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Abstract

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disorder characterized by amyloid
deposition, neuroinflammation, oxidative stress, and progressive cognitive decline. Although AMP-
activated protein kinase (AMPK) has emerged as a key regulator of cellular energy homeostasis and
neuronal function, most pharmacological activators act indirectly and may exacerbate metabolic
stress under disease conditions, limiting their therapeutic utility. Here, we identified YE-06 as a
direct AMPK activator that targets the CBS3 site of the AMPKy subunit through a non-nucleotide-
mimetic scaffold. Biochemical and cellular analyses demonstrate that YE-06 directly engages AMPK
and promotes sustained activation through an LKBI-dependent mechanism. Functionally, YE-06
suppresses BACE| expression and amyloidogenic processing, attenuates microglial inflammatory
responses, and reduces oxidative stress via coordinated regulation of NF-kB and Nrf2 signaling
pathways. In vivo, YE-06 improves cognitive performance in both intrahippocampal ABI1—42-
injected mice and 3xTg-AD mouse models without affecting locomotor activity. YE-06 also exhibits
favorable pharmacological properties, including oral bioavailability and an acceptable safety profile.

Together, our findings identify YE-06 as a previously unrecognized direct AMPK activator and
demonstrate that pharmacological activation of AMPK can modulate multiple pathological
processes in AD. These results support direct AMPK activation as a potential disease-modifying
therapeutic strategy for AD.

Keywords: Alzheimer’s disease; AMP-activated protein kinase (AMPK); AMPKy CBS3 site-targeting; direct AMPK activator;
touchscreen-based behavioral test; cognitive function

Introduction

Alzheimer’s disease (AD) is the most prevalent
cause of dementia, characterized by a gradual decline
in  cognitive  function. The two  major
neuropathological hallmarks of AD are p-amyloid
(AP) plaques and tau-related neurofibrillary tangles.
Recently, monoclonal antibodies targeting Ap plaques

or protofibrils have shown promise in modifying
disease progression in patients with early-stage AD [1-
3]. However, given the multifactorial nature of AD
pathogenesis, there is a growing need to explore
therapeutic targets beyond amyloid and tau, such as
metabolic dysfunction, neuroinflammation, and
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oxidative stress [4]. Accordingly, an increasing
number of phase 3 drug candidates are now directed
toward non-amyloid/non-tau mechanisms, with
several aimed at modulating brain energy metabolism
[5].

AMP-activated protein kinase (AMPK) is a
master regulator of energy metabolism, consisting of a
catalytic subunit (al or a2), a scaffold subunit (B1 or
2), and a regulatory subunit (y1, y2, or y3). AMPK
modulates energy homeostasis by sensing the cellular
AMP/ADP-to-ATP ratio, thereby affecting glycolysis,
fatty acid oxidation, and mitochondrial biogenesis. In
addition to its metabolic function, AMPK also
regulates aging-related cellular processes, including
neuroinflammation, oxidative stress, and autophagy.
Importantly, AMPK activity has been reported to
decline during aging [6, 7], suggesting a potential link
between reduced AMPK signaling and susceptibility
to cognitive decline and AD [8].

As aging and metabolic impairment are primary
risk factors of AD, AMPK has emerged as a promising
therapeutic target for this disease. Indeed, mounting
evidence implicates AMPK in AD pathogenesis, with
various AMPK activators showing potential to
attenuate AD-associated pathology in cellular and
animal models [9-11]. Recent studies analyzing human
brain disease networks and somatic mutation profiles
have also identified AMPK as a critical regulatory
node in AD pathogenesis [12, 13]. However, most
currently available AMPK activators are indirect,
functioning by increasing the AMP/ADP:ATP ratio
through inhibition of the mitochondrial respiratory
chain [14]. While this type of AMPK activation may be
tolerated under normal physiological conditions, it
may exacerbate cellular energy stress in aging or
disease contexts [15-17]. These limitations highlight
the need for direct AMPK activators that engage
specific regulatory sites of the kinase complex,
including the allosteric drug and metabolite (ADaM)
site and AMP-binding site 3 within the y subunit.
Notably, despite ongoing efforts to develop direct
AMPK  activators, their practical therapeutic
application remains limited.

To address these limitations, we sought to
identify a direct AMPK activator capable of engaging
regulatory nucleotide-binding sites within the AMPK
complex. In the present study, we identify YE-06 as a
novel small molecule that directly targets the CBS3 site
of the AMPKy subunit through a non-nucleotide-
mimetic scaffold. Using biochemical, structural, and
cellular approaches, we demonstrate that YE-06
directly activates AMPK and promotes sustained
signaling through an LKBIl-dependent mechanism.
Functionally, AMPK activation by YE-06 suppressed
BACE1 expression and amyloidogenic processing,

attenuated microglial inflammatory responses and
oxidative stress, and improved neuronal survival.
Importantly, these molecular effects translated into
significant improvements in cognitive performance in
both Ap1-s-injected mice and 3xTg-AD mouse models.
Together, these findings identify YE-06 as a previously
unrecognized direct AMPK activator and highlight
pharmacological activation of AMPK as a potential
disease-modifying strategy for AD.

Material and Methods

Synthesis of YE-06

YE-06 was synthesized and its purity (96.1%) was
confirmed by high-performance liquid
chromatography (HPLC). Detailed information
regarding the synthesis process, 'H and 3C nuclear
magnetic resonance (NMR) spectral data, HPLC data,
and liquid chromatography-high resolution mass
spectroscopic data for YE-06 are provided in the
Supplementary information.

Western blot analysis

Western blot analysis was performed as
previously published [18]. Briefly, proteins were
extracted using RIPA buffer (Cell Signaling
Technology, Danvers, MA, USA) consisting of 1%
protease inhibitor (GenDEPOT, Katy, USA) and
protein concentrations were determined using a BCA
protein assay kit (Thermo Fisher Scientific, Waltham,
USA). After separation by SDS-PAGE, proteins were
transferred onto a 0.2 pm PVDF membrane (Pall Life
Science, New York, USA). Subsequently, membranes
were blocked with 5% skim milk or 5% BSA and then
incubated with specific primary antibodies followed
by appropriate secondary antibodies. Protein bands
were visualized using an ECL solution reagent (GE
Healthcare, Chicago, USA) and detected using a
ChemiDoc MP (Bio-rad, USA) equipped at Ewha Drug
Development Research Core Center. The antibodies
used in this study are listed in Table S1 & S3.

