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ABSTRACT: Metabolic disorder, which commonly happens among senile people worldwide, is an important sign of aging. T
early symptoms of neurodegenerative diseases include a decrease in energy metabolism and mitochondrial dysfunction. Comg
early dietary intervention may be moexgve in preventing or delaying brain aging, owing to its role in regulating metabolism.
Polyphenol intake has shown its potential in preventing Alzhdisearse. However, whether there are close connections between
polyphenols and the energy metabolism of the brain during aging remains unclear. This study sought to evaluate whether cyani
O- -galactoside from black chokebekrgifia melanocarfMichx.) Elliott) has positive ects on energy metabolism, as well as
cognitive function in aging mice. Intragastrical administration of cy&ridactoside (25 and 50 mg/kg/day) for 8 weeks

e ectively alleviated the decline in brain glucose uptake (decline rate 18.29% versus 1.05%, 7.63%) of aging mice. More
cyanidin 39- -galactoside also alleviated neuronal damage in the hippocampus (number of neutoh§.292/8Bus 285.33

*+ 29.53, 301.6¥ 10.07;p < 0.05) and cortex (hnumber of neurons 82.@(®8 versus 111.676.51, 112.08 1.00;p < 0.05).
Furthermore, cyanidin(3- -galactoside reduceeamyloid load in the brain and sigantly increased the crossing-platform
number (0.92 1.11 versus 1.830.68, 2.0& 0.58;p < 0.05) in the Morris water maze test. We further determined that protein
kinase B (AKT) might be the target of cyanid® 3galactoside, which played a baakrole in controlling the energy
metabolism of the brain. These results suggested that early intervention of anthocyanins could promote neuroprotection unde
challenge of brain energy metabolism.
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INTRODUCTION because glucose is the main fuel for the®Sr@ime energy

Alzheimes disease (AD) is the most common Senilemetabolism of the brain decreases with aging, which usually
neurodegenerative disease in the world, which is a ma Geurs before the clinical manifestations and pathological

threat to the health of the elderly. In the past decade, althou atutres_ Ofl neurchdegeneraltlve ddlseaset:f,, such af neuror:jal
great eorts and resources have been devoted to the thera POPIOSIS, 0SS 0 negéana and synaptic connections, -an
for AD, most of the drug candidates were often found to ha |tochondrt|alb dlysfuncu .'Il'hus, tkhe |m|pa!rmt(;nt Oftﬁr?m f
unsatisfactory ects or nally failed to pass clinical trfdls. energy metabolism may play a Key roie in the pathology o
Aduhelm, a new anti-amyloid drug approved by the US I:Od’&aurodegeneratlve diseases. In another word, it may be the

L : . - : . . 1nitiating factor of neurodegenerative diseases, especially for
gnd Drug A(;ijBIStfratlﬁn (FD('? » 1S gépenswﬁ and its C]J'nlcame occgurrence and aggra\?ation of ADIn recent ygars Y
enets need to be further vezd” In addition, the ecacy o : ; . ’
-amyloid (A)-based therapeutic strategies will depend o erebral glucose metabolism has been a reliable biomarker for

whether it can prevent the further progress of AD patholog 'e diagnosis of many neurodegenerative diseases.

such as how many neurons in the brain region have alread xcept fqr clinic treatment, digtary pre\{ention has also been
been irreversibly damaged. Once amyloid triggers alternative strategy for AD intervention. In recent years,

irreversible cascade reaction, the disease continues to dev?rLgrﬁgggg\{ﬁgrgotlayuptihcenglttsanatlirzl ?;rgggatgg\r/%rxgecausglsof their
even after removing amyloid depdsits present, the four erived from Ipchee geed Sicat] inhibited Tlamu Iazh|, or-
mainstream drugs used for AD, rivastigmine, galantamir%j Y GAntly P

donepezil, and memantine, can improve symptoms but can ﬁ%i%?igry;actig: ?:ﬁig?géogiigr:Ehiﬁ%gg;’;gga&%ﬁg)at; d
e ectively prevent the onset or reverse the course of '[I'beu y
)

disease, which may even produce adverse reaction _tyrylcholinesterase (BChE) and inhibited the formation of
Furthermore, the cost of treatment of AD is expected to be
$1 trillion by 2036 which may lead to a severe burden for theReceived: October 5, 2021
patientsfamilies. Thus, the prevention and treatment of ADXevised: December 28, 2021
have become a global challenge. Accepted: January 1, 2022
The abnormal energy metabolism is an important
manifestation of agihhe decreased consumption of glucose
occurs among not only the elderly but also dementia patients
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A brils!® The benets of stilbenes for cognitive function and 20 £ 2 g) were purchased by Animal Resources Center in First
neuroprotection have also attracted widespread attentionTeaching Hospital of Tianjin University of Traditional Chinese
The signicant antioxidant and anti-immatory activities of ~Medicine (Tianjin, China). All mice were kept in a temperature-
anthocyanins have been widely reported ancheesh Most ~ ¢ontrolled (22¢ 2°C) animal facility under a 12 h dalight cycle.
noteworthy, anthocyanins can improve AD by protectin ater and food were available ad libitum. After 1 week of adaption,
neurons and glial cells from the damage of bAils, AMP8 mice were randomly divided into three groupd @ each

. . ; group) as follows: SAMPS8, in which mice were orally administered
glutamate, and lipopolysaccharidecording to the previous ity 0.2 mL of sterile water as the model group; Cy3Gal-High, in

report, both in vivo and in vitro evidence support the fact thagnich mice were orally administered with a high dose of Cy3Gal
dietary anthocyanins are able to penetrate the bi@al  dissolved in 0.2 mL of sterile water (50 mg/kg/day b.w.); and
barrier (BBB) and enter the brain tissue, where they perfory3Gal-Low, in which mice were orally administered with a low dose
neuroprotective activity and improve cognitive function te@f Cy3Gal dissolved in 0.2 mL of sterile water (25 mg/kg/day b.w.).
prevent neurodegenerative disé %%Anthocyanins stayed The SAMRL1 group, in which the mice were orally administered with
in nerve tissue for a period of time, which may increase th&2 mL of sterile water, was the control group. _
direct e ect on brain functioli*° Moreover, an in vitro study Radiation imaging was performed before and after the admin-

showed that anthocyanins accumulated in brain endotheli§ ation. All mice were subjected to behavioral tests after 8 weeks of

. . inistration and anesthetized 2 weeks after the last behavioral test.
cells and cross the BBB cell model in a time-dependent manli Frc]experiments were approved by the Animal Ethical and Welfare

within 1 h:%** Many studies have focused on the role ofsg  mitiee (No. NKYYDWLL-2019-105).

anthocyanins in protecting neurons from damages andprotarod Test. The rotarod test was performed as previously
apoptosis by A glutamate, and lipopolysaccharide, as weliescribed*?® The diameter and length of the rotating rod were 30
as reducing oxidative stress to enhance cognitive and memaiy 60 mm, respectively. The speed range of the rotating rod was 5
functions.” However, the relationships between anthocyaning0 rpm. Before the test, the mice were placed on a rotating stick for 3
and early metabolism of AD remain unknown, which may bwin to adapt and were trained for 1 min. In the test, the speed of the
conducive for clarifying the potential of anthocyanins as ratating rod was accelerated from 4 to 40 rpm for 180 s. The test was
nutritional intervention for AD and other neurodegenerativéepeated four times and the latency to fall was recorded.
diseases. Radiological Imaging. Mice were xed with a xator and

Cyanidin 30- -galactoside (Cy3Gal) is a kind of injected with about 200Ci of % - uorodeoxyglucosé®f-FDG)

. . - radiotracer through the tail vein after 6 h fasting. The initial dose,
anthocyanin that was ped from black chokeberrronia measurement time, injection time, residual amount of syringe after

melanocarpgMichx.) Elliott) in our previous st.ua§/. injection, and detection time were recorded accurately. After the
Compared with other aglycons, the §a|aCt05_|qe'b0Uﬂﬂ}ection, the mice were placed in the anesthesia box and given
anthocyanins can be absorbed faster in the Hodyddition, iso urane gas at @w rate of 3 L/min for 510 min. The mice were

we found that Cy3Gal has a strong antioxidant capacity anged and placed in micro-positron emission tomography/computed
neuroprotective ects, which improves learning and memorytomography (PET/CT) with an Inveon multimodality micro-PET/
impairment in A-induced rat® To uncover the possible SPECT/CT scanner (Siemens Medical Solutions). The dynamic PET
mechanism, we hypothesized that Cy3Gal could regulate brgignitoring and CT scanning were performed on the mice. During the

energy metabolism and further improve cognitive impairmerf¢anning, isarane gas was continuously injected. The uptake value
In this study, we investigated theots of Cy3Gal on the of radioactive substances in the brain was recorded, and the standard

