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Modifying Glucose Metabolism Reverses Memory Defects
of Alzheimer’s Disease Model at Late Stages

Fang Liu, Yiyu-Li Tang, Zong-Bo Zhang, Ya-Hong Tan, Si-Hui Lin, Ni-Ya Wang, Jin-Nan Li,
Zhi-Jie Pan, Jian-Feng Li, Jing-Fei Huang, Yu-Qiang Ding, Chun-Ming Guo,* Lin Xu,*
Cheng Peng,* and Qi-Xin Zhou*

Significant efforts have harvested a sophisticated understanding of
Alzheimer’s disease (AD) including amyloid beta (A𝜷) cascade mechanisms,
although effective treatment for reversing or stopping AD progression is not
available. This study reports that ferul enanthate (SL), a novel derivative of
active agents targeting brain microvessels, oxidative phosphorylation, and
ATP generation can reverse the hippocampus-dependent spatial memory
defects and reduce A𝜷 plaques in AD model mice (APP/PS1) at advanced
stages. Spatial transcriptomics discovers that SL endows a cluster of genes
expressing in Aging-AD-Rescue (AAR) pattern, which is prominent in
hippocampal dendritic region where A𝜷 plaques are densely deposited.
Furthermore, this AAR rule covers hippocampal Glut1 (glucose transporter 1)
expression and ATP generation, which are further confirmed by
immunoblotting or immunofluorescence studies. Our data demonstrate that
SL can still reverse memory defects at advanced stages of AD mice by
modifying aging-dependent multiple pathologies of AD, particularly
promoting Glut1 expression and ATP generation.

1. Introduction

Alzheimer’s disease (AD) has been well recognized as a neu-
rodegenerative disease, characterized by the pathological hall-
marks of A𝛽 plaques and tau tangles as well as progressive
decline of episodic memory and other cognitive functions.[1–3]
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Recent progress demonstrates that A𝛽-
targeting monoclonal antibodies can
slow down the progression of early AD
patients,[4] a big step forward for disease-
modifying therapy (DMT). Yet, no drugs
are available for effectively treating AD
at advanced stages when the patients are
usually females and older.
Aging is a major risk factor of AD. Young

people with AD-associated mutations do
not suffer AD until 40 or 50 years old,
while AD prevalence shoots up from 65
to 85 years old, almost doubling every 5
years.[5] Although aging alone is possibly
not sufficient for causing AD, even in those
with an obvious load of A𝛽 plaques,[6] it
can interact with A𝛽 pathologies,[7] lead-
ing to reduced cerebral blood flow,[8] mi-
crovascular abnormalities,[9] and impaired
brain glucose metabolism,[10] eventually
pushing forward the AD progression.[11]

In particularly, brain glucose metabolism
is essential for neuronal function and

viability. The insulin-independent glucose transporters Glut1
and Glut3, expressed respectively in endothelial/glial cells
and neurons, are crucial for maintaining cerebral glucose
supply.[12,13] Past study reports diminished Glut1 expression in
the brains of AD patients,[12] and Glut1 knocked down in AD
model mice (APP) exacerbates cognitive defects and A𝛽 plaque
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deposition.[14] These findings align with the “brain energy res-
cue” concept, wherein the maintenance of brain glucose uptake
and metabolism serves as a key adaptive mechanism in healthy
aging that fails in AD.[15,16] Therefore, we propose that adaptive
mechanisms under healthy Aging condition are lost under AD
aging condition but that can be ideally Rescued by certain treat-
ments (termed AAR hypothesis).
Previous reports suggest that ferulic acid improves spatial

memory in early-stage AD mouse models,[17,18] while enanthic
acid (or heptanoic acid) aids supports oxidative phosphorylation
and ATP generation.[19,20,21] To prove the concept, we linked these
two molecules via an ester bond to form a novel compound (SL-
ZF-01 or simply SL). We found that SL treatment had little effects
in adult mice (males and females) but improved spatial memory
in aged females (APP/PS1mice) via enhancing Glut1 expression,
whichmatches our AAR hypothesis (increased expression inWT
mice during aging, but decreased expression in AD mice during
aging that was rescued by SL treatment), to against AD patholo-
gies. Our study suggests that SL targeting Glut1 may potentially
serve as a novel therapy for female AD at advanced stages.

2. Results

2.1. SL and its Efficacy on Spatial Memory Defects in AD Mice

Thus, we synthesized the ferul enanthate derivative SL by linking
ferulic acid and enanthic acid through 4-steps chemical reactions
(Figure 1a). The novel structure of SL was carefully checked by
using 1H/13C nuclear magnetic resonance and mass spectrums
(see Figure S1a–c, Supporting Information). This candidate was
then tested in AD mice at different stages by using the spatial
learning task of the Morris water maze (Figure 1b,c), which is
a well-known behavioral paradigm for testing the hippocampus-
dependent episodic-like spatial memory.[22] Preliminary stud-
ies were performed to have determined dosage, administration
route, and treatment length of SL. One-month treatment of SL in
db/db mice (2- to 3-month-old) or in ADmice (8- to 9-month-old)
had no significant effect on spatial memory (Figure S2a–e, Sup-
porting Information for db/db; Figure S2f–n, Supporting Infor-
mation for AD), suggesting that SL’s action is negative relevant
to either insulin resistance (Glucose transporter type 4 pathway)
or early stages of AD characterized by mild memory defects and
sparse A𝛽 plaques.[18]

Daily SL treatment for 2 months (from 14- to 16-month-old) in
AD mice (SL group) did not affect swimming velocity in the wa-
ter maze during acclimation on day 1 as compared to WT or AD
group without SL treatment (Figure 1d). However, this treatment
improved spatial learning during the 6-day training period, as in-
dicated by a significantly shorter latency in escaping onto the hid-
den platform on day 6 (AD vs. SL, p= 0.0018; Figure 1e). Notably,
this treatment intriguingly improved spatialmemory as indicated
bymore target entries (AD vs. SL, p= 0.0155; Figure 1f) andmore
time spent in target quadrant (AD vs. SL, p = 0.0060; Figure 1g),
both of which were largely reduced in AD mice but near com-
pletely rescued to the WT levels in SL mice (Figure 1f,g). Some
of SL mice (continued SL treatment), and age-matched AD and
WTmice were sacrificed at 17- and 24-month-old for immunoflu-
orescent staining of A𝛽 plaque (Figure 1h,i). A𝛽 plaque loading
as indicated by A𝛽 fluorescence density was largely increased in

AD mice but partly reduced in SL mice at both the ages (17- and
24-month-old) (Figure 1j,k).

2.2. Spatial Transcriptomics Profiling and Brain Region
Identification

SL would have produced multiple mechanisms of action on the
hippocampus in an aging-dependent manner. Recent progresses
suggest that spatial transcriptomics is a novel tool for studying
ADmechanismswith spatial resolution in situ,[23,24] we thus used
this tool to explore aging-dependent mechanisms in AD mice
with SL treatment. For this purpose, spatial transcriptomics was
conducted on the brain slices, in an experimental design con-
sidered aging, AD, and rescue effect simultaneously: WT mice
at 4-month-old (4WT), 24-month-old (24WT), and AD mice at
24-month-old (24AD), fed with normal pellets; AD mice at 24-
month-old fed with normal pellets mixed with SL estimated 20
mg kg day−1 from 14- to 24-month-old (24SL) (Figure 2a). Exper-
imental data analysis showed that spatial transcriptomics data
were in high quality (see Figure S3, Supporting Information).
The spatially variable genes (SVG)[25] were used to identify 14
brain regions by unsupervised clustering (Figure 2b). These 14
brain regions included the cortical 1/2, 3/4, 5 and 6 layers, the
CA1 and CA2/3 cellular layers, the dentate gyrus (GrDG) granu-
lar layer, and the remaining dendritic region of the hippocampus;
the other clusters (C0-5), each covering multiple brain regions.
Furthermore, these brain regions were easily distinguished from
each other in the t-distributed stochastic neighbour embedding
(tSNE) visualization (Figure 2c). Also, this clustering agreed with
the established cellular markers for the regions (see Figure 2c,d
and Figure S4a, Supporting Information). Representative exam-
ples include Tbr1 (T-box brain transcription factor 1, a specific
biomarker of layer VI neurons in the neocortex), Synpr (Synapto-
porin, a presynaptic vesicle protein specifically enriched inmossy
fiber terminals of the hippocampus), Fezf2 (FEZ family zinc fin-
ger 2, a critical transcription factor for the specification of sub-
cerebral projection neurons and a definitive biomarker of layer
V neurons in the neocortex), and Camk2a (Calcium/calmodulin-
dependent protein kinase II alpha, a pan-biomarker for excitatory
neurons throughout the forebrain), as visualized in Figure 2d.
The other 16 genes investigated (see Figure S4b, Supporting In-
formation) were also classic brain region biomarkers (detailed in
the figure legend). Notably, we observed a stark regional dispar-
ity in A𝛽 deposition. While the C1 region (which almost overlaps
with the hypothalamus) and the cellular layers of the CA1, CA2/3,
and GrDG areas deposited almost no A𝛽 plaques, widespread de-
position was evident in the other 10 brain regions examined in
24-month-old ADmice (Figure 2e,f; for region abbreviations, see
Table S2, Supporting Information). Given that the hippocampus
is a core brain region for learning and memory, we performed
a further subdivision within it based on the striking contrast
in A𝛽 deposition: the cellular layers (CA1, CA2/3, GrDG) were
highly resistant to the plaques, while the surrounding regions
were highly susceptible. Thus, the cellular layers of the CA1,
CA2/3, and GrDG of the hippocampus was termed as somatic
region (distributed dense cell bodies) and the remaining region
within the hippocampuswas termed as dendritic one (distributed
sparse cell bodies but dense dendrites) (Figure 2g,h).
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Figure 1. SL reversed spatial memory defects in ADmice at late stages. a) One of the ferul enanthate derivatives, SL-ZF-01 (SL), synthesized in four-steps
from ferulic acid and enanthic acid (active agents), for achieving multitarget action on AD. b) Experimental design on SL treatment and behavioral test.
The AD mice were fed with normal pellets + SL from 14-month-old to 17-or 24-month-old, for which SL mice were termed; The age-matched AD and
wildtype (WT) mice were fed with normal pellets. c) The spatial learning task of the Morris water maze was tested in WT, AD, and SL groups at 16-month-
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2.3. An AAR Rule Covered ATP Generation and Glut1 Expression