Real-time quantitative PCR and reverse
transcription PCR

Total RNA was extracted using Tri-RNA reagent
(FAVORGEN  Biotech, Wien, Austria), and
complementary DNA (cDNA) was synthesized using
the PrimeScript™ RT reagent kit (Takara). Real-time
quantitative PCR was performed with the
SensiFAST™ SYBR No-ROX kit (Bioline, Memphis,
TN, USA), utilizing the CFX96 Real-time PCR
detection system (Bio-Rad, Hercules, USA; NFEC-
2021-08-272451) equipped at Ewha Drug Development
Research Core Center. The relative mRNA expression
of target genes was determined with the comparative
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Ct (AACt) quantification method, with normalization
to GAPDH expression. For reverse transcription PCR,
the Emerald Amp® PCR Master Mix (Takara, Kyoto,
Japan) was used in a final reaction volume of 50 pL,
and PCR amplification was performed using the
SimpliAmp™  Thermal Cycler (Thermo). PCR
products were electrophoresed on a 1% agarose gel,
stained in an EtBr solution, and visualized by
transillumination with UV light. The sequences of
primers used for RT-qPCR and reverse transcription
PCR are listed in Table S2.

Animals and experimental groups

Male ICR mice (6 weeks old) were purchased
from Central Laboratory Animal, Inc. (Seoul, Republic
of Korea) for the AP1.4> injection model. Male C57BL/6
mice (8 weeks old) were obtained from Orient Bio, Inc.
(Seongnam,  Republic of Korea) for the
electrophysiology and compound C (Dorsomorphin;
Santa Cruz Biotechnology, Santa Cruz, CA, USA)
treatment experiments. Male and female transgenic
3xTg-AD mice (B6;129-Tg [APPSwe, tauP301L] 1Lfa
Psen1tm1Mpm /Mmjax; MMRRC Stock No. 34830-JAX;
the Jackson Laboratory, Bar Harbor, ME, USA) were
bred in-house for acute and chronic YE-06 treatment
experiments. Animals were housed 1-5 per cage in a
light-controlled room (lights on from 8:00 a.m. to 8:00
p-m.) with ad libitum access to food and water, at a
temperature of 22 * 3°C and a humidity of 50 + 20%.
All experiments were conducted following the
guidelines of the Institutional Animal Care and Use
Committee (IACUC) of Yonsei University (Approval
no. 2017-0088, 2021-0233).

We employed three distinct experimental cohorts
to assess the behavioral effects of YE-06. Cohort 1 was
designed for behavioral experiments with Api4r-
injected mice. Male ICR mice were randomly assigned
into one of six groups: (i) Control group: mice received
intrahippocampal injection of artificial cerebrospinal
fluid (ACSF), composed of 145 mM NaCl, 2.7 mM K],
12 mM CaCly, and 1.0 mM MgCl,, and were orally
administered saline. (ii) AP group: mice received
intrahippocampal injections of APi.4 (Sigma-Aldrich,
Cat No. SCP0038, MO, USA) and were orally
administered saline. (iii) Donepezil group: mice
received intrahippocampal injections of APi4 and
were orally administered donepezil at a dose of
1 mg/kg/day. (iv) YE-06 1 mg/kg group, (v) YE-06
10 mg/kg group, and (vi) YE-06 100 mg/kg group. In
groups (iv)-(vi), mice received intrahippocampal
injections of APi.42 and were orally administered YE-
06 at the indicated doses. All oral treatments (saline,
donepezil, or YE-06) were administered once daily.
Behavioral experiments were conducted when the
mice were 7-8 weeks of age. Cohort 2 was designated

for touchscreen-based cognitive behavioral testing.
Male C57BL/6 and male 3xTg-AD mice were
subjected to food restriction to maintain their weight
at 85-90% of their average free-feeding weight. All
behavioral trainings in touchscreen chambers were
conducted once a day for 5-7 days per week. Probe
sessions were performed in 15-month-old C57BL/6
and 10-month-old 3xTg-AD mice. Cohort 3 was used
for the novel object recognition test, using male and
female 3xTg-AD mice. NOR testing was performed
after 12 weeks of oral YE-06 treatment in 9- or 12-
month-old mice. All experiments were conducted in
accordance with the ARRIVE guidelines. Animals
were randomly assigned to experimental groups.
Animals that failed to meet predefined behavioral
performance criteria or died unexpectedly during the
study were excluded from the final analyses. The final
number of mice included in each experiment is
indicated in the corresponding figure legends.
Touchscreen behavioral data were automatically
recorded using the touchscreen software. For non-
touchscreen behavioral experiments, video files were
coded by an independent investigator before analysis,
and behavioral scoring was performed blinded to
treatment allocation.

Statistical analysis

The results of all experiments, except those
involving animals, were expressed as the mean *
standard error of the mean (SEM). Statistical analyses
were conducted using the Unpaired student’s t-test,
ordinary one-way, or two-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons
test with GraphPad Prism version 11.0.0 (Graphpad
Software Inc, San Diego, CA, USA). Statistical analyses
of animal experiment data were performed using R
version 4.2.2 and GraphPad Prism version 11
(GraphPad Software Inc., San Diego, CA, USA). Data
were analyzed wusing Student's t-test, one-way
ANOVA followed by Dunnett’s multiple comparisons
test, or a two-way mixed-effects model followed by
Dunnett’s or Tukey’s multiple comparisons test, as
appropriate. Statistical significance was defined as p <
0.05.

Further information on methods

Further methodological details regarding in silico
docking study, cell culture, plasmid transfection of
AMPK wild-type and mutants, drug treatment in cells,
AMPK kinase assay, cell viability assay, cellular
thermal shift assay, immunofluorescence assay,
subcellular fractionation, dot blot analysis, ELISA
assay, DCFH-DA assay, RT-qPCR, NAD* and NADH
quantification, ADP and ATP assay, APi4 fibril
synthesis and stereotaxic surgery, drug administration

https://www.ijbs.com



Int. J. Biol. Sci. 2027, Vol. 23

273

protocols, Morris water maze test, passive avoidance
test, rotarod test, vertical pole test, novel object
recognition test, touchscreen behavioral assessment,
brain slice preparation, electrophysiology recordings,
measurement of acetylcholine (Ach) content and
acetylcholinesterase (AChE) activity, TUNEL assay,
mouse western blot, and mouse primary neuron
culture are provided in the Supplementary
Information.

Results

Transcriptomic analysis reveals coordinated
suppression of AMPK signaling in the AD
hippocampus

To establish the therapeutic relevance of
targeting AMPK in AD, we analyzed publicly
available datasets derived from hippocampal tissues
of AD patients and non-demented controls.
Differential gene expression analysis revealed
significant alterations in AD samples (Figure 1A-B).
Hallmark gene set enrichment analysis (GSEA)
demonstrated broad negative enrichment across
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multiple biological processes involved in energy
metabolism, cellular stress responses, and immune-
related programs in AD hippocampi (Supplementary
Figure S1). We next performed focused GSEA using
curated AMPK-related gene sets. Notably, all AMPK-
associated gene sets exhibited negative normalized
enrichment scores (NESs) in AD patients, indicating
coordinated downregulation of AMPK-dependent
transcriptional programs (Figure 1C). To further
define the relationship between AD-associated
transcriptional changes and AMPK-related pathways,
we integrated differentially expressed genes (DEGs)
with AMPK-associated gene sets using a circos plot.
This analysis demonstrated that multiple AD-
associated DEGs were shared across functionally
relevant AMPK-related gene sets, highlighting a
convergent link  between  disease-associated
transcriptional alterations and suppression of AMPK-
regulated homeostatic networks (Figure 1D).
Together, these findings support the rationale for
pharmacological activation of AMPK as a therapeutic
strategy in AD.
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Figure 1. Transcriptomic analysis reveals suppression of AMPK-associated signaling in the Alzheimer’s disease hippocampus. (A) Volcano plot showing
differentially expressed genes (DEGs) in hippocampal tissues from patients with Alzheimer’s disease (AD) compared with non-demented controls (GSE318560). Each dot
represents a gene, plotted according to logFC and statistical significance (log10 adjusted p-value). (B) Heatmap of DEGs illustrating distinct transcriptional profiles between
AD and control samples. (C) Gene set enrichment analysis (GSEA) of curated AMPK-related gene sets showing negative normalized enrichment scores (NESs) in AD samples.
(D) Circos plot integrating AD-associated DEGs with AMPK-related gene sets. Gene nodes are connected to AMPK-related pathways, illustrating the transcriptomic association
between disease-related gene expression changes and AMPK-regulated biological networks. Gene nodes are colored according to log2FC in AD versus non-AD controls, and

links indicate shared genes between the DEG list and individual AMPK-related pathways.
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Figure 2. YE-06 directly binds to the AMPKYy subunit and activates AMPK signaling. (A) Chemical structure of YE-06. (B) Predicted binding mode of YE-06 within
the AMP-binding site of the AMPKy subunit. Molecular docking was performed using X-ray crystal structure (PDB ID: 4RER) and visualized using Flare™ software. (C) Detailed
molecular interactions showing hydrogen bond formation between YE-06 and key residues within the CBS3 site of AMPKy. (D) Cell thermal shift assay (CETSA) demonstrating
increased thermal stability of AMPKYy in cells expressing wild-type (WT), but not mutant MUH298GR29F, followed by treatment with YE-06. (E) Western blot analysis showing
increased phosphorylation of AMPK and downstream targets in HT22 and BV2 cells treated with YE-06. Data are presented as the mean * SEM. Statistical significance was
determined using a one-sample t-test against a theoretical mean of 1 (control level). *p < 0.05, **p < 0.01, ***p < 0.001.

YE-06 directly engages AMPKy and promotes
sustained AMPK activation

In our previous study, YE-06 was identified as a
direct activator of AMPK (Figure 2A) [19]. To further
define the molecular basis of this activation, we
investigated the interaction between YE-06 and the
AMPKYy subunit. Molecular docking analysis revealed
that YE-06 formed hydrogen bonds with key residues
at the CBS3 site of the AMPKy subunit, overlapping
with the interactions formed by the phosphate group
of AMP (Figure 2B-C). To experimentally validate this
direct interaction, we performed a cellular thermal
shift assay (CETSA) using wild-type (WT) and mutant
(MUH298G/R299F) forms of AMPKy. CETSA, a widely
used label-free technique, monitors changes in thermal
stability induced by ligand binding to endogenous
target proteins within cells [20]. The results showed
that YE-06 markedly increased the thermal stability of
AMPKYy in cells expressing AMPKy WT, whereas no
stabilization was observed in cells expressing AMPKy
MUH2%G/R29%  (Figure 2D & Supplementary Figure

S2A). These findings indicate that YE-06 directly binds
to AMPKYy through interactions involving HIS298 and
ARG299. Consistent with this mechanism, western
blot analysis confirmed that YE-06 increased the levels
of phosphorylated AMPK (p-AMPK, the activated
form of AMPK) and its downstream targets, including
phosphorylated acetyl-CoA carboxylase (p-ACC) and
phosphorylated raptor (p-raptor), in HT22 neuronal
cells and BV2 microglial cells (Figure 2E).

Because the AMPKy subunit contains
exchangeable nucleotide-binding sites, with CBS3
representing a key AMP-responsive regulatory site
[21-23], we next assessed whether YE-06 functionally
competes with AMP at this site. In an in vitro AMPK
kinase assay using AMPK heterotrimers containing
either al or a2, YE-06 showed no apparent a-isoform
bias, unlike C2, a known direct AMPK activator
(Supplementary Figure S2B) [24]. In addition, AMP
did not further enhance AMPK activation beyond that
induced by YE-06 alone (Supplementary Figure S2C),
suggesting that YE-06 competes with AMP for binding
to AMP-binding site 3 of AMPKy under the tested
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conditions. We next investigated whether upstream
kinases contribute to YE-O6-mediated AMPK
activation [25, 26]. Inhibition of CaMKK2 with STO-
609 did not affect YE-06-induced AMPK activation,
indicating that CaMKK2 is not required for this
process (Figure 3A). By contrast, in LKB1-deficient
HeLa cells, YE-06 induced only transient AMPK
activation, whereas ectopic expression of LKB1
prolonged YE-06-mediated AMPK activation (Figure
3B). Consistent with this, YE-06 increased the
NAD*/NADH ratio in N2a cells, and this effect was
blocked by the Nampt inhibitor FK866
(Supplementary Figure S2D) [27]. Moreover, YE-06
significantly increased intracellular ATP levels and

following YE-06 treatment. Immunofluorescence
analysis further showed that YE-06 promoted the
translocation of LKB1 from the nucleus to the
cytoplasm (Figure 3C). Together, these findings
suggest that YE-06 directly activates AMPK and that
LKB1 contributes to maintaining this response,
potentially through an AMPK-NAD+-SIRT1-LKB1
positive feedback axis associated with improved
cellular energy homeostasis. Activation of AMPK is
known to increase intracellular NAD+ levels, thereby
activating the NAD*-dependent deacetylase SIRT1,
which in turn promotes LKB1 deacetylation and its
nuclear export [27, 28]. This regulatory loop may
reinforce  AMPK signaling by facilitating LKBI-

decreased the ADP/ATP ratio (Supplementary Figure = dependent phosphorylation of AMPK in the
S2E), indicating improved cellular energy status  cytoplasm.
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Figure 3. LKB1-dependent activation of AMPK by YE-06. (A) Western blot analysis showing that inhibition of CaMKK2 does not affect YE-06-induced AMPK activation
in HT22 cells. HT22 cells were treated with YE-06 for 3 h with or without pretreatment of STO-609, a CaMKK2 inhibitor, for 3.5 h, and they were then evaluated by Western
blotting. Data are presented as mean * SEM. Two-way ANOVA, *p < 0.05 vs corresponding controls. (B) Western blot analysis demonstrating that YE-06-induced AMPK
activation is dependent on LKB1 expression in Hela cells. LKBI-deficient HeLa cells were transiently transfected with empty vector or LKBI vector for 24 h. Time-dependent
changes by YE-06 in the levels of AMPK-mediated signaling proteins were assessed by Western blotting. Data are presented as mean + SEM. Two-way ANOVA, **p < 0.01 vs.
control (empty or LKBI) (C) Immunofluorescence images showing YE-06-induced translocation of LKB1 from the nucleus to the cytoplasm. GST-LKB1 and DAPI are green

and blue, respectively. Scale bars = 20 um. The intensity of LKBI was quantified using Image] (n = 5). Data are presented as the mean + SEM. Statistical significance was

determined using an unpaired two-tailed t-test. P < 0.01 vs. control.
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YE-06 suppresses BACEI expression and
amyloidogenic processing through AMPK
activation

Given that AD is characterized by multiple
pathological hallmarks, including amyloid deposition
and tau pathology [4, 29-33], we first investigated
whether YE-06 could modulate amyloidogenic
pathways. Using HEK293 cells stably expressing
Swedish mutant amyloid precursor protein (APPswe),
we evaluated the effect of YE-06 on extracellular AP
production. Dot blot analysis revealed that YE-06
markedly reduced the level of secreted AP (Figure 4A).
Consistently, YE-06 also decreased the level of soluble
APPB, a product generated during p-secretase
(BACE1l)-mediated APP cleavage (Figure 4A). Since
BACEL is the key enzyme initiating amyloidogenic
APP processing, we also examined whether YE-06
regulates BACEl expression through AMPK
activation. Previous studies have reported that AMPK
activation can suppress BACE1 expression; however,
conflicting results have also been described [17, 34]. To
clarify this relationship, BACEl expression was
assessed in cells transfected with recombinant AMPK
constructs. Activated AMPK suppressed BACE1
expression at the transcriptional level, as evidenced by
reductions in both BACEI protein and mRNA levels in
cells transfected with wild-type or constitutively
active AMPKal, while no such effect was observed in
cells transfected with dominant-negative AMPKal
(Supplementary Figure S3) Importantly, YE-06
suppressed BACE1 expression more effectively than
the known AMPK activators 5-aminoimidazole-4-
carboxamide ribonucleoside (AICAR) and metformin
(Figure 4B). Consistent with these findings, YE-06
decreased BACE1 expression in HT22 neuronal cells in
a dose- and time-dependent manner (Figure 4C-E).
Collectively,  these  findings  suggest that
pharmacological activation of AMPK by YE-06
suppresses amyloidogenic APP processing through
transcriptional downregulation of BACE1.

YE-06 suppresses microglial inflammatory
signaling through the AMPK-SIRT1-NF-«B
axis

Neuroinflammation driven by activated
microglia is a key pathological feature of AD [30, 31].
Since activated AMPK has been reported to inhibit
neuroinflammatory signaling [35], we evaluated
whether YE-06 suppresses inflammatory responses in
BV2 microglial cells. ELISA assay results showed that
YE-06 significantly reduced lipopolysaccharide (LPS)-
induced secretion of the pro-inflammatory cytokines
IL-1B and TNF-a into the conditioned medium of BV2
cells (Figure 5A). Consistently, YE-06 also decreased

the mRNA levels of II1b and Tnf, which encode IL-1
and TNF-a, respectively (Figure 5B). Because
AMPK/SIRT1 signaling is known to inhibit the
transcriptional activity of nuclear factor-xB (NF-«B), a
key regulator of IL-1f and TNF-a [36] as well as
BACE1 [37], we next investigated whether YE-06
affects NF-xB activity. YE-06 inhibited the LPS-
induced NF-xB activation, as evidenced by reduced
nuclear localization of NF-xkB (Figure 5C-D and
Supplementary Figure S4A-B). In addition, YE-06
decreased NF-xB acetylation which is a consequence
of deacetylation by SIRT1 (Figure 5E-F). Consistent
with these findings, YE-06 also downregulated LPS-
induced BACE1 mRNA expression (Figure 5G). Taken
together, these findings suggest that YE-06 activates
AMPK, which subsequently activates SIRT1, leading
to NF-xB deacetylation and reduced nuclear
accumulation of NF-xB. This cascade ultimately
suppresses the transcription of BACE1l and pro-
inflammatory cytokines, such as IL-1f and TNF-a
(Figure 5H).

YE-06 activates AMPK-Nrf2 antioxidant
signaling and limits oxidative stress

Oxidative stress is another important pathogenic
factor associated with neuroinflammation in AD.
During inflammatory activation, microglia generate
excessive reactive oxygen species (ROS), thereby
contributing to neuronal damage [32, 33, 38].
Measurement of intracellular ROS levels using a
DCFH-DA assay revealed that YE-06 significantly
attenuated LPS-induced ROS production in BV2
microglial cells (Figure 6A). Nuclear factor erythroid
2-related factor 2 (Nrf2) is a key transcription factor
regulating antioxidant-related genes such as Hmox1
and Ngol. Because AMPK has been reported to
promote Nrf2 activation [39], we examined whether
YE-06 modulates this pathway. YE-06 increased
nuclear localization of Nrf2 (Figure 6B and
Supplementary Figure S4C) and elevated the mRNA
levels of Hmox1 and Ngol (Figure 6C). The results
suggest that YE-06 activates AMPK and thereby

promotes  Nrf2-dependent  antioxidant  gene
expression (Figure 6D).
Hyperactivated  microglia  release  toxic

mediators, including cytokines and ROS, which can
induce neuronal apoptosis [40, 41]. To determine
whether YE-06 protects neurons from microglia-
derived neurotoxicity, HT22 neuronal cells were
exposed to conditioned medium from LPS-stimulated
BV2 cells. Exposure to conditioned medium from LPS-
treated BV2 cells increased the levels of apoptotic
markers, including cleaved caspase-3 and cleaved
PARP, in HT22 cells. However, these effects were
significantly reduced when BV2 cells had been co-
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treated with LPS and YE-06 (Figure 6E). Similarly,
HT22 cell viability was markedly reduced following
exposure to conditioned medium from LPS-treated
BV2 cells, whereas viability was substantially restored
when the conditioned medium was derived from BV2

cells treated with both LPS and YE-06 (Figure 6F).
results indicate that
alleviates oxidative stress and protects neurons from
microglia-derived neurotoxicity.

Collectively,

these
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Figure 4. YE-06 suppresses BACE| expression and amyloidogenic processing. (A) Western blot analysis of APP and BACEI expression in HEK293-APPswe cells
and dot blot analysis of secreted Ap and sAPPB in the conditioned medium collected from HEK293-APPswe cells grown with or without treatment of YE-06. Data are presented
as mean + SEM. Ordinary one-way ANOVA, *p < 0.05, **p < 0.01 vs. control. (B) Western blot analysis comparing the effects of AICAR, metformin, and YE-06 on AMPK
activation and BACEI expression in HT22 cells. Data are presented as mean + SEM. Ordinary one-way ANOVA, *p < 0.05, ***p < 0.001 vs. control. (C) qRT-PCR analysis of
BACEI mRNA levels following YE-06 treatment for 12 h in HT22 cells (n = 5). Data are presented as mean = SEM. Ordinary one-way ANOVA, *p < 0.05, **p < 0.001. (D,
E) Western blot analysis of dose-dependent (D) and time-dependent (E) effects of YE-06 on AMPK activation and BACEI expression. Data are presented as mean + SEM.

Ordinary one-way ANOVA, *p < 0.05, *p < 0.01, ***p < 0.001 vs. control.
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TNF-a in BV2 cells following YE-06 treatment. Cells were stimulated with LPS for 6 h in the absence or presence of YE-06 (5 uM), followed by medium replacement and further
incubation for 24 h before collection of conditioned medium. YE-06 significantly reduced LPS-induced cytokine secretion (n = 5). Data are presented as mean + SEM. Ordinary
one-way ANOVA, *p < 0.05, *p < 0.01, ***p < 0.001 vs. LPS-only group. (B) qRT—PCR analysis showing reduced Il1b and Tnf expression following co-treatment of YE-06 and
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images showing that YE-06 reduced LPS-induced nuclear translocation of NF-kB in BV2 (C) and HT22 (D) cells. Cells were pretreated with YE-06 for 11 h followed by LPS
stimulation for | h. Scale bars = 20 pm. Fluorescence intensity was quantified using Image), with intracellular NF-kB localization shown in the right panel. Data are presented as
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to NF-kB deacetylation, reduced nuclear localization, and subsequent suppression of Bace! transcription and pro-inflammatory cytokine expression.
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absence or presence of YE-06. BV2 cells were stimulated with LPS for 6 h in the absence or presence of YE-06 (5 uM), followed by medium replacement and further incubation
for 24 h before collection of conditioned medium. (F) Cell viability assay showing that YE-06 attenuates microglia-derived neurotoxicity in HT22 cells. HT22 cells were
incubated for 72 h with conditioned medium from BV2 cells that had been stimulated with LPS for 12 h in the absence and presence of YE-06. Cell viability was assessed using
a WST-1 assay. Data are presented as mean + SEM (n = 3). Ordinary one-way ANOVA. *p < 0.05 vs. LPS-only group.
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YE-06 improves cognition and neuronal
function in ABj.s2-injected and 3xTg-AD
mouse models

We next evaluated the behavioral effects of YE-06
in an intrahippocampal APi4 injection model, a
widely used experimental model for AD study [42]. In
the Morris water maze test, mice treated with YE-06 at
10 and 100 mg/kg showed improved spatial learning
during training sessions, comparable to that observed
in donepezil-treated mice (Figure 7A-B), and
enhanced short-term and long-term memory retention
in subsequent trials (Supplementary Figure S5). In the
probe test, mice treated with YE-06 at 10 mg/kg
demonstrated a significant alleviation of Api.a-
induced memory impairment, indicating improved
long-term spatial memory retention (Figure 7C-D). In
addition, the passive avoidance test showed
significant improvement in contextual memory in the
YE-06-treated group (100 mg/kg) (Figure 7E).
Locomotor performance did not differ between groups
in the vertical pole and the rotarod tests (Figure 7F-G),
indicating that the behavioral improvements were
attributable to cognitive enhancement rather than
altered motor function.

Biochemical analysis of hippocampal tissues
showed that YE-06 increased acetylcholine levels and
decreased acetylcholinesterase activity (Figure 7H-I),
with effects comparable to those observed with
donepezil. Notably, wunlike donepezil, YE-06
significantly suppressed Apis-induced cell death
(Figure 7]), consistent with previous findings of
cytoprotective effects of AMPK activation [43].

The behavioral efficacy of YE-06 was further
confirmed in the 3xTg-AD mouse model. Following a
12-week oral treatment regimen (Figure 8A), a novel
object recognition (NOR) test was performed to assess
episodic memory (Figure 8B). Administration of YE-06
resulted in a significantly higher discrimination index
compared with the vehicle-treated group (Figure 8C),
indicating improved recognition memory. Subgroup
analyses demonstrated that YE-06 improved NOR
performance in both male and female 3xTg-AD mice,
indicating that its cognitive benefit was observed in
both sexes (Supplementary Figure S6A). No significant
differences in body weight or food consumption were
observed between vehicle- and YE-06-treated mice
throughout the treatment period (Supplementary
Figure S6B & C). To further evaluate the multi-domain
cognitive effects of YE-06, frontal/executive function
was assessed using touchscreen-based behavioral
testing (Figure 8D). Attention was measured using the
five-choice serial reaction time task (5-CSRTT) (Figure
8E). After training, 10-month-old 3xTg-AD mice that
achieved greater than 80% accuracy at a 2 s stimulus

duration (baseline) were subjected to a probe session
with increased task difficulty (0.5 s stimulus duration).
Under these challenging conditions, YE-06
significantly enhanced attentional performance, as
indicated by increased accuracy (Figure 8F), without
affecting omission rates (Figure 8G). Importantly, YE-
06 did not affect inhibitory control or locomotor
activity, as premature responses, perseverative
responses, beam breaks, and response latencies did
not differ between groups (Figure 8H-] and
Supplementary Figure S7).

To examine the contribution of AMPK signaling
to attentional performance, baseline behavioral
performance was first confirmed to be comparable
between groups (Supplementary Figure S8A-E).
During the subsequent probe phase, pharmacological
inhibition of AMPK with Compound C significantly
reduced response accuracy and increased premature
responses in 15-month-old C57BL/6 mice, whereas
omission rates, response latency, reward collection
latency, perseverative responses, and beam breaks
remained unchanged (Supplementary Figure S8F-M),
supporting the involvement of AMPK signaling in
attentional regulation. Electrophysiological analysis
further supported the functional efficacy of YE-06. YE-
06 enhanced neuronal excitability, as reflected by an
increased number of action potential spikes, without
altering resting membrane potential, spike amplitude,
input resistance, or time taken for first spike (Figure
8K-Q). In addition, YE-06 increased the expression of
synaptic ~and neuronal markers, including
synaptophysin and MAP-2, in mouse primary neuron
culture (Supplementary Figure S9). Collectively, these
findings indicate that YE-06 improves multiple
cognitive domains and enhances neuronal function in
AD models, supporting its potential as a disease-
modifying therapeutic strategy targeting AMPK
signaling.

YE-06 exhibits favorable pharmacological
properties

In addition to efficacy of YE-06 in vitro and in vivo
models, YE-06 exhibited pharmacologically favorable
properties supporting its further therapeutic
applications. YE-06 demonstrated low cytotoxicity in
various normal mammalian cell lines, including
VERO, HFL-1, L929, NIH-3T3, and CHO-K1 cells, with
ICso values exceeding 100 pM in most tested cell types
(Figure 9A). Also, safety assessment indicated that YE-
06 did not exhibit mutagenic activity in the Ames test
and showed no detectable inhibition of hERG
potassium channel, which suggests a low risk of
genotoxicity and cardiotoxicity (Figure 9B-D).
Pharmacokinetic analysis showed favorable oral
pharmacokinetic properties of YE-06. Notably, oral
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administration of YE-06 resulted in high
bioavailability (76.06%), indicating efficient systemic
exposure following oral dosing (Figure 9E). The
repeated oral administration produced significant

cognitive improvements in both APi4-injected and
3xTg-AD mouse models without affecting locomotor
activity or causing significant signs of toxicity (Figure

7 and 8).
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Figure 7. YE-06 improves cognitive performance and reduces neuronal damage in ABi-s2-injected mice. (A) Experimental timeline. ABi..2-injected mice received
daily oral administration of vehicle (Veh), donepezil (1 mg/kg), or YE-06 (1 mg/kg, 10 mg/kg, or 100 mg/kg) for 14 days. Behavioral testing was performed in 7-8-week-old ICR
mice. (B) Escape latency during the acquisition phase of the Morris water maze test (n = 6). (C) Representative swimming paths during the probe trial, shown using a smart
video tracking system. (D) Time spent in on-target and off-target quadrants during the probe trial (n = 6). (E) Passive avoidance test showing latency time (n = 6). (F, G)
Motor function was assessed by vertical pole (F) and rotarod (G) tests (n = 6). (H-J) Neurochemical and histological analyses showing acetylcholine levels (H, n = 6),
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acetylcholinesterase activity (I, n = 6), and TUNEL-positive cells (J, n = 6). Data are presented as mean * SEM. One-way ANOVA and two-way mixed-effects model with
Dunnett’s multiple comparison post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Veh. Con, AB1-42 non-injected and drug-nontreated mice; Veh, ABi.42 injected and drug-

nontreated mice.
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of the NOR test. (C) Discrimination index calculated as (time exploring novel object — familiar object) / total exploration time. (D, E) Experimental timeline (D) and schematic
(E) of the five-choice serial reaction time task (5-CSRTT). (F-J) Attentional performance and inhibitory control assessed during the probe session (0.5 s SD) in 10-month-old
3xTg-AD mice treated with vehicle (n = 6) or YE-06 (10 mg/kg, n = 7) for 2 h. Parameters include accuracy (F), omission (G), premature responses (H), and perseverative
responses to correct (I) and incorrect (J) stimuli. (K-Q) Electrophysiological recordings from hippocampal CAl pyramidal neurons in brain slices from C57BL/6 mice. Following
a single current injection (200 pA, 200 ms; Veh, n = 15 cells from 7 mice; YE-06, n = 11 cells from 6 mice), representative response (K) and numbers of spikes (L) were
obtained. Representative bright-field images (4% and 40x%) and streptavidin staining confirming recorded CAl pyramidal neurons are shown (M; scale bar, 50 um). Additional

membrane properties, including resting membrane potential (N), average amplitude (O), total input resistance (P), and time taken for the first peak (Q), were analyzed. Data
are shown as mean + SEM. Unpaired Student’s t-test. **p < 0.01, ***p < 0.001 vs. Veh. Veh, vehicle.
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Figure 9. Evaluation of YE-06 druggability. (A, B) Cytotoxicity of YE-06 was assessed in various normal mammalian cell lines (A) and mice (B). (C) Genotoxicity of YE-
06 was evaluated through Ames test. (D) Cardiac toxicity was measured by hERG K* channel binding assay. (E) Pharmacokinetic profiles of YE-06 were evaluated at each of
the indicated doses. The extract of the plasma sample was analyzed using LC-MS/MS. (F) Kinetic solubility and log P were determined through nephelometry and the pH-metric
method. Permeability was evaluated with a PAMPA assay. (G) CYP inhibition of YE-06 was evaluated against major CYP isoforms, including CYP1A2, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4. (H) Metabolic stability of YE-06 was evaluated using liver microsomes. (I) Brain distribution of YE-06 was evaluated following
intraperitoneal administration (10 mg/kg), and brain and plasma concentrations were determined using LC-MS/MS.

YE-06 also showed acceptable physiochemical
properties, including moderate permeability,
favorable solubility and a drug-like logP value (Figure
9F). CYP inhibition profiling revealed differential
inhibitory effects of YE-06 across major CYP isoforms.

YE-06 showed the strongest inhibition of CYP2C9
(ICso = 0.046 pM), while moderate inhibition was
observed for CYP1A2, CYP2C8, and CYP2C19 (ICso =
444, 3.46, and 6.13 pM, respectively). In contrast,
relatively weak or minimal inhibition was observed
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for CYP2B6, CYP2D6, and CYP3A4 (ICso > 10 pM)
(Figure 9G). YE-06 also exhibited favorable metabolic
stability in microsomal assays (Figure 9H).
Importantly, brain pharmacokinetic analysis
demonstrated that YE-06 effectively reached the brain
following systemic administration. YE-06 achieved
substantial brain exposure with a brain-to-plasma
ratio of 2.1, supporting efficient brain penetration and
its potential as a CNS-targeting therapeutic agent
(Figure 9I). Collectively, these findings demonstrate
favorable pharmacokinetic, metabolic stability, and
CNS exposure profiles of YE-06, while the potent
CYP2C9 inhibition identified in the CYP profiling

warrants further evaluation during subsequent
development.
Discussion

AD is a multifactorial neurodegenerative

disorder characterized by progressive cognitive
decline and pathological hallmarks, including AP
accumulation, neuroinflammation, and oxidative
stress [44, 45]. In this study, we identified YE-06 as a
direct activator of AMPK and demonstrated that
pharmacological activation of AMPK by YE-06
mitigates multiple pathological processes associated
with AD. YE-06 directly interacts with the AMPKy
subunit, specifically at the CBS3 site, thereby
activating downstream signaling and exerting
neuroprotective effects against amyloid pathology,
neuroinflammation, oxidative stress, and cognitive
impairment in both cellular and animal models of AD.

To investigate the mechanism underlying AMPK
activation, we examined the direct interaction between
YE-06 and AMPK using CETSA, a widely used label-
free technique that monitors changes in thermal
stability induced by ligand binding to endogenous
target proteins within cells [20]. This analysis
confirmed that YE-06 binds to the CBS3 site of the
AMPKy subunit, consistent with our molecular
docking results. Site-directed mutagenesis further
showed that this interaction depends on residues
His298 and Arg299, providing structural insight into
the activation mechanism of YE-06. In our previous
study [19], in vitro kinase assays performed in the
absence of upstream kinases demonstrated that YE-06
directly enhances AMPK enzymatic activity,
supporting its function as a direct AMPK activator.
Interestingly, however, cellular experiments revealed
that YE-06-induced AMPK phosphorylation remains
dependent on the upstream kinase LKB1. These
observations suggest a synergistic model where the
direct binding of YE-06 initiates AMPK activation and
may induce a conformational change that facilitates or
stabilizes LKB1-mediated phosphorylation, ensuring
sustained AMPK signaling.

The accumulation of extracellular AP peptides,
generated through sequential cleavage of APP by
BACE1l and y-secretase, represents a central
pathological feature of AD. Both insoluble AP and
soluble sAPPp levels are much higher in the brains of
AD patients compared to non-AD and disease control
cases [46]. Consistent with this pathological
mechanism, YE-06 reduced both AP and sAPPp levels
in APPswe-expressing cells. Mechanistically, AMPK
activation by YE-06 suppresses BACE1 expression at
the transcriptional level through modulating the
AMPK-SIRT1-NF-xB signaling axis, suggesting that
AMPK signaling may regulate amyloidogenic
processing of APP. These findings are consistent with
previous studies reporting that AMPK activation can
suppress BACEl expression and reduce Af
production [34].

Beyond amyloid pathology, neuroinflammation
has emerged as a major contributor to AD progression.
Hyperactivated microglia release inflammatory
mediators such as IL-1B, TNF-a and ROS, which
exacerbate neuronal damage and cognitive
impairment [40, 41]. In the present study, YE-06
attenuates LPS-induced inflammatory responses and
reduces the production of neurotoxic mediator in
microglial cells. Mechanistically, these effects are
associated with the simultaneous suppression of NF-
kB signaling and activation of the Nrf2 antioxidant
pathway. Through this coordinated regulation, AMPK
activation by YE-06 coordinately modulates several
key pathological processes involved in AD, including
amyloidogenesis, neuroinflammation, and oxidative
stress.

The therapeutic relevance of these molecular
effects was supported by behavioral experiments. In
the intrahippocampal Api-4 injection model, YE-06
significantly improves spatial learning and memory
retention. Furthermore, in the 3xTg-AD mouse model,
YE-06 enhances recognition memory and attentional
performance without altering baseline locomotor
activity. These findings demonstrate that YE-06
improves multiple cognitive domains in AD models.
Notably, YE-06 improved recognition memory in both
male and female 3xTg-AD mice (Supplementary
Figure S6A), indicating that its cognitive benefit was
observed in both sexes. The behavioral paradigms
employed different treatment schedules: recognition
memory was evaluated after 12 weeks of oral YE-06
administration in chow, whereas attentional
performance in the 5-CSRTT was assessed 2 h after
intraperitoneal administration before each probe
session. The attentional benefit is therefore consistent
with a short-term pharmacological effect, potentially
involving neuromodulation, although a contribution
from repeated exposure cannot be excluded. These
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findings should not be interpreted as evidence of
disease modification, and whether the attentional
effects share the mechanisms underlying the benefits
observed after chronic oral treatment remains to be
determined. Interestingly, although YE-06
significantly improved behavioral outcomes in the
3xTg-AD mice, these beneficial effects were not
accompanied by increased AMPK phosphorylation in
the hippocampus at the corresponding behavioral
endpoints (Supplementary Figure S10). Instead,
reduced AMPK phosphorylation was observed in both
experimental cohorts. AMPK phosphorylation is
dynamically regulated according to cellular energy
status, and its level at a single endpoint may not
necessarily reflect the overall extent of AMPK
pathway engagement [47, 48]. Consistent with this
notion, previous studies have reported that treatment
with the established AMPK activator, AICAR, did not
increase hippocampal AMPK phosphorylation at the
examined time point [8]. One possible explanation for
the reduction observed after YE-06 treatment is
secondary metabolic adaptation associated with
changes in cellular energy homeostasis; however, the
present endpoint measurements cannot establish this
mechanism. Supporting this possibility, YE-06
increased ATP levels and reduced the ADP/ATP ratio
in N2a cells (Supplementary Figure S2E), providing
evidence of altered cellular energy status in vitro, but
not direct evidence of metabolic adaptation in the
brain. Moreover, despite the reduced hippocampal
AMPK phosphorylation at the terminal endpoint, YE-
06 produced favorable changes in AD-related
molecular markers, including decreased BACE1
expression and reduced tau phosphorylation. These
findings support the beneficial molecular effects of YE-
06 in vivo, but do not independently establish brain
AMPK target engagement or explain the reduction in
AMPK phosphorylation observed at the terminal
endpoint. Further time-course studies will be required
to characterize the temporal relationship between
AMPK activation, metabolic adaptation, and the
downstream therapeutic effects of AMPK activators in
the AD brain.

YE-06 also demonstrated favorable drug-like
properties supporting its translational potential. YE-06
exhibited high oral bioavailability (76%). In a separate
brain distribution study following intraperitoneal
administration, YE-06 showed substantial brain
exposure, with a brain-to-plasma ratio of 2.1,
supporting its ability to reach the brain following
systemic administration. In addition, YE-06 showed
favorable microsomal stability and limited inhibition
of most major CYP isoforms. However, YE-06 potently
inhibited CYP2C9 (ICs = 0.046 pM), indicating a
potential drug-drug interaction liability given the

plasma Cmax observed following oral administration
in mice (0.049 pg/mL, approximately 100 nM). Further
studies incorporating unbound exposure, inhibition
kinetics, and metabolite characterization will be
required to assess the clinical relevance of this
interaction. Furthermore, preliminary safety
evaluation demonstrated no acute toxicity, negative
Ames test results, and no detectable hERG channel
inhibition. Collectively, these findings support a
favorable pharmacokinetic and preliminary safety
profile of YE-06, while the observed CYP2C9
inhibition warrants further evaluation during
subsequent preclinical development.

Nevertheless, several limitations should be
considered. Although YE-06 directly activated AMPK
in the experimental systems used in this study,
additional work is required to comprehensively
evaluate its potential off-target effects and long-term
safety. Furthermore, future studies should assess the
therapeutic efficacy of YE-06 in additional AD models
and further characterize its pharmacokinetic and
pharmacodynamic properties.

Several direct AMPK activators are currently
undergoing preclinical and clinical evaluation. For
example, PXL770 (NCT03763877) and 0403 (EudraCT
2016-002183-13) have reached Phase II clinical trials for
the treatment of non-alcoholic fatty liver disease and
type II diabetes, respectively. Most direct AMPK
activators target either the ADaM site or the
nucleotide-binding sites within the AMPKy subunit
[49-51]. However, targeting CBS sites remains
challenging due to their structural similarity to
endogenous nucleotides and the associated risk of off-
target effects. In this context, YE-06 represents a
distinct class of AMPK activators that engages the
CBS3 site through a non-nucleotide-mimetic scaffold.
This structural divergence from traditional nucleotide
mimetics may offer a pharmacological advantage by
providing an alternative strategy for direct AMPK
activation without structural mimicry of endogenous
nucleotides.

In summary, this study introduces YE-06 as a
novel, orally available direct AMPK activator that
directly binds to the AMPKYy subunit through a CBS3-
dependent interaction. YE-06 modulates multiple
disease-relevant pathways, including suppression of
BACE1-dependent amyloidogenesis and attenuation
of neuroinflammatory and oxidative stress responses
through the regulation of the NF-xB and Nrf2
pathways. These molecular effects translate into
significant  cognitive = improvements in two
independent AD mouse models. Collectively, our
discovery and characterization of YE-06 highlight its
potential as a novel therapeutic strategy for AD
treatment. By effectively modulating key pathological
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processes and providing neuroprotection, YE-06
represents a promising candidate for further clinical
development in the quest of overcoming AD.

Supplementary Material

Supplementary materials and methods, figures and
tables. https://www.ijbs.com/v23p0270s1.pdf
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