: . g, . . take value (SUV) was analyzed by the Inveon Research Workplace
brain energy metabolism, the clinical manifestations, a@ﬁftware (Siemens). The PET/CT images were processed using the

pathological characteristics of late-onset AD in senescen : ; i
accelerated mouse-prone 8 (SAMP8) model mice. We foumggnzgg\)ﬂ_/are (version 3.4, PMOD Technologies Ltd., Zurich,
that Cy3Gal likely targeted AKT and played a baheole in The monitoring method of As similar to that of glucose. In short,
the regulation of brain energy metabolism, whichcsigthy about 100 Ci of & - orbetapir {(F-AV45) was injected into mice
alleviated AD symptoms in aging mice. Our results suggestédltail vein and then scanned by PET/CT.
that an early dietary supplement of Cy3Gal may help improveNissl Staining. Niss! staining of brain tissue was performed as
brain energy metabolism during aging, potentially reducing tREeviously describ&dThe mice were euthanized and perfused with
incidence of AD. normal saline. Then, the brains were found and put in 4%
paraformaldehyde. Serial coronal sections with a thicknesmof 25
were cut using a cryostat (Leica Microsystems, Wetzlar, Germany).
MATERIALS AND METHODS The sections were washed twice for 5 min in 0.01 M PBS and

Chemicals. Cy3Gal with 95% purity from black chokebekry (  incubated in 1% toluidine blue staining solution fb@ &nin at 20
melanocarpéMichx.) Elliott) was provided by Anhui HaoChen 25 °C. Then, the sections were rinsed in distilled water, soaked in
Ecological Agriculture Development Co., Ltd. (Anhui, ChfRa).  95% ethanol for 30 min, and dehydrated in 100% ethanol. After
Fluorodeoxyglucoséf-FDG) radiotracer andr- orbetapir {&- dehydration, the sections were placed in xylene and cover-slipped
AV45) radiotracer were purchased from Anhdanslaan Bio- using a resin medium. The neurons in the hippocampus and cerebral
technology Co., Ltd. (Anhui, China). Bax, Bcl-2, cleaved caspaseé@(tex were quanéd using Image J-Pro Plus software (developed by
cleaved caspase-9, and horseradish peroxidase binding secon@ayne Rasband from NIH).
antibodies were purchased from Cell Signaling Technology (DanversWestern Blot. The brains of the mice were immediately placed in
MA). A , 4, and HRP goat antirabbit IgG secondary antibodies weréiquid nitrogen. The frozen brains were homogenized in protein lysate
purchased from Abcam Company (Cambridge, U.K.). The BCAu er and centrifuged at°€ for 15 min at 120@0A Bio-Rad
protein concentration assay kit was purchased from Shangliptein assay (Beyotime, Beijing, China) was used to determine
BiYunTian Biotechnology Co., Ltd. (Shanghai, China). The DABrotein concentrations. The protein samples were separated by SDS-
kit was purchased from Dako Denmark A/S (Glostrup, DenmarkPAGE, transferred to the poly(vinylidensoride) (PVDF)

The HE staining kit was purchased from Beyotime (Beijing, Chinajnembrane, and sealed with 5% skim milk for 2 h. The PVDF
All other chemicals were of analytical grade. membrane was then incubated with a sppdmary antibody at 4

Experimental Animals. Four-month-old male SAMP8 and °C. Horseradish peroxidase binding secondary antibodies were

senescence-accelerated mouse-resistant (SAMR1) mice (weighimogibated with the PVDF membrane. The proteins were visualized
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Figure 1.Cy3Gal improved glucose uptake in the brain of agedhmi®&. (A) Images of derent regions in a mouse brain visualized by the
PET scan dfF-FDG (upper panels). Representative radiology images of the glucose metabolism in micesbeatngrofigs before (B) and

after 8 weeks of (C) administration with Cy3¥mlFDG uptake in the mice brains okdént groups was assessed by measuring the standard
uptake value ratio (SUVR), and the higher ratio the ifeRDG uptake.

by chemiluminescence reagents and analyzed by the gel recordirgitric acid buer was put into slices and heated in a microwave oven
system (GelDoc It 310 imaging system). for antigen repair. Goat serum blocking solution was used for 20 min.
Morris Water Maze Test. After 8 weeks of intragastric An A, 4, antibody diluent (1:100) was added and incubated
administration with Cy3Gal, the Morris water maze (MWM) testovernight at 4C. An HRP goat antirabbit IgG secondary antibody
was performed as previously descifoEe circular pool was 120  (1:2000) was added and incubated 4C3fr 30 min. A streptavidin
cm in diameter and 40 cm in depth with an invisible platform (Beijingeroxidase conjugate was added and incubaté@go830 min. A
Zhongshidichuang Technologyv&lepment Co., Ltd. Beijing, DAB kit was added for 20 min. The nuclei were slightly stained
China). The water in the pool was mixed with black ink. Duringvith hematoxylin. The sections were scanned, and the deposition of
the experiment, the temperature of the water remained?4t°22 amyloid proteins was observed to be brown under the microscope.
and all landmarks around the maze remained the same. The MWMage J-Pro Plus software (developed by Wayne Rasband from NIH)
test included spatial learning and acquisition trials (hidden platformias used for the statistical analysis. For histological examination, brain
trials) and a spatial probe trial. Before the spatial acquisition triatigsues were embedded in paréor staining with hematoxylin and
each mouse was put into the water to adapt for 2 min, and theosin (HE).
platform, located in the middle of thet quadrant for 1 day, was Molecular Dynamics Simulation. The structures of Akt protein
visible. Then, water was added to the pool with the platform 1 cfPDB ID: 4GV1) and PI3K protein (PDB ID: 3HHM) were from the
below the water surface. During the hidden platform trials, eadtPB database. The structure of Cy3Gal was from PubChem (CID:
mouse was placed into the water from one of the start positiond41699). Autodock Vina was used for molecular docking of protein
facing the wall. The spatial acquisition trials were conducted overdd Cy3Gal complex conformatidniti(://autodock.scripps.edu
days with four trials per day. If an animal reached the platform, tAde molecular properties of the box were calculated and simulated
timer was stopped. If an animal failedhtbthe platform within 90's, ~ using Chemistry at HARvard Macromolecular Mechanics 36
it was placed on the platform for 15 s to learn the platfosation.  (CHARMM 36). PyMOL was used for drawirigfti(://www.
The spatial probe test was conducted on day 7, and the platform wagnol.org). The hydrogen bond and hydrophobic interaction were
removed. Then, the mice were put into the water from the opposi@halyzed by ligpfot )
quadrant of the quadrant with the platform. The swimming route, the Statistical Analysis. SUVmean was automatically extracted from
time in the target quadrant, and the times of crossing the platform [} regions of interest (ROls) and then used to calculate SUVR using
the mice were recorded. After testing, the mice were dried withtBe cerebellum as the reference region (SUVR = SUVmean/
towel to keep them warm. The test was recorded with a video camefgebellum SUvVmean). o
and the data were analyzed using ANY-maze behavioral trackind?ata are presented as meastandard deviation. The test data
software (Stoelting Co., Wood Dale, IL). were processed by one-way ANOVA using the SPSS version 20.0
Nesting Behavior. The nesting test was performed as previouslySoftware package. Multiple comparisons of the data were performed
described by Deacon et®rie y, new wood shavings were putinto Via Tukeis test, which was used to compute signi di erences at
the mouse cage to make the bottatwith 32 pieces of soft paper P < 0.05 ang < 0.01.
(4.5 cmx 4.5 cm) were laid on. After 24 h, the ability of mice to nest
was evaluated, and scores were given. RESULTS
Immunohistochemical and Hematoxylin Eosin Staining. . . .
Mice were euthanized and perfused with normal saline. Then, the CY3Gal Improved Energy Metabolism in the Brain of
brains were found and put in 4% neutral paraformaldehyde for 24Aged Mice. To investigate the ects of Cy3Gal in brain
Para n sections were dewaxed with xylene and dehydrated wignergy metabolism, the forced exercise endurance of aged mice
di erent gradients of ethanol untiletentiation. A total of 0.01 mol/ was tested by a rotating bar to analyze their energy
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Figure 2 Histological examinations of the hippocampus region in micerbrad)sRepresentative images of HE staining (A) and Nissl staining
(B) of the hippocampus region in mice fronemint groups. Hippocampus CAL1 (the rectangle at top right) and dentate gyrus (DG, the rectangle
at bottom right) regions were examined. The red arrows indicated neurons.

expenditure. Compared with that of the SAMR1 mice, theerebellum, thalamus, central gray matter, and brain stem
movement ability of the SAMP8 mice decreasedcaigfhy. regions fupplementary Figures 2 anpdFdr mice treated
After the 8-week intervention, the treatment with Cy3Gal-Highvith a high dose of Cy3Gal, no sigamt increase was found
led to a signcant eect on improvement in exercise in total glucose uptake of the br&ngplementary Figurg 3
endurance, rather than the treatment with Cy3Gal-LowTlhe low!8F-FDG uptake in the olfactory bulb, midbrain, and
Collectively, Cy3Gal improved energy metabolism andentral gray matter regions might result in the phenomenon
promoted the movement ability of aged nScgflementary  (Supplementary Figure). 2This might result in the
Figure L phenomenon of no sigoant improvement in total brain
ATP, 95% or more of which is produced by glucoseglucose intake in mice treated with a high dose of Cy3Gal
metabolism, is the main currency of brain energy metab@Supplementary Figuré. All in all, there was a positive
lism?’ In view of the beneial eects of Cy3Gal as shown correlation between Cy3Gal intervention and brain glucose
above, we dynamically monitored the glucose metabolism uptake Supplementary Figurk #he 8-week intervention of
the brain of aged mice. The PET/CT technology is commonlgy3Gal had a bengal e ect on the energy metabolism in
used to identify and localize metastases of malignant diseasgse brains during aging.
The application of PET/CT can sensitively, accurately, and Cy3Gal Alleviated Neuronal Damage of Aged Micelt
specically provide detailed molecular information, such as the commonly known that neurodegenerative diseases, such as
function and metabolism of the lesfoVe examined the AD, are directly related to neuronal damage in the hippo-
e ects of Cy3Gal on glucose metabolism erefit regions of campus and cerebral coftesthus, we further explored if
the mouse brain by PET/CT and quaeti glucose Cy3Gal had protective ects on neurons in aged mice. As
metabolism by the standard uptake value ratio (SUVR) ahown irFigure 2the result of HE staining demonstrated that
the®-FDG Figure A). Eight weeks later, the SUVR had no the neurons in the hippocampus of SAMR1 mice were
signi cant di erence in SAMR1 mic8ypplementary Figures arranged tightly and orderly with clear nuclei, as indicated by
2 and 3} but was decreased obviously in almost all of the braired arrows irFigure A. However, in the SAMP8 mice, the
regions of SAMP8 mice, implying that the glucose metabolismurons adopted a more disorderly arrangement, and the
signi cantly decreased with agifgg(re B,C andSupple-  chromatin of the neuron nucleus was dense and condensed,
mentary Figures 2 anjl b comparison, théF-FDG uptake  displaying nuclear pyknosis (as indicated by red arrows),
in the brain of the Cy3Gal-Low group mice was not decreasea;companied by apoptosis and loss of a large number of
especially in the hippocampus, cerebral cortex, olfactory bulleurons Figure 2 andSupplementary Figurg Bfter the
striatum, superior colliculus, inferior colliculus, midbrairadministration of Cy3Gal to the SAMP8 mice, the neurons in
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Figure 3E ects of Cy3Gal on mitochondrial function and neuron apoptosis in agedm)c&€presentative Western blot images and analysis
of Bcl-2 and Bax (A), cleaved caspase-9, and cleaved caspape<3(@),** p < 0.01, and** p < 0.001.

the hippocampi were round (or oval) and tightly arranged witBAMP8 miceJupplementary Figures 6 ahdThose results

light blue nuclei, as observed in CA1 and DG regibigiie suggested that Cy3Gal had a potential neuroproteete e

2A (as indicated by red arrows). Cy3Gal improved théy alleviating the damage and apoptosis of neurons in aged
remarkable reduction in neuronal loss in the hippocampus wfice.

the SAMP8 miceSupplementary Figurg. The results of Cy3Gal Regulated the Key Regulators of Mitochon-

Nissl staining were similar to those of HE staining. Neurordrial Function and Neuron Apoptosis. Mitochondria is the
exhibited a normal morphology with distinct round or ovapowerhouse supplying energy for life and its structures and
nuclei and nucleoli, and clear Nissl bodies in the cytoplasmfimnctions are closely related to energy metabolism. At the same
the SAMR1 mice. In comparison, a large number of atrophiitne, mitochondria are also the central regulators of apoptosis
neurons with damaged nuclei and shrunken cytoplasms wérevertebrates. In view of the beia e ects of Cy3Gal on
observed in the SAMP8 mice, and most neurons showed a lesgrgy metabolism and neurons, raieexamined mitochon-

of Nissl bodies (as indicated by red arrows). Cy3Gal improvettial membrane proteins, B-cell lymphoma-2 (Bcl-2) and Bcl-
the morphology of neurons (like what was displayed in CA2-associated X (Bax). Compared with that of the SAMR1 mice,
and DG regions), as well as markedly reversed age-indutikd expression ratio of Bcl-2 and Bax decreased remarkably in
neuronal loss, although theas did not depend on the dose the brain of the SAMP8 mice. After the administration with
(Figure B andSupplementary Figurg By HE and Nissl  low dose of Cy3Gal for 8 weeks, the expression ratio of Bcl-2
staining, the improvement of Cy3Gal on neuronal degeneand Bax in the SAMP8 mice was upregulated, but no
ation with loss was also observed in the cerebral cortex of thigni cant eect was observed in the mice treated with high
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Figure 4.E ects of Cy3Gal on spatial learning and memory abilities of ageuamige The escape latency time of mice looking for a safe
platform in the spatial acquisition trials over 5 days. Inset in (A) shows representative action tracks efenicgrotigs in the Morris water

maze test (A). Times mice crossed the platform in the spatial probe test (B). Total movement distance in the target quadrant in the spatial pr
test (C). Swimming speed (m/s) of mice in the spatial probe test (3. 0.01 and'p < 0.05.

dose of Cy3GalF{gure &). Thus, Cy3Gal improved the gradually by training. Obviously, theedince between the
mitochondrial membrane permeability in the brain of ageBAMP8 mice and the SAMR1 mice increased with the
mice to a certain extent. progession of time, as shownFigure A, which may be
Caspases are the key enzymes in the mitochondrieaused by the metabolic disorder and neural damage. The
dependent apoptosis pathwan which caspase-9 and SAMPS8 mice displayed age-related learning abilities relative to
caspase-3 are the majarators in the process of apoptdsis. the SAMRL1 mice. Interestingly, the intake of Cy3Gal narrowed
The interaction between antiapoptotic protein Bcl-2 andhe gap between the SAMR1 mice and the untreated SAMP8
proapoptotic protein Bax can regulate the permeability of thmice. Similar to the results of a spatial acquisition test, Cy3Gal
mitochondrial outer membrane, and thus regulate apoptositso signcantly increased the times of the SAMP8 mice to
through caspase-9- and caspase-3-dependent pativeays. cross the safe platforfiqure 8). The results indicated that
observed that Cy3Gal sigmintly inhibited the activation of Cy3Gal had a protectiveeet on spatial learning and memory
caspase-9 and caspase-3, while they were obviously activateédpairments in aged mice.
the brain of the SAMP8 mice. As showfigure B, the Notably, Cy3Gal increased the total swimming distance and
expressions of the cleaved caspase-9 and cleaved caspapeedl of the SAMP8 mic&iqure €,D), which was
were signcantly reduced after administration with Cy3Gal.consistent with the improvement of exercise endurance in
Overall, Cy3Gal displayed the potential to inhibit neurorihe rotating rod tesSupplementary Figure Mesting can be
apoptosis involving the mitochondrial pathway in aged micesed as an indicator of cognitive dysfunction in the
The results were consistent with the neuroprotectiess@s  pathological process of ADThe nesting test showed that
shown in histological examinatioRgyfre 2and Supple-  the average score of nesting in the SAMR1 mice was 3.83
mentary Figure)6 0.40 (the total score was 5), and the mice used paper to build a
Cy3Gal Improved the Cognitive and Memory clean bowl-shaped nest with feces concentrated on the other
Abilities of Aged Mice. To explore whether the improve- side of the nest. In contrast, SAMP8 mice only scoretl 1.83
ment in energy metabolism by Cy3Gal helped to delay AD, vie75. The SAMP8 mice could build cup-shaped nests with
performed the MWM test to evaluate the spatial memory armhper scattered around the nest after the administration of low
behavioral ability of aged mice. In the spatial acquisition tedipse and high dose of Cy3Gal, and the mice scoretl 3.00
the escape latency looking for a safe platform decrease63 and 2.88 0.98, respectivel$pplementary Figurg 8
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Figure 5E ects of Cy3Gal on the Accumulation in the brain of aged mice. Representative radiology iiffage&sisfuptake in mice brains
of di erent groups before (A) and after 8-week (B) administration with C§iB®@aI45 uptake in mice brains ofedént groups was assessed
by measuring the SUVR; the higher ratio, the high&Fth&/45 uptake.

Figure 6.Interaction between Cy3Gal and Akt. Molecular docking of the interaction between AKT and Cy3Gal: (A) complex view and (B)
binding simulation analyses of 2D interactions between AKT and Cy3Gal. (C) Representative Western blot images and analysis of activated
in mice brainsn(= 4). *p < 0.05 and* p < 0.01.

Those results indicated that Cy3Galcavely improved the analysis, PET images were visually analyzed to evaluate the

behavioral abilities of aging mice, which has the potential éistribution of radioactiVéF-AV45 in each brain region of

improve cognitive dysfunction. mice, and the SUVR 8F-AV45 was calculated to evaluate
Cy3Gal Reduced A Accumulation in Brain of Aged the value of A load. A small amount dfF-AV45 was

Mice. The abnormal accumulation of M the central  deposited in the brain SAMR1 mice after 8 weeksXien

nervous system was one of the important signs 6fFAD. AV45 deposition increased remarkably in the brain of the

AV45 PET, had high aity, sensitivity, and spexiy with SAMPS8 miceRigure B). In the SAMP8 mice, the Aoad

A , was used to mark the foad>® Through brain imaging increased in the hippocampus, basal forebrain, olfactory bulb,
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striatum, midbrain, superior colliculus, hypothalamus, thalpromotes the pathological process of AD by inducing oxidative
mus, and central gray matter, whilenainly accumulated in  stress and blocking the production of neurotransiifitms.
the olfactory bulb region of the SAMR1 migplementary  the other hand, the toxic protein, such asgdgregates, in
Figure 9. Low and high doses of Cy3Gal displayed cagi brains may induce mitochondrial dysfunction and oxidative
improvement ects of the Aload (Figure B), as shown in  stress and thus accelerate the disorder of energy metabolism,
Supplementary Figure @y3Gal signcantly reduced the  nally forming a vicious ciréteThus, here we provided a
range and degree of Wad in the brain of the SAMP8 mice. potential strategy for the treatment of AD from the perspective
The results were veed by the immunohistochemistry of energy metabolism, and sicgmt e ects were observed.
analysis for mice brain tissue inedint groups. Large Nearly 95% of AD patients were sporadic AD (sAD) without
amounts of plaques acclaed in the hippocampus a family history. sAD is the most prevalent form of age-related
(Supplementary Figure )0and cerebral cortexS(pple-  dementi&” Therefore, the appropriate animal model is also
mentary Figure 10Bf the SAMP8 mice, where the levels of crucial for further elucidating the pathogenesis of SAD and the
plaque decreased after the Cy3Gal administration. The results/elopment of ective drugs. We used SAMP8 as an AD
suggested that early intervention of Cy3Gal delayed thmouse model to investigate the cognitieete of Cy3Gal
pathological progression related to AD in the mice brainsdministration. The SAMP8 mice have signt advantages
during aging. in studying sporadic cases of late-onset AD, which display age-
Cy3Gal Likely Targeted Akt Factor.We next explored related cognitive impairment and many pathological features of
the possible ect of Cy3Gal on improved cognitive impair- AD, including an abnormal expression of anti-aging factors,
ment and energy metabolism in the brain. PI3K/Akt signalingxidative stress, mmmation, A deposits, tau hyper-
plays an important role in the regulation of energy metabolisphosphorylation, endoplasmic reticulum stress, abnormal
and apoptosis. At the same time, the abnormal control of thgitophagy activity, and disruption of intestined®® In
PI3K/Akt axis is considered to be the pathogenic node of ARddition, the SAMR1 mice with normal senescence phenotypes
and the abnormal PI3K/Akt signaling is considered to be thgre commonly used as a background control of the SAMP8
early feature of AW.Therefore, it is most probable that mice. Therefore, the SAMPS8 mouse was also an appropriate
Cy3Gal might act the PI3K/Akt pathway, leading to the animal model in researching drugs for sAD.
benecial e ects on neuroprotection. To verify our hypothesis, From the perspective of nutrition, anthocyanins show great
we rst used molecular dynamics simulation to predict thereventive and therapeutic potential of*ABurther, as
interactions between Cy3Gal and PI3K/Akt. Moleculamatural compounds, anthocyanins are safer and easier to
docking results showed that the binding of Cy3Gal witlybtain. We choose a berry anthocyanin, Cy3Gal, which is
PI3K was weakS@ipplementary Figure 11A,B and Suppleabsorbed faster in the body to intervene in the progress of
mentary Table)2However, the combination of Cy3Gal and aging of mice. We found that glucose metabolism in the mice
Akt was much stronger, stabilized by both hydrogen bonds apghins declined with aging, while the glucose metabolism in
hydrophobic forces. As shownFigure &,B, Cy3Gal was di erent regions of the brain did not show a siani
buried in the hydrophobic cavity of Akt, surrounded/®y  decrease after Cy3Gal administration. Amoeigdt regions
hydrogen bonds (Glu198, Asp292, Thr312, and Lys276) anf the brain, the olfactory bulb was the cause of concern. The
two hydrophobic interactions (Asp274 and Phel61). Notablyjlucose metabolism in the olfactory bulb, wheveas easily
Asp274 and Phel6l are precisely the metabolic sites of Aggcumulated, decreased sigmitly with aging. Comparably,
Consistent with the results of molecular docking, Cy3Gaty3Gal had less ect on the glucose metabolism and
promoted the activation of Akt in the mice brains but not PI3kgccumulation of Ain this region $upplementary Figures 2
(Figure € and Supplementary Figure )10he results  and 7. Previous studies have shown that patients with AD
suggested that Cy3Gal was bound to the active site of Akt agéveloped olfactory dysfunction beforedéposition and

activated downstream signal pathway. cognitive impairmeft.The present results suggested that the
olfactory bulb region was sensitive to aging, and the region
DISCUSSION may be used as a target area for detecting glucose metabolic

Early diagnosis of AD is crucial for early arattige rate, which could be used to predict or diagnose AD in the
therapeutic interventions and reduces the risk of AD. PET caarly stage.

be used to analyze the glucose utilization of the brain, and it isMitochondria is the site of energy metabolism in eukaryotes,
considered to be the most reliable tool for the early diagnosigd only when it maintains normal functions, can it provide
of AD® In this study, we used PET/CT to monitor the su cient fuel to support nerve cell function. When the level of
changes in energy metabolism in the mice brains during agimgochondrial energy metabolism is decreased, it edtl a

to further evaluate the exts of early intervention on AD- insulin signal transduction, glucose receptor changes, and the
related pathologies and symptoms. Brain glucose metaboligratabolic phenotype of astrocytes, thus accelerating the onset
has become an important tool for the diagnosis of many braii AD*° In addition, the neuron apoptosis regulated by
diseases, including neurodegenerative diseasepatients  mitochondria is also an important reason for the pathogenesis
with AD, a decline in glucose utilization in the brain (especiallyf AD*’ Apoptosis occurs in the early stage of AD. Neuron

in the hippocampus and cerebral cortex) is related to learnirigss in the brain is one of the most important pathological
memory, and cognