Inhibits BACE1 and AS
Generation-Related Proteins

To deepen mechanistic insight into the effect of
PTS on AB accumulation, BACE1 expression and Aj
production-related proteins, Clathrin and Nicastrin, were
evaluated in hippocampal tissue. Both RT-qPCR and West-
ern blot assays showed that BACEI expression was no-
tably upregulated in AD mice relative to controls (p <
0.01), whereas PTS and POS treatments markedly reduced
BACEI expression (p < 0.01 vs. AD). Co-treatment with
3-NP resulted in higher BACE1 expression than PTS alone
(» < 0.01) (Fig. 4A,B). To supplement these findings, the
basal hippocampal distribution of BACE! in Control mice
is shown in Supplementary Fig. 1. Notably, PTS did not
alter BACELI expression in Control mice (Supplementary
Fig. 2), indicating that its effect is preferentially observed
under pathological conditions.
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Fig. 5. Pterostilbene attenuates Tau phosphorylation in the hippocampus of AD mice. (A,B) Representative immunofluorescence
micrographs and quantitative analysis of phosphorylated Tau at Ser396 (A) and Thr231 (B) in the hippocampus. (C,D) Western blotting
(C) and semi-quantitative analysis (D) of p-Tau (Ser396) expression; total Tau and GAPDH served as controls. **p < 0.01 vs. Control;
#p < 0.01 vs. AD; **p < 0.01 vs. AD+PTS. Data are presented as mean + SD (n = 10 mice per group). Tau, microtubule-associated

protein tau.

In addition, Clathrin (Fig. 4C) and Nicastrin (Fig. 4D) cantly decreased Clathrin and Nicastrin expression (p <
protein levels were markedly elevated in the AD group (p 0.01 vs. AD), while the AD+PTS+3-NP group showed el-
< 0.01 vs. Control). PTS and POS treatments signifi- evated levels compared to PTS treatment alone (p < 0.01).
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These results show that PTS is related to reduced expres-
sion of BACE1 and A3 generation—related proteins in AD
mice, and that these effects are partially attenuated by co-
treatment with 3-nitropropionic acid.

Pterostilbene Inhibits Abnormal Phosphorylation of
Tau Protein in AD Mice

To determine whether PTS inhibits Tau protein hy-
perphosphorylation, the expression of p-Tau at Ser396
and Thr231 was evaluated. Immunofluorescence analysis
showed that p-Tau (Ser396) (Fig. 5A) and p-Tau (Thr231)
(Fig. 5B) levels were significantly increased in the hip-
pocampus of AD mice compared with controls (p < 0.01).
Both PTS and POS treatments markedly reduced p-Tau ex-
pression (p < 0.01 vs. AD), whereas co-treatment with
3-NP partially attenuated the inhibitory effects of PTS (p
< 0.01 vs. AD+PTS). Consistently, Western blot analysis
confirmed that p-Tau (Ser396) expression was markedly el-
evated in AD mice (p < 0.01 vs. Control), but significantly
decreased following PTS and POS treatment (p < 0.01 vs.
AD). In contrast, p-Tau (Ser396) levels in the AD+PTS+3-
NP group were significantly elevated compared to the PTS
group (p < 0.01) (Fig. 5C,D). These results show that PTS
is associated with reduced Tau hyperphosphorylation in AD
mice, an effect that is partially weakened by co-treatment
with 3-NP.

Pterostilbene Modulates the NF-xB Signaling in AD
Mice

To examine the effects of PTS on NF-xB signaling,
brain tissue expression of p65, IxkBa, and p-IkBa was as-
sessed via Western blotting. AD mice exhibited signifi-
cantly increased p65 and p-IkBa levels accompanied by
reduced IxBa expression compared with controls (p <
0.01), indicating enhanced NF-«B pathway activation. PTS
and POS treatments markedly reversed these alterations,
as reflected by decreased p65 and p-IkBa levels and el-
evated IxBa expression (p < 0.01 vs. AD). In contrast,
co-treatment with 3-nitropropionic acid (AD+PTS+3-NP)
partially diminished PTS’s inhibitory effects on NF-xB sig-
naling cascade (p < 0.01 vs. AD+PTS) (Fig. 6A—C). Col-
lectively, these findings demonstrate that PTS is linked to
suppression of NF-xB pathway activation in AD mice, an
effect that is partially weakened by co-treatment with 3-NP.

Discussion

This study demonstrates that PTS markedly improves
cognitive function and ameliorates multiple pathological
features in an A/31-42—induced AD mouse model. Specif-
ically, PTS enhanced spatial learning, memory, and object
recognition, reduced neuroinflammation (as reflected by
decreased pro-inflammatory cytokine levels and decreased
expression of microglia- and astrocyte-associated proteins),
decreased hippocampal A5 immunoreactive accumulation

and AB40/AB42 levels, and reduced Tau protein phospho-
rylation accompanied by modulation of NF-xB signaling.
Notably, co-treatment with 3-nitropropionic acid partially
attenuated the protective effects of PTS across behavioral,
inflammatory, and molecular outcomes. Together, these re-
sults indicate that PTS exerts broad neuroprotective func-
tions via coordinated regulation of multiple pathological
processes relevant to AD, while implicating the involve-
ment of BACEl-associated and inflammation-related sig-
naling pathways in mediating its efficacy.

It should be noted that intraperitoneal administration
of aggregated A1-42 was not intended to model classi-
cal amyloid plaque seeding via direct blood-brain barrier
penetration, but rather to induce AfS-associated neuroin-
flammatory responses and secondary amyloidogenic alter-
ations in the brain. Peripheral pathological stimuli, in-
cluding systemic inflammation or peripheral A3 exposure,
have been shown to promote endogenous amyloidogenic
processes through inflammatory signaling and blood—brain
barrier dysfunction [25,26]. Accordingly, the hippocampal
A immunoreactive deposits observed in this study likely
reflect neuroinflammation-driven secondary amyloid accu-
mulation rather than direct deposition of exogenous Af,
and all mechanistic interpretations, including changes in
BACEI! expression, are made within the context of this
model.

The neuroprotective effects of PTS observed in the
present study are consistent with previous reports. Accu-
mulating evidence indicates that PTS ameliorates patho-
logical features of neurodegenerative diseases through anti-
inflammatory and antioxidant mechanisms. For example,
in Parkinson’s disease models, PTS has been shown to at-
tenuate inflammation and oxidative stress [27], while in AD
models, PTS reduces AS deposition and improves cogni-
tive performance [28]. Consistent with these findings, our
results demonstrate that PTS significantly suppresses neu-
roinflammatory responses in AD mice, as evidenced by re-
duced levels of pro-inflammatory cytokines (TNF-a, IL-
153, and IL-6) together with downregulation of microglia-
and astrocyte-associated protein expression, thereby allevi-
ating inflammation-associated AD pathology. Moreover,
PTS treatment markedly decreased hippocampal A340 and
A (42 levels as well as A immunoreactive deposition, fur-
ther supporting its role in mitigating AS pathology. Be-
yond corroborating existing studies, the present study of-
fers mechanistic insights into the function of NF-«xB sig-
naling in PTS-mediated neuroprotection. While the piv-
otal function of NF-«B signaling in neuroinflammation has
been well documented [29,30], its contribution to the reg-
ulation of A accumulation and Tau phosphorylation in
the context of PTS treatment has remained unclear. Our
data show that PTS markedly suppresses NF-xB pathway
overactivation by inhibiting p65 nuclear translocation and
reducing p-IxBa levels, while restoring IxBa expression.
These molecular changes may account for the dual effects
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of PTS on attenuating neuroinflammation and reducing ab-
normal Tau phosphorylation. Notably, this study systemat-
ically evaluates the impact of PTS on Tau phosphorylation
at Ser396 and Thr231, providing further evidence that PTS
exerts multi-target neuroprotective actions through modu-
lation of NF-xB-related pathological processes.

In addition to its well-documented role in AS pro-
duction, Bacel has also been linked to the modulation
of neuroinflammatory responses and Tau phosphorylation
through downstream signaling pathways. Earlier investi-
gations have demonstrated that increased Bacel activity
contributes to A3 accumulation, thereby exacerbating neu-
roinflammation and promoting Tau pathology, which col-
lectively drive AD progression [31,32]. Although phar-
macological inhibition of BACEI has demonstrated effi-
cacy in reducing AS levels, clinical trials have yielded lim-
ited success, partly due to off-target effects and an incom-
plete understanding of downstream consequences [33]. In
the present study, PTS treatment was associated with re-
duced Bacel expression, accompanied by decreased AS
deposition, attenuated neuroinflammatory responses, and
suppression of Tau phosphorylation, thereby extending cur-
rent evidence linking Bacel to multiple pathological pro-
cesses in AD. Notably, 3-NP treatment partially attenuated
the neuroprotective effects of PTS, consistent with a role
for BACE-related pathways in regulating these responses.
Importantly, PTS did not alter basal BACEI levels in Con-
trol mice but selectively reduced pathological BACE! up-
regulation in AD mice. Collectively, these findings suggest
that modulation of Bacel-associated processes by natural
compounds such as PTS may represent a multi-target ther-
apeutic strategy with potentially fewer adverse effects than
direct BACEI inhibition, providing additional insight into
optimizing AD treatment approaches.

The multi-target mechanism of action of PTS provides
a new perspective for AD treatment. This study combined
behavioral, ELISA, immunofluorescence, Western blot and
other experimental approaches to systematically evaluate
the intervention effect of PTS in AD. It not only verified
the role of PTS in mitigating neuroinflammation and AfS
pathology, but also provides mechanistic insights into the
involvement of the NF-xB signaling pathway in linking
neuroinflammation to Tau phosphorylation during AD pro-
gression. These results provide important theoretical sup-
port for advancing multi-target therapeutic approaches de-
rived from natural compounds, and also lay a rational basis
for the promising clinical utility of PTS in AD therapy.

Although the present study provides evidence support-
ing the neuroprotective properties of PTS in an AS1-42-
induced AD mouse model, several limitations should be
noted. First, this model primarily reflects inflammation-
associated amyloidogenic alterations rather than classical
plaque-seeding pathology, and the effects of PTS were not
validated in other AD models, such as transgenic mice,
which may restrict the broader application of the findings.
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Second, 3-nitropropionic acid was used as a pharmaco-
logical perturbation associated with BACE1 upregulation;
however, given its known off-target effects and the absence
of a 3-NP-only control group or systematic toxicity assess-
ment, conclusions regarding BACE1-related signaling are
based on associative rather than causal evidence. In ad-
dition, the long-term safety and dose-response profile of
PTS were not comprehensively evaluated. Future studies
employing multiple AD models, more specific mechanis-
tic approaches, and comprehensive safety assessments are
warranted to further clarify the multi-target actions of PTS.

Conclusion

This study demonstrates that PTS significantly ame-
liorates pathological features in AD mice, as evidenced by
improved cognitive performance, decreased neuroinflam-
mation, reduced A accumulation, and inhibition of abnor-
mal Tau phosphorylation. These effects are associated with
modulation of the NF-xB signaling pathway, suggesting a
multi-target mechanism of action. Collectively, these find-
ings highlight the therapeutic potential of PTS as a natural
compound for Alzheimer’s disease and provide a theoreti-
cal basis for developing multi-target treatment strategies.
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