Spatial transcriptomics data over 21000 genes was then analysed
to search for differentially expressed genes (DEGs) reached sta-
tistically significant level in all of the three pairwise comparisons:
4WT vs 24WT, 24WT vs 24AD, and 24AD vs 24SL, represent-
ing these DEGs satisfying aging, AD, and rescue by SL, simul-
taneously. Such a rigorous selection identified 12002 DEGs dis-
tributed in all possible expression combinations (2 × 2 × 2 = 8)
from 14 brain regions. It is very interesting that 4WT vs 24WT
comparison led to 11166 DEGs with increased expression dur-
ing aging but only 100 DEGs with decreased expression, imply-
ing that some adaptive mechanisms are activated in WT mice
during healthy aging. Furthermore, 24WT versus 24AD compar-
ison resulted in 7692 DEGs with decreased expression except 524
DEGs with increased expression, suggesting that these adaptive
mechanisms are likely lost in AD mice with aging. Finally, the
comparison 24AD versus 24SL output 4267 DEGs with increased
expression but 633 DEGs with decreased expression, indicating
that these adaptivemechanisms are possibly repaired in ADmice
with aging after SL treatment. Based on these coordinated shifts,
we identified a core set of genes that exhibited a consistent three-
stage expression pattern: (1) upregulated during healthy aging
(Aging, 4WT vs 24WT), (2) downregulated in Alzheimer’s dis-
ease (AD, 24WT vs 24AD), and (3) rescued upon SL treatment
(Rescue, 24AD vs 24SL). This pattern is highly consistent with
our AAR hypothesis. The AAR pattern is not merely a descrip-
tive label; it provides a powerful functional filter to pinpoint genes
whose expression is intrinsically linked to both the progression
of pathology and the therapeuticmechanism of SL. Genes follow-
ing the AAR rule are strong candidates for mediating the adap-
tive mechanisms of healthy aging that are lost in AD and sub-
sequently restored by treatment. This framework allows us to
move beyond differential expression and focus on a functionally
coherent set of genes that likely play critical roles in AD, offering
new insights into both disease mechanism and therapeutic ac-
tion. The other 7 combinations just covered few DEGs. Notably,
there were 584 DEGs in the hippocampus with only 4 combina-
tions (Figure 3a), in which the dominant combination type in-
volved DEGs were further separated into 457 and 114 DEGs in
dendritic and somatic region, respectively, suggesting a stronger
AAR rule in dendritic than in the somatic region of the hippocam-
pus (Figure 3b). Because SL reversed spatial memory defects in
AD mice at 16-month-old, these DEGs within the hippocampus
would be associated with the mechanisms of action produced by
SL treatment.
Based on these dendritic DEGs (457) in the hippocampus, Ky-

oto Encyclopaedia of Genes and Genomes (KEGG) enrichment

and gene set variation analysis (GSVA) identified KEGG and
GSVA pathways, respectively. The KEGG pathways were mainly
classified into three-modules: metabolisms, neural functions,
and the others, in which oxidative phosphorylation was ranked
No.1 (Figure 3c). The GSVA pathways were also classified into
similar modules showing an AAR rule, and the pathways were
sorted by ranking scores of 24WT as possible protection mech-
anisms during aging, in which synaptic long-term potentiation
(LTP), the major cellular mechanism of learning andmemory,[26]

was ranked No.1 (Figure 3d). The somatic DEGs (114) in the hip-
pocampus showed KEGG pathways similar to those of the den-
dritic DEGs in the hippocampus, while oxidative phosphorylation
was ranked No.1 in both KEGG and GSVA pathways (see Figure
S5a,b, Supporting Information).
Given that SL was synthesized from ferulic acid and enanthic

acid (or heptanoic acid), and the latter one is known for sup-
porting oxidative phosphorylation and ATP generation, and ox-
idative phosphorylation was highly enriched in both KEGG and
GSVA analyses, we further focused on the key genes contribut-
ing to ATP production within these processes. ATP biosynthe-
sis is driven by three tightly coupled biochemical stages: 1) gly-
colysis gluconeogenesis (the cytosolic breakdown of glucose to
pyruvate, yielding a small amount of ATP); 2) the tricarboxylic
acid (TCA) cycle (which oxidizes acetyl-CoA to generate reducing
equivalents NADH and FADH2); and 3) oxidative phosphoryla-
tion (wherein the electron transport chain utilizes these reduc-
ing equivalents to establish a proton gradient across the inner
mitochondrial membrane that drives ATP synthase to produce
the majority of ATP). We therefore systematically examined the
AAR-based expression patterns of DEGs associated with these
three core bioenergetic pathways. Five DEGs with AAR rule were
enriched in the glycolysis gluconeogenesis pathway (Figure 4a).
The representatives Pfkm and Aldoa expression showing as rela-
tively spatial RNA abundance in the brain slices of 4WT, 24WT,
24AD, and 24SL actually followed an AAR rule (Figure 4b). No-
tably, we found 67 DEGs covering four gene families (Figure 4c)
that were enriched in the mitochondrial respiratory chain com-
plexes I, II, IV, and V, which are well-known critical for oxidative
phosphorylation (Figure 4d). The representatives Ndufb4, Uqcrb,
Cox7a2l, and Atp5e expression for these four gene families show-
ing as relatively spatial RNA abundance in the brain slices also
followed an AAR rule (Figure 4e). The 5 DEGs in the glycolysis
gluconeogenesis and the representatives 4 DEGs in the oxidative
phosphorylation were violin-plotted to show a typical AAR rule
(Figure 4f). However, the tricarboxylic acid cycle pathway was
not reported by enrichment analyses, but 4 genes, Aco2, Idh3g,
Idh3b, and Mdh1, in this pathway were identified to follow an
AAR rule. This study suggested that the DEGs with AAR rule

old. d) Swimming velocity measured during acclimation day 1 was not significantly different among groups(WT, black,N = 21; AD, red, N = 21; SL, blue,
N = 19 for panels d–g). e) Spatial learning as indicated by gradually decreased latency in escaping onto a hidden platform during 6-days training was
impaired in ADmice but partially rescued in SL mice relative to WT mice. f,g) Spatial memory on day 7 as indicated by target entries and target quadrant
time was impaired in ADmice but near completely rescued in SL mice relative to WTmice. h,j) Representative images of A𝛽 immunofluorescent staining
in WT, AD, and SL groups at 17-and 24-month-old. i,k) The normalized A𝛽fluorescence density, in which the AD group was used as reference, as the A𝛽
plaque loading was largely increased in AD mice at 17-or 24-month-old but partially rescued in SL mice (17-month-old: WT, black, N = 4, n = 12; AD,
red,N = 4, n = 9; SL, blue,N = 4, n = 9. 24-month-old: WT, black,N = 11; AD, red,N = 8; SL, blue,N =8). *p < 0.05; **p < 0.01; ***p < 0.001 by two-way
ANOVA with Dunnett’s multiple comparisons test (e), one-way ANOVA with Tukey’s multiple comparisons test (d,g,i,k), ANOVA followed VA followed
by Dunnett’s T3 multiple comparisons test (f). Data are presented as mean ± SEM. N, numbers of mice; n) numbers of slices. All mice used here were
female.
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Figure 2. Spatial profiling of spatial transcriptomics in AD mice at late stages. a) Flow diagrams of spatial transcriptomics for 4WT (wildtype mice at
4-month-old), 24WT (wildtype mice at 24-month-old), 24AD (AD mice at 24-month-old), and 24SL mice (AD mice treated with SL). AD mice, APP/PS1
transgenic mice. AAR, following aging, AD, and rescue expression pattern. All mice used here were female. b) Identified marker genes for 14 brain
regions. c) The 14 brain regions visualized by using the t-distributed stochastic neighbour embedding (tSNE) were distinguishable from each other. d)
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covered ATP generation in the dendritic region of the hippocam-
pus.
Notably, further analyses tracked dendritic DEGs of the hip-

pocampus down onto hypoxia-inducible factor-1 (HIF-1) and thy-
roid hormone pathways, both of which engaged a gene Slc2a1,
coding Glut1 (Figure 5a,b). Furthermore, violin plot confirmed
that the dendritic DEGs covering HIF-1 and thyroid hormone
pathways followed an AAR rule (Figure 5c). This is particularly
interesting because Glut1 expression would have well explained
a possible-adaptive mechanism by enhancing its expression in
WT mice during healthy aging (4WT vs 24 WT). In contrast, this
mechanism was lost in ADmice with aging (24WT vs 24AD) but
that was rescued in AD mice with aging by SL treatment (24AD
vs 24SL).
It is also very interesting thatmolecular docking analysis based

on SL’s structure and structure-known proteins of the dendritic
DEGs resulted in MAPK1 and HRAS of these two pathways,
with a high affinity binding with SL (-6.5 and -5.9 Kcal/mol) (see
Figure S6a,b, Supporting Information), implying that SL may
regulate Glut1 expression through a direct action onMAPK1 and
HRAS. Another protein ADD1 with a high affinity binding with
SL (-5.2 Kcal/mol) was also reported by docking experiment (see
Figure S6c, Supporting Information). ADD1 expression depen-
dent on aging is previously reported[27] and may play an impor-
tant role in both AD and aging.[28] We further performed an in
vitro binding assay using a human proteome microarray to ex-
perimentally validate these direct interactions (see Figure S6d,
Supporting Information).
Then, we analysed Slc2a1 (coding Glut1) expression showing

as relatively spatial RNA abundance in the brain slices of 4WT,
24WT, 24AD, and 24SL, suggesting that Glut1 expression was
covered by an AAR rule (Figure 5d), which was also stronger in
dendritic (Figure 5e) than in somatic region of the hippocam-
pus as shown in violin plots (Figure 5f). Furthermore, another
insulin-insensitive Slc2a3 (coding Glut3) expression shown as
relatively spatial RNA abundance in the brain slices of the groups
also followed AAR rule (Figure 5g) in both dendritic and somatic
region of the hippocampus (Figure 5h,i). Moreover, both im-
munofluorescent staining of Glut1 and spatial transcriptomics
spot of relative Glut1 expression showed that Glut1 expression
(Figure 5j, red) was indeed stronger in the dendritic (warmer
colour) than in somatic region (cooler colour) of the hippocam-
pus (Figure 5k). This pattern is likely attributable to the distri-
bution of microvessels, i.e. the small blood vessels (≤ 20 μm in
diameter) that highly express Glut1 as a key glucose transporter
on endothelial cells. The higher density or activity of these mi-
crovessels in dendritic region may locally increase Glut1-derived
glucose availability, supporting the enhancedmetabolic demands
of synaptic and dendritic compartments. Taking together, this

set of spatial transcriptomics experiments indicated that glucose
metabolism (or ATP generation) and Glut1 expression (glucose
supply) were the major mechanisms of action produced by SL
treatment, particularly in the dendritic region of the hippocam-
pus.

2.4. SL Treatment Improves Hippocampal Glut1 Expression and
ATP Generation

This set of experiments was performed for confirming the above
findings. As shown by immunoblotting study on the hippocam-
pus of the WT mice at 4, 12, and 24-month-old, hippocampal
Glut1 expression was increased during healthy aging (Figure
6a,b). The hippocampal blood vessel marker CD31, also known
as the platelet endothelial cell adhesion molecule 1 (PECAM-
1), was also increased expression in the WT mice at 24-month-
old (Figure 6a,c). Furthermore, immunoblotting study suggested
that hippocampal Glut1 expressionwas decreased in the ADmice
at 10, 17, and 24-month-old, relative to the WT mice at the same
ages, but it was consistently reversed in AD mice at these stages
by SL treatment (Figure 6d,e,g,h). Hippocampal Glut3 expres-
sion was decreased on average in AD mice, but this reduction
appeared rescued by SL treatment (p = 0.095), relative to the WT
mice at the same age (Figure 6e,f).Moreover, immunofluorescent
study in the AD mice at 10-month-old suggested that hippocam-
pal Glut1 expression was mainly located in the microvessels as
indicated by lectin signals (green in Figure 6i) and also in the as-
trocytes as indicated by glial fibrillary acidic protein (GFAP) sig-
nals (red in Figure 6i). Notably, hippocampal Glut1 expression
measured as signal area was decreased in the ADmice relative to
the WT mice but rescued in the AD mice after SL treatment for
two months (Figure 6j). By contrast, hippocampal Glut1 expres-
sion was not decreased in the AD mice at 9-month-old relative
to the WT mice (p = 0.151) but it was still increased by SL treat-
ment for two months (p < 0.01) (Figure 6k,l), while hippocam-
pal Glut3 expression was not different among WT, AD, and SL
groups (Figure 6k,m). This implies that SL treatment has little
effects on spatial memory defects in the ADmice at 9-month-old
may attribute to no changes of the hippocampal Glut1/3 expres-
sion at this early stage.
Finally, we further analysed the glucose transporter (Glut) fam-

ily detected by spatial transcriptomics on the brain slices of 4WT,
24WT, 24AD, and 24SL (Figure 7a). The insulin-unresponsive
Glut1, Glut3, and Glut13 were expressed in high levels, while
Glut5, Glut6, and Glut8 were expressed in middle levels, but
the remaining ones including insulin-responsive Glut4 were ex-
pressed in low levels (Figure 7b,c). Glut1, Glut3, and Glut13 ex-
pression indeed followed an AAR rule (Figure 7d). Notably, Bay-
876, a known Glut1 inhibitor, suppressed hippocampal Glut1 ex-

The representative brain region-specific genes, Tbr1 (T-box brain transcription factor 1, a specific biomarker of layer VI neurons in the neocortex), Synpr
(Synaptoporin, a presynaptic vesicle protein specifically enriched in mossy fiber terminals of the hippocampus), Fezf2 (FEZ family zinc finger 2, a critical
transcription factor for the specification of subcerebral projection neurons and a definitive biomarker of layer V neurons in the neocortex), and Camk2a
(Calcium/calmodulin-dependent protein kinase II alpha, a pan-biomarker for excitatory neurons throughout the forebrain) were also separated from
each other by tSNE. e) A𝛽 immunofluorescent staining for a half of coronal brain slice indicated widespread A𝛽 plaques in AD mice at 24-month-old. f)
Spatial transcriptomics for another half of coronal brain slice fromADmice at 24-month-old indicated 14 brain regions nicelymatching to the Paxinos and
Franklin’s the Mouse Brain in Stereotaxic Coordinates (4th Edition). g) Amplification of the hippocampus for A𝛽 immunofluorescent staining. Almost
no A𝛽 plaques in the somatic region (the cell layer of CA1, CA2/3, and GrDG) but dense A𝛽 plaques in the dendritic region (green). h) Amplification of
the hippocampus for the brain regions derived from spatial transcriptomics.
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Figure 3. AAR rule and oxidative phosphorylation in the hippocampus. a) The hippocampus contained differentially expressed genes (DEGs) in four
combinations of expression patterns, in which the type 1 was a rule of expression, defined as aging-AD-rescue (AAR), followed by increased during aging
(4WT vs 24 WT), decreased during aging with AD (24WT vs 24AD) but rescued by SL treatment (24AD vs 24SL). b) AAR rule (type 1) was stronger
in dendritic region (457 DEGs) than in somatic regions (109 DEGs) of the hippocampus. Other expression combinations (types 2, 3, and 4) covered
few DEGs. c) The Kyoto Encyclopaedia of Genes and Genomes (KEGG) analysis on DEGs with AAR expression rule showing three classes of enriched
signalling pathways in dendritic region of the hippocampus, in which oxidative phosphorylation was ranked No. 1. d) The gene set variation analysis
(GSVA) indicating the AAR rule covered these signalling pathways in dendritic region, in which long-term potentiation was ranked No.1.
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Figure 4. Glucose metabolism with AAR rule in hippocampal dendritic region. a) Heatmap showing relative RNA abundance with AAR rule among 4
samples that covered 5 DEGs in glycolysis gluconeogenesis. The row and column indicate the gene and spot respectively. The color bar represents the
normalized gene expression level. b) Representative DEGs (Pfkm and Aldoa) showing as relatively spatial RNA abundance with AAR rule among mouse
slices. c) Heatmap showing relative RNA abundance with AAR rule among 4 samples that covered four-classes of gene family (67 DEGs) of oxidative
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pression that was increased by SL treatment, suggesting oppo-
site effects on hippocampal Glut1 expression produced by these
active agents (fed for one month). The effect of Bay-876 on hip-
pocampal Glut1 expression seemed to be antagonized by SL,
leading to an expression level of hippocampal Glut1 similar to
that of SL alone (Figure 7e,f). Most important of all, hippocam-
pal ATP levels were largely decreased in the AD mice relative to
the WTmice at 17-month-old but they were nicely rescued in the
AD mice after SL treatment for two months (Figure 7g), indicat-
ing that ATP generation also follows an AAR rule.
This set of experiments suggested that hippocampal Glut1 ex-

pression was indeed increased during healthy aging, but it was
not decreased in younger AD mice (at 9-month-old) until 10-
month-old or older (at 17- and 24-month-old). SL treatment con-
sistently increased hippocampal Glut1 expression in the ADmice
at 9-month-old and older (10-, 17-, and 24-month-old). Glut1,
Glut3, and Glut13 expression but not the other Glut members
followed an AAR rule. Besides, SL may serve as a positive Glut1
modulator to counteract the effect of the Glut1 inhibitor Bay-876
on inhibiting Glut1 expression. SL can also rescue hippocampal
ATP generation. In short, SL reversed memory defects in the AD
mice at late stages by targeting or modifying multiple mecha-
nisms of action on glucose supply and ATP generation.

2.5. AAR Genes as a Shared Resource and their Integrated
Network in AD and Aging

We provided a comprehensive list of 3,065 AAR genes (Table
S4, Supporting Information) across all regions, as well as a cu-
rated set of 101 unique AAR genes (Table S5, Supporting Infor-
mation) ranked within the top 30 based on ANOVA-derived p-
values, to facilitate further reference by researchers.With the aim
of how the AAR genes might contribute to aging and AD pathol-
ogy, we constructed a PPI network using the STRING database
(https://string-db.org/) integrating top 200 AAR genes with 383
AD-related genes (https://www.genome.jp/kegg/) and 136 aging-
related genes (https://genomics.senescence.info/genes/models.
html), revealing close interaction patterns between AAR genes
and both AD- and aging-associated genes (Figure S8a, Support-
ing Information). Furthermore, we conducted KEGG and GO
enrichment analyses on the 3,065 AAR genes to investigate the
molecular functions potentially engaged during the process in
which SL appears to restore the AD mouse brain toward a state
of healthy aging. These analyses indicated that in addition to glu-
cose metabolism and ATP metabolism described above, endo-
cytosis/exocytosis, neuronal apoptosis, and autophagy were also
significantly enriched by AAR genes (Figure S8b,c, Supporting
Information). Collectively, these findings suggest that AAR genes
may play a crucial role in the progression of both aging and AD,
and that the therapeutic effect of SLmay depend on orchestrating

a comprehensive and complex functional network to counteract
AD pathologies.

3. Discussion

The prevailing amyloid cascade hypothesis has guided
Alzheimer’s disease (AD) therapeutic development for decades.
However, the limited clinical success of mono-targeted A𝛽 thera-
pies in late-stage trials, coupled with growing scientific evidence,
points to a more complex and stage-dependent pathology. Our
AAR hypothesis proposes a dynamic interplay between aging
and AD, to lead to the trajectory of brain aging pathologically
diverted. Normal aging involves a gradual decline in certain cel-
lular functions but AD pathogenesis accelerates and exacerbates
this decline, leading to catastrophic functional failure. Based on
this assumption, an effective intervention should presumably
not only halt the progression but also reverse the pathological
trajectory, to a state resembling healthy aging.

3.1. The AAR Hypothesis: A Transcriptomic Framework Linking
Aging, Pathology, and Rescue

For decades, the amyloid cascade hypothesis has been the
central dogma driving Alzheimer’s disease (AD) therapeutic
development.[2,29] While foundational, the limited clinical suc-
cess of mono-targeted A𝛽 therapies in patients with advanced
disease has exposed its critical limitation: an inability to account
for the profound impact of aging, the single greatest risk factor
for AD.[4,30] Our study introduces the Aging-AD-Rescue (AAR)
hypothesis, which reframes AD not as a simple acceleration of
aging, but as a pathological deviation from the normal aging tra-
jectory. We propose that healthy aging engages a compensatory
transcriptomic program to maintain function, a program that
is specifically disrupted in AD, leading to catastrophic failure.
Therefore, an ideal intervention, therefore, should not merely
slow decline but actively re-tune the system toward a healthier ag-
ing state. Our discovery of SL, a compound that reverses memory
defects in late-stage AD mice, and the subsequent identification
of the AAR gene pattern through spatial transcriptomics, pro-
vides robust experimental support for this dynamic model. This
work positions the failure of adaptive aging mechanisms, partic-
ularly in brain energy metabolism, as a key driver of late-stage
AD, offering a new paradigm for therapeutic development.

3.2. SL Reverses Late-Stage Cognitive Deficits: The Reversibility
of Advanced AD

A most striking finding is that SL treatment reverses well-
established spatial memory defects in aged APP/PS1 mice bur-

phosphorylation at mitochondrial respiratory chain complexes (MRCC I, II, IV, and V). The heatmap indicates the same representation as that in panel
A. d) Schematic graph for MRCC I, II, IV, and V. e) The representative DEGs in four-classes of gene family (Ndufb4, Uqcrb, Cox7a2l, and Atp5e) showing
as relatively spatial RNA abundance with AAR rule among 4 samples. f) Violin plots for the representative DEGs with AAR rule in hippocampal dendritic
region. Gray, 4WT; black, 24WT; red, 24AD; blue, 24SL. Statistical analysis was performed using the Wilcoxon rank-sum test. The sample sizes for each
group in Dendritic were 4WT (n = 214), 24WT (n = 235), 24AD (n = 212), and 24SL (n = 213). * p < 0.05, ** 0.01 < p < 0.05, ***p < 0.001. Data are
presented with the box indicating the interquartile range and the line representing the median.
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Figure 5. AAR rule covered Glut1/3 expression and their upstream signaling pathways in hippocampal dendritic region. a,b) Heatmap showing relative
RNA abundance with AAR rule among 4 samples covered Slc2a1 (coded Glut1) in both HIF-1 and thyroid hormone pathways. c) Violin plot showing
DEGs in HIF-1 and thyroid hormone pathways to regulate Glut1 expression with AAR rule. Statistical analysis was performed using the Wilcoxon rank-
sum test. The sample sizes for each group in Dendritic were 4WT (n = 214), 24WT (n = 235), 24AD (n = 212), and 24SL (n = 213). * p < 0.05, ** 0.01
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dened with widespread A𝛽 plaques. This cognitive rescue oc-
curred with only a modest reduction in plaque load, demon-
strating that significant functional recovery is achievable with-
out requiring extensive amyloid clearance. The clinical trial out-
comes of anti-A𝛽 monoclonal antibodies like Aducanumab and
Lecanemab, while showing promise in early AD, have demon-
strated limited to no efficacy in patients with moderate-to-severe
disease.[4,30,31] Our data provide a compelling explanation: the
dominant pathology driving cognitive decline shifts with disease
progression. The age-dependent efficacy of SL, being effective in
older (16-month) but not significant in younger (9-month) AD
mice, directly mirrors this clinical reality and suggests that the
therapeutic targets relevant in late-stage AD are distinct from
those in the prodromal phase.

3.3. Spatial Transcriptomics and the AAR Rule: Pinpointing a
Spatially Resolved Metabolic Crisis

To move beyond phenomenological observation, we employed
spatial transcriptomics, a powerful tool that has recently been
used to map the topographic landscape of AD pathology and
aging.[32] Our innovative application was to overlay the dimen-
sions of aging, disease, and therapeutic rescue. This uniquely al-
lowed us to define the AAR rule, a transcriptomic signature of
lost adaptation and its pharmacological restoration. While previ-
ous omics studies have catalogued changes in aging or AD sep-
arately, our triple-comparison design specifically filters for genes
implicated in this critical interaction. This approach proved vastly
more efficient than traditional and candidate-driven methods.
The power of this spatial-AAR integration was further high-

lighted by the discovery that this gene program was most promi-
nent in the hippocampal dendritic region, an area we found to
be highly susceptible to A𝛽 deposition, in contrast to the resis-
tant somatic layers. This precise spatial matching between the
site of greatest molecular perturbation and the primary locus of
pathology represents a significant advance. It explains why bulk
tissue analyses have likely underestimated the regional specificity
of metabolic failure in AD. Our data subsequently narrowed this
complex AAR signature onto a core mechanism: the dysregu-
lation of brain glucose metabolism. KEGG and GSVA enrich-
ment analyses consistently highlighted oxidative phosphoryla-
tion as the top pathway, and upstream regulatory analysis tracked
this deficit to a loss of Glut1 expression, governed by HIF-1 and
thyroid hormone signaling pathways that themselves follow the
AAR rule.

These mechanisms of action produced by SL are likely not
unique for treating AD but could be common for treating neu-
rodegenerative disorders (see Figure S7, Supporting Informa-
tion), suggesting that thismultitarget SLmodifying aging-related
mechanisms may be a potential therapy for these brain diseases
by repairing constant glucose supply and rescuing ATP genera-
tion in the brain.

3.4. Glut1 and Bioenergetics: Therapeutic Target in Late-Stage AD

The critical role of cerebral glucose hypometabolism in AD
has long been recognized from PET imaging studies.[33] The
“brain energy rescue” hypothesis has been elegantly proposed
by Cunnane et al., suggesting that supporting brain bioener-
getics could be a viable therapeutic strategy for neurodegenera-
tive diseases.[15] Further, a prior study demonstrated that knock-
ing down Glut1 in an AD mouse model exacerbates cognitive
deficits and A𝛽 pathology,[34] establishing that impairing glucose
transport can worsen the disease. Our findings build upon but
crucially extend these important observations. We demonstrate
that the natural, age-dependent upregulation of Glut1, a putative
adaptive mechanism in healthy aging, is absent in AD, and that
its restoration is well associated with cognitive recovery in late-
stage disease. This positions SL not as a symptomatic agent but
as a DMT that addresses a fundamental, age-associated patho-
physiology.
Our work also intersects with growing interest in alter-

native metabolic interventions, such as ketogenic diets and
medium-chain triglycerides, which aim to bypass cerebral gly-
colytic deficits by providing ketone bodies as an alternative fuel
source.[35,36] SL offers a complementary and potentially more
direct strategy: instead of bypassing the compromised glucose
metabolism machinery, it directly enhances the brain’s intrinsic
capacity for glucose utilization by boosting Glut1-mediated trans-
port and downstream ATP production. This is evidenced by the
rescue of hippocampal ATP levels in SL-treated ADmice to near-
normal levels.
Moreover, the binding targets of SL remained unclear, but our

docking experiment suggested several possibilities: for example,
SL might bind to MAPK1 and HRAS in the HIF-1/thyroid hor-
mone pathways for upregulating Glut1 expression, and bind on
ADD1 for regulating synaptic LTP and memory formation. We
performed an in vitro binding assay using a human proteomemi-
croarray to validate the direct interactions as shown in the Figure
S6d (Supporting Information).

< p < 0.05, ***p < 0.001. Data are presented with the box indicating the interquartile range and the line representing the median. d–f) Slc2a1 showed
relatively spatial RNA abundance in slices with AAR rule, which was stronger in dendritic than in somatic region of the hippocampus. Statistical analysis
was performed using the Wilcoxon rank-sum test. The sample sizes for each group in Dendritic and Somatic were 4WT (n = 214), 24WT (n = 235), 24AD
(n = 212), 24SL (n = 213) and 4WT (n = 83), 24WT (n = 105), 24AD (n = 75), 24SL (n = 84) respectively.* p < 0.05, ** 0.01 < p < 0.05, ***p < 0.001.
Data are presented with the box indicating the interquartile range and the line representing the median. g–i) Slc2a3 (coded Glut3) showing as relatively
spatial RNA abundance in slices with AAR rule, which was similar in dendritic and somatic region of the hippocampus. Statistical analysis was performed
using the Wilcoxon rank-sum test. The sample sizes for each group in Dendritic and Somatic were 4WT (n = 214), 24WT (n = 235), 24AD (n = 212),
24SL (n = 213) and 4WT (n = 83), 24WT (n = 105), 24AD (n = 75), 24SL (n = 84) respectively.* p < 0.05, ** 0.01 < p < 0.05, ***p < 0.001. Data are
presented with the box indicating the interquartile range and the line representing the median. j) Immunofluorescent staining of Glut1 (red) in WT
mice at 24-month-old showing that Glut1 was mainly expressed in microvessels that were distributed denser in dendritic than in somatic region of the
hippocampus. k) Color-coded relative levels of Glut1 expression in each spot detected by spatial transcriptomics in the hippocampus of 24WT showing
high and low levels of Glut1 expression in dendritic and somatic region of the hippocampus, respectively.
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Figure 6. SL increased Glut1 and Glut3 expression in the hippocampus. a–c) Immunoblot analysis of hippocampal Glut1 in wild-type (WT) mice at 4, 12,
and 24 months of age indicated an overall increase in expression with advancing age. (b) Pairwise comparisons using the Mann-Whitney test revealed a
significant increase between 4 and 12months (p< 0.0001, n= 10) and between 4 and 24months (p< 0.0001, n= 10), whereas no significant change was
observed between 12 and 24 months (p = 0.8534, n = 10). (c) The expression of CD31 (platelet endothelial cell adhesion molecule 1) was significantly
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3.5. The Evolving Pathology of AD: Integrating A𝜷 and Metabolic
Hypotheses

Our data support an integrated, stage-dependent model of AD
pathogenesis. We do not contest the importance of A𝛽 in initiat-
ing the disease cascade, particularly at early stages.[2,31] Instead,
we propose that with advancing age and disease duration, the
pathological epicenter shifts from A𝛽-centric toxicity to a broader
crisis, such as brain energy metabolism. This view reconciles
the success of A𝛽-clearing antibodies in early AD with their fail-
ure in late AD. It is also consistent with clinical data showing
that the correlation between A𝛽 burden and cognitive impair-
mentweakens as the disease progresses,[37,38] while the severity of
mitochondrial dysfunction and hypometabolism becomes more
pronounced.[15,39]

In this model, early AD is driven by the toxic gain-of-function
of A𝛽 and tau. However, over time, the chronic energy demand
of combating these pathologies, combined with age-related mi-
tochondrial decline, pushes the brain’s bioenergetic system past
a tipping point. The failure of adaptive mechanisms like Glut1
upregulation then becomes the primary driver of neuronal dys-
function and cognitive collapse. This explains why a multi-target
agent like SL, designed to support oxidative phosphorylation and
microvascular health, is effective at a stage when single-target
A𝛽 therapies are not. Our AAR gene list, which includes players
in endocytosis, apoptosis, and autophagy beyond core metabolic
pathways, suggests SL may orchestrate a broad restorative pro-
gram. These AAR gene sets serve as a valuable resource for the
scientific community, offering potentially new biomarkers and
potential targets for future drug discovery.

3.6. Limitations

This study has several limitations. First, the investigation was
limited to female mice, a choice driven by the more robust and
consistent AD phenotype in aged female APP/PS1 models com-
pared to males, which develop confounding comorbidities. Al-
though the core mechanisms of SL-ZF-01 are not inherently
sex-specific, its efficacy in males warrants future validation. Sec-

ond, while our data strongly associate cognitive rescue with en-
hanced Glut1 and bioenergetics, definitive causal proof is lack-
ing. A planned rescue experiment using a Glut1 inhibitor (Bay-
876) was precluded by severe mortality in aged AD mice, an ob-
servation that itself underscores the critical dependence of the
diseased brain on glucose transport. Future studies will employ
genetic strategies, such as inducible Glut1 knockdown, to estab-
lish causality.

4. Conclusion

In conclusion, our study makes several significant contributions
to the AD field. First, we propose the AAR hypothesis, a novel
conceptual framework that explicitly links the biology of aging
with ADpathogenesis and treatment response. Second, we report
the unprecedented activity of SL, a compound that reversesmem-
ory defects in a late-stage AD model, providing a much-needed
candidate for a disease stage with no effective DMTs. Third, we
demonstrate the power of spatial transcriptomics coupled with
the AAR analytical framework to efficiently deconstruct complex,
multi-target drug mechanisms in a spatially resolved manner.
Finally, we provide evidence that Glut1-dependent bioenergetic
failure is a critical, necessary pathology in late-stage AD. There-
fore, our work provides strong evidence that the advanced AD is
reversible. It paves a new therapeutic path by targeting the age-
related metabolic vulnerabilities that ultimately underlie cogni-
tive demise, offering renewed hope for treating patients at ad-
vanced stages of this devastating disease.

5. Experimental Section
Mice: APP/PS1 [B6. Cg-Tag (APPswe, PSEN1dE9) 85Dbo/Mmjax]

double transgenic mice, which is known as a model mouse of Alzheimer’s
disease (AD) that was thus termed ADmice, and their negative littermates
(wildtype, WT) were purchased from the Model Animal Research Cen-
tre of Nanjing University, Nanjing, China or Cavens Biogle Model Animal
Research Co., Ltd, Suzhou, China. The BKS-db (BKS-Leprem2Cd479/Gpt
StrainNO.T002407) transgenicmice, which is known as amodelmouse of
diabetes (db/db), were purchased from GemPharmatech, Jiangsu, China.

elevated only at 24 months compared to both 4 and 12 months (p = 0.028 for each comparison, n = 4 per group). d-h. Immunoblotting of hippocampal
Glut1 of the mice at 10, 17, and 24-month-old suggested decreased expression during aging with AD but that was rescued by SL relative to WT mice.
Hippocampal Glut3 expression showed a numerical decrease in ADmice at 17-month-old but that appeared to be rescued by SL. (d) At 10months of age,
hippocampal Glut1 expression was significantly decreased in AD mice compared to WT controls (p = 0.002, n = 6), and this decrease was significantly
rescued by SL treatment (AD vs. SL, p = 0.015, n = 6). f) At 17 months, no significant difference in hippocampal Glut3 expression was observed between
AD and WT mice (p = 0.690, n = 5). Similarly, the difference between AD and SL-treated groups did not reach statistical significance (p = 0.095, n = 5).
g) Consistent with the 10-month time point, Glut1 expression at 17 months was again significantly lower in AD mice than in WT (p = 0.0057, n = 8), and
SL treatment significantly restored its expression (AD vs. SL, p = 0.0148, n = 8). h) By 24 months of age, a significant reduction in hippocampal Glut1
persisted in AD mice relative to WT (p = 0.0079, n = 5). The difference between AD and SL-treated groups at this stage was not statistically significant
(p = 0.0556, n = 5). i,j) Immunofluorescent staining of Glut1, Glial Fibrillary Acidic Protein (GFAP), lectin, and 4’6-diamidino-2-phenylindole (DAPI)
in the hippocampus for WT, AD, and SL mice at 10-month-old suggested that the hippocampal neurovascular units, the microvessels (lectin, green),
astrocytes (GFAP, red), and neurons (DAPI, blue) were decreased and distorted in AD mice relative to WT mice but these were largely rescued by SL
treatment. j) Quantification of the relative total area per slice confirmed a significant reduction in AD mice relative to WT controls (p < 0.0001; WT n=9,
AD n=16). This decrease was significantly rescued by SL treatment, as evidenced by a substantial increase in the measured area compared to the AD
group (AD vs. SL, p = 0.0001; SL n=8), based on Dunnett’s multiple comparisons test. k–m) Glut1 and Glut3 expression in AD mice at 9-month-old
remained nearly unchanged relative to WT mice at the same age. SL treatment increased Glut1 but not Glut3 expression in the hippocampus. (l) For
Glut1, no significant difference was observed between WT and AD mice (p = 0.151, n = 5). However, SL treatment resulted in a significant increase in
Glut1 expression compared to the AD group (p = 0.0079, n = 5). (m) In contrast, Glut3 expression levels showed no significant difference between WT
and AD mice, nor between AD and SL-treated groups (p = 0.7000, n = 3). *p < 0.05; ** p < 0.01; *** p < 0.001 by Mann-Whitney test or one-way ANOVA
with Tukey’s multiple comparisons test. Data are presented as mean ± SEM. All mice used here were female.
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Figure 7. Glut family and ATP generation responding to SL treatment. a) Heatmap showing relative RNA abundance of 10 members of the glucose
transporters family. b) Slc2a1, Slc2a3, and Slc2a13, coded Glut 1, 2, and 3, were expressed significantly higher RNA levels than other Glut members in
WT mice at 4-month-old (4WT). Statistical analysis was performed using the Wilcoxon rank-sum test. The sample sizes of 4WT in all region is 2354. *

p < 0.05, ** 0.01 < p < 0.05, ***p < 0.001. Data are presented with the box indicating the interquartile range and the line representing the median. c)
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All mice were maintained in animal facilities of Kunming Institute of
Zoology, the Chinese Academy of Sciences, and fed ad libitum with stan-
dard laboratory chow (or pellet) and water in ventilated cages under a 12-h
light/dark cycle.

Perhaps due to health conditions of mice in the laboratory, females are
more likely to survive during aging. Therefore, both male and female AD
mice were used younger than 14-month-old but only female ones were
used older than this age. Controls such as WT mice with the same gen-
der were used. All mice used for spatial transcriptomics, immunoblotting,
and immunofluorescent studies on the hippocampus were females. All
db/db or C57BL/6J mice used or not mentioned elsewhere were male. All
experiments followed the Principles for the Application Format for Ethi-
cal Approval for Research Involving Animals were approved in advance by
the Institutional Animal Care and Use Committee, Kunming Institute of
Zoology, the Chinese Academy of Sciences (SMKX-2015019).

Anesthesia for Sacrificing Animals: All mice were sacrificed by anesthe-
sia with 4% Zoletil 50, 1mgmL−1 Xylazine hydrochloride, and 0.5 μgmL−1

atropine sulfatemonohydrate through subcutaneous injection at a dose of
1 mg/100g body weight. All mice were fast overnight before sacrifice.

SL-ZF-01 and Experimental Designs: The ferul enanthate (E)-3-((3-
(4-hydroxy-3-methoxyphenyl) acrylyl) oxy) propane-1,2-dienanthate (SL-
ZF-01, SL) was synthesized by Shureli Biopharma Company (Kunming,
China). Based on preliminary studies in AD mice at different stages and
SL treatment, the present study reported the following experimental de-
signs: 1. AD mice were fed with estimated 20 mg/kg/day SL diet (nor-
mal pellets + SL) or control diet (normal pellets), while all aged-matched
WT mice were fed with control diet, started at 14-month-old until 16/17-
month-old or 24-month-old. The spatial learning task of the Morris wa-
ter maze was carried out in the groups when the AD mice had been fed
with SL (estimated 20 mg kg day−1) diet for two months (i.e., 16-month-
old). 2. An independent group of AD mice was fed with estimated 20
mg kg day−1 SL diet and aged-matched AD or WT mice were fed with
control diet, starting at 8 or 9-month-old. The spatial learning task of the
Morris water maze was performed at one month later. 3. To address the
specific mechanisms of brain glucose metabolism in AD, db/db mice was
utilized, a well-established model of systemic insulin resistance charac-
terized by impaired Glut4-mediated glucose uptake. This model allows us
to investigate whether the efficacy of SL depends on intact insulin signal-
ing. WT mice served as normal controls to establish baseline cognitive
performance. db/db mice were divided into two groups: one received an
SL diet (estimated 20 mg/kg/day) and the other a control diet, while WT
mice received the control diet. After one month of treatment, all animals
underwent testing in the Morris Water Maze spatial learning task. 4. The
C57BL/6J mice, slightly differed from the WT mice (negative littermates
of AD mice) in genetic background, at 2-month-old were treated with esti-
mated 20 mg kg day−1 SL or control diet for one month. These mice were
then randomly divided into two groups, treated with the Glut1 inhibitor
Bay-876 (estimated 3mg kg day−1 for onemonth) or vehicle through drink-
ing water.

Morris Water Maze: The water maze consists of a circular plastic
tank with white color and 120 cm in diameter (Med Association, USA),
filled with warm water (21–22 °C), the surface of which is covered by the
polyethylene plastic tiny particles for obscuring a hidden platform (10 cm
in diameter ≈ 5 cm below the surface) underwater. The experimental pro-

cedures used here are like those previously described.[18,22] Briefly, the
spatial learning task of theMorris watermaze includes acclimation, spatial
learning training (4 trials/day for 6 days), and retrieval test (a probe trial
at 24-h after the final training trial). For acclimation, one trial was allowed
for the animals freely swimming in the water maze when their swimming
velocity was measured by using a video tracking system. Spatial learning
training was 4 trials per day for continuous 6 days. During the training,
each animal was gently released into the water tank by facing the wall,
from four different quadrants in 4 training trials, with 10-min interatrial in-
tervals. The animal was allowed to find the hidden platformwithin 60 s. If a
mouse found the hidden platformwithin 60 s, it was allowed staying on the
platform for extra 10 s. If a mouse failed to escape to the hidden platform
within 60 s, it was guided on to and stayed on the platform for extra 15 s.
The mean time cross 4 trials per day in escaping onto the hidden platform
was used to score spatial learning on that day. Spatial memory was tested
by a retrieval test, i.e., a probe trial that was conducted at 24-h after the final
training trial without the hidden platform. Each mouse was released into
the water tank by facing the wall from the diagonal quadrant of the orig-
inal one where the hidden platform was placed previously, and then the
mouse was allowed freely swimming for 60 s. The time spent in the target
quadrant and entries to the target location where the hidden platform was
previously placed were used to score spatial memory. All the data in the
Morris water maze were recorded and analyzed by using a video tracking
system, the EnthoVision 8.0 program (from Noldus, Beijing, China).

Tissue Collection for Spatial Transcriptomics and Immunofluorescence:
The brains were collected from WT mice at 4-month-old (4WT) and 24-
month-old (24WT) under control diet (normal pellets), and from AD mice
at 24-month-old treated with SL (normal pellets mixed with estimated 20
mg kg day from 14 to 24-month-old) (24SL) or control diet (24AD). The
four group mice were anesthetized and the brains were obtained quickly,
followed by separating the left hemisphere from the right one with a sur-
gical blade at a 45-degree angle. The left hemisphere was post-fixed in
paraformaldehyde (PFA) solution at 4°C for slicing and immunofluores-
cence study. The right hemisphere was transferred into liquid nitrogen-
cool isopentane for 15 s and then removed out and embedded in optimal
cutting temperature (OCT) for frozen sectioning, and then used for spatial
transcriptomics study.

Tissue Collection for Immunoblotting and Immunofluorescent Studies on
the Hippocampus: The brain tissues were collected from AD mice and
their controls at the ages from 10 to 24-month-old, and the others were
collected from C57BL/6J at 3-month-old. After anesthesia, the mice were
subjected to myocardial perfusion with saline for 5 min. The brains were
obtained quickly, followed by separating the left hemisphere from the right
one with a surgical blade at a 45-degree angle. The left hemisphere was
post-fixed in PFA solution at 4°C for frozen sectioning and immunofluo-
rescent studies. The right hemisphere was stored at −80 °C until being
processed.

Spatial Transcriptomics: The spatial transcriptomics was performed by
following 10X Visium protocol (version CG000160). Briefly, the mouse
brains were sectioned in a pre-cooled cryostat (−18°C, HM 525 NX) at the
thickness of 16 μm until the coronal sections well reached to the targeted
hippocampal region, i.e., 2.03mmposterior to the bregma. The slices were
mounted on pre-cooled Visium Spatial Gene Expression slides, and the
slices were fixed and stained by hematoxylin-eosin with immediate imag-

Relatively spatial RNA abundance for Glut family showing that Glut 1, 3, and 13 were expressed higher levels than the other Glut members. d) Relative
RNA abundance among 4 samples showing Glut1, Glut3, and Glut13 with an AAR expression rule in 3D graph (The x-axis, y-axis, and z-axis indicated
genes, 4 samples, and relative RNA abundance, respectively). e,f) The Glut1 inhibitor Bay-876 inhibited hippocampal Glut1 expression relative to vehicle
or naïvemice. SL alone or SL with Bay-876 increased hippocampal Glut1 expression relative to Bay-876 alone, suggesting that SL produced an agonist-like
action to counteract Bay-876’s inhibition on hippocampal Glut1 expression. g) Hippocampal ATP levels were largely decreased in AD mice at 17-month-
old but rescued by SL treatment relative to WT mice at the same age. All mice used here were male. h) The glucose transporter (Glut) type 1 (Glut1,
green) is mainly expressed in the microvessels (< 20 μm) and astrocytes, but the Glut type 3 (Glut3, red) is mainly expressed in the neurons. These
Glut1/3 constitute a constant supply of glucose crossing blood brain barrier to the brain. We proposed a hypothesis that the pathologies of Alzheimer’s
disease (AD) might vary following aging-dependent different stages (or disease progression). Consistent with this point of view, Glut1/3 expressions
were increased during healthy aging but decreased during aging with AD, in which these lost protection mechanisms were rescued by SL-ZF-01 (SL)
treatment. *p < 0.05; ** p < 0.01; *** p < 0.001 by Mann-Whitney test or one-way ANOVA with Tukey’s multiple comparisons test. Data are presented
as mean ± SEM.
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ing at 20Xmagnification. Then the tissues underwent permeabilization for
15 min that was determined by a preliminary study, and the spatially bar-
coded libraries were obtained from reverse transcription and cDNA ampli-
fication, in which the qPCR (Bio-Rad, CFX96 Touch) was used to determine
the amplification round in each sample. The constructed libraries were se-
quenced under Nova-seq PE150 platform. The summary on 10X Visium
slide numbers.

The selection criteria were applied a posteriori and were based on the
quantitative and qualitative results from the IHC analysis. Specifically, in-
clusion was determined by the average immunofluorescence intensity of
A𝛽 plaque load in conjunction with qualitative expression of Glut1.

Data Processing and Brain Region Annotation: The paired-
end reads were mapped to the mouse reference genome mm10
(https://cf.10xgenomics.com/supp/spatial-exp/refdata-gex-mm10-2020-
A.tar.gz) using Space Ranger (version 1.3.0) (https://www.10xgenomics.
com/support/software/space-ranger/downloads/previous-versions)
with default parameters. Then the functions implemented in Seurat
package (version 4.3.0) were used in the following analysis if without
explicit statement.[40] First, the Load10X_Spatial function was used to
load the aligned spatial transcriptomics data in each sample. The spots
with less than 200 expressed genes was removed and the spots with
more than 30% of unique molecular identifiers (UMIs) corresponding to
mitochondrial genes. Totally, 11 448 spots were left in the four samples
after data quality control (see Figure S3a–d, Supporting Information).
The mitochondrial genes were removed from all following analyses.
The SCTranform function was used to normalize gene expressions in
each spot by using the parameter: vars.to.regress = “percent.mt”. The
software SVGbit (version 0.0.4) was used to select the top 500 spatially
variable genes in each sample.[25] These top spatially variable genes in
the four samples were merged together, yielding 1090 genes in total.
With these selected genes, FindIntegrationAnchors function with default
parameters to identify anchors was used, and then used IntegrateData
function to combine the samples. The Louvain algorithm implemented in
FindClusters function was used to cluster spots by using the 13 principal
components derived from RunPCA function. 14 clusters were obtained,
and FindAllMarkers function in Seurat was next used to detect the marker
genes in each cluster with parameters: Log2FC ≥ 0.25 and p < 0.05 (see
Figure S4a, Supporting Information). According to the selected marker
genes and the brain reference from the Paxinos and Franklin’s the Mouse
Brain in Stereotaxic Coordinates (4th Edition), 8 well-known regions
[Isocortex layer 1/2 was finally defined, layer 3/4, layer 5, layer 6, and CA1,
CA2/3, GrDG (the granular layer of the dentate gyrus), dendritic region of
the hippocampus], and 6 ambiguous regions (named C0 to C5).

AAR Expression Pattern: In each brain region, differentially expressed
genes (DEGs) were detected among the 4 samples in the paired ways ac-
cording to aging and disease progression (4WT vs 24WT, 24WT vs 24AD,
24AD vs 24SL) using Wilcoxon rank-sum test with 0.001 as the threshold
of false discovery rate (FDR). The overlapped DEGs from the three com-
parative ways were used in the following analysis. The DEGs exhibit dif-
ferent kinds of upregulation and downregulation patterns among the four
samples (4WT, 24WT, 24AD, and 24SL). In these variation patterns, one
predominant expression pattern was found, in which gene expression was
increased inWTmice during aging (4WT vs 24WT, aging related effect) and
decreased in aged ADmice (24WT vs 24AD, AD related effect) but rescued
in AD mice after SL treatment (24AD vs 24SL, SL related effect), to a level
similar to WT’s. Therefore, this expression pattern as Aging-AD-Rescue
(AAR) expression pattern was defined, which may reflect a fundamental
rule of the DEGs contributable to aging, AD, and rescue related effects.

Enrichment Analysis: Enrichment analysis of Kyoto Encyclopedia of
Genes and Genomes (KEGG)[41] and Gene Ontology (GO)[42] were per-
formed by using R package clusterProfiler (version 4.4.2),[43] in which
the hypergeometric test was used to analyze the major functions or an-
notations of target gene sets. Gene set variation analysis (GSVA) was
performed.[44] All gene expressions in KEGG pathways were used to com-
pute the pathway activity scores, and the limma package was used to se-
lect the differential pathways in the three pairwise comparisons (4WT vs
24WT, 24WT vs 24AD, 24AD vs 24SL) with parameters: p < 0.05 and t > 2.
For each pathway, if GSVA scores among four samples (4WT, 24WT, 24AD,

and 24SL) showed a consistent AAR expression pattern, this pathway was
classified as an AAR pathway.[45]

Molecule Docking: The 3D structures of human protein HRAS,MAPK1
and ADD1 were obtained from PDB database (https://www.rcsb.org/)
with ID number 2QUZ, 6QA3, and AF935611 respectively. The water
molecules were removed from the protein structures using the software
PyMol (https://pymol.org/2/) and then the SL (SL-ZF-01) was docked
into proteins using AutoDockTool4.[46] Specifically, the 2D format of SL
was transformed to mol2 format by PyMol and hydrogens were added,
and then this molecule was used as ligand to detect the Torsion root for
3D conformation prediction. Each protein was pre-processed as follow-
ing steps: adding hydrogens, computing gasteiger, assigning AD4 type,
choosing it as receptor and putting it into a dock grid box. After the pre-
liminary process, the SL was docked into protein with default param-
eters using open-source program AutoDockVina which is integrated in
AutoDockTools.[47,48] Finally, the docking results were visualized by Py-
Mol.

Human Proteome Microarray Assays: Profiling of SL-ZF-01 interacting
proteins was conducted on HuProt™20K Human Proteome Microarrays
(CDI Laboratories). The entire procedure, comprising chip hybridization,
washing, and signal detection, was carried out in strict adherence to the
vendor’s standardized operating procedures.[49]

Immunofluorescence Study and Image Capture: The experimental pro-
tocols were similar to those described previously.[18,50] The PFA-fixed left
hemisphere was cut into coronal slices at 40 μm thickness by using a vi-
brotome (VT-1000S, Leica). The slices were stored cryogenically at −20 °C
in cryopreservation solution with 20% ethylene glycol and 30% glycerol.
Three to five coronal sections of each mouse were selected to stain A𝛽,
Glut1 (glucose transporter type 1), GFAP (glial fibrillary acidic protein) for
glial cells, and lectin for microvessels (≤ 20 μm) in the brain.

After transferred to sifters inserted into a six-well plate, the slices were
washed 3 times by phosphate-buffered saline with Tween ® detergent
(PBST) for 30 min. After that, the slices were transferred into 5% bovine
serum albumin (BSA) and 1% Triton X-100 in phosphate buffered saline
(PBS) solution for the incubation for 60 min. Then, the slices were trans-
ferred to primary antibodies overnight at 4 °C. On the next day, the slices
were washed 3 times by PBST for 30 min, followed by incubation of sec-
ond antibodies conjugated with different fluorophores for 120 min. Next,
the slices were washed 3 times by PBST for 30 min and were mounted
on microscope slides in PBS solution. After PBS solution dried, one drop
of the Antifade Mounting Medium with DAPI was added on to the slices
and a coverslip was carefully placed on. Images were captured by Olympus
FV3000 microscope.

Animals at 10-month-old were used in this study. Older mice at 17 or
24-month-old were also used for this study, but lectin signals were very
bad and thus the data were not shown in the present report, implying that
some unknown changes occurred in the brain microvessels in AD mice at
late stages.

Immunoblotting and Protein Quantifications: The experimental proto-
cols followed to those described previously.[51] As usually, 200 μL RIPA
lysate buffer with cocktail protease inhibitors and cocktail phosphatase
inhibitors were added into 20 mg hippocampal tissue and homoge-
nized with zirconia beads for 60 s. The supernatants were added with
SDS-PAGE loading buffer without heating according to antibody man-
ufacturer recommendations. Then, the protein samples were separated
on a 10% SDS-PAGE gel (PAGE Gel Fast Preparation Kit, Epizyme),
and transferred to PVDF membranes with wet transfers. Blots were
subjected to immunoblotting analysis using the following antibodies:
mouse anti-Glucose Transporter Glut1 (1: 500, abcam), rabbit anti-
Glucose Transporter Glut3 (1: 1000, abcam), goat anti-CD31/PECAM-1
(1: 50, R&D), HRP-conjugated Monoclonal Mouse Anti-glyceraldehyde-
3-phosphate Dehydrogease GAPDH (1: 2000, DBA Aksomics). The sec-
ondary antibodies were HRP-conjugated Affinipure Goat Anti-Mouse IgG
(1:1000, proteintech), HRP-conjugated Affinipure Goat Anti-Rabbit IgG (1:
1000, proteintech), and HRP-conjugated Affinipure Rabbit Anti-Goat IgG
(1: 1000, proteintech), respectively. Proteins were visualized using imm-
mobilon western chemilum HRP substrate (Millipore). Imaging acquisi-
tion were performed on a Tanon-5200 Multi Automatic chemilumines-
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cence image analysis system.Quantitation of bands were performed using
the Image J software. (Some of the protein samples for immunoblotting
were the rest samples from ATP level test)

Detection of ATP Levels: Detection of ATP levels and BCA protein quan-
tification both followed the manufacturer (Beyotime)’s instruction: https:
//m.beyotime.com/mobilegoods.do?method = code&code = S0027. ATP
quantification was conducted with an Enhanced ATP Assay kit (Beyotime).
For details, 200 μL lysate buffer with cocktail protease inhibitors and cock-
tail phosphatase inhibitors were added into 20 mg hippocampal tissue
and homogenized with zirconia beads for 60 s. 100 μL ATP test reagent
was added into a 96-well black plates with flat bottom wells. After incu-
bation for 3 min at room temperature, 20 μL obtained supernatant or
ATP standard solution were transferred to the ATP test reagent well. ATP
levels were detected by chemiluminescence using Multi-Mode Microplate
Reader (Feyond-A300, ALLSHENG). Protein quantification was conducted
with a BCA Protein Assay Kit (Beyotime). The relative ATP levels were cal-
culated according to the following formula: relative ATP levels = ATP val-
ues/protein concentration.

Statistical Analysis: Data preprocessing for the Morris water maze be-
havioral test involved the assessment and exclusion of outliers. The initial
group sizes were n = 21 for wild-type (WT), AD and SL-treated AD (SL)
group. Two mice from the SL-treated group were identified as outliers and
excluded from all subsequent analyses because two SL-treated mice were
very healthy and floated in the water without swimming in the Morris wa-
ter maze test. For Western blot analysis, which included samples fromWT,
AD, and SL groups (or from 4-, 12-, and 24-month-oldWT), biological repli-
cates were processed on separate membranes. To control for technical
variation across these membranes, the data were normalized. Specifically,
samples were grouped into matched sets of three, and the optical density
values for the WT sample within each set were used as the reference for
normalization.

All data are presented as the mean ± SEM. Statistical analyses were
performed using GraphPad Prism 9.0 software. Details of the specific sta-
tistical tests applied are provided in the figure legends.

Differential Gene Expression Analysis: Differentially expressed genes
(DEGs) were detected among the 4 samples in pairwise comparisons ac-
cording to aging, AD, and rescue by SL (4WT vs 24WT, 24WT vs 24AD,
24AD vs 24SL) by using Wilcoxon rank-sum test with p < 0.001 as the sig-
nificant threshold after correction by false discovery rate (FDR). Behavioral
and Biochemical Data Analysis: For comparisons of means across three
or more groups (e.g., WT, AD, SL), one-way analysis of variance (ANOVA)
was used. The selection of post-hoc tests was based on the experimental
design: Dunnett’s post-hoc test was usedwhen comparisonswere focused
against a single control group (e.g., all groups vs. WT). Tukey’s post-hoc
test was used for all pairwise comparisons between groups. For data that
violated the assumption of homogeneity of variances,Welch’s ANOVAwas
applied, followed by Dunnett’s T3multiple comparisons test. Western blot
densities were analyzed with the Kruskal-Wallis test followed by Dunn-post
hoc test. A p-value of *p< 0.05 was considered statistically significant, with
*p < 0.05, **p < 0.01, and ***p < 0.001.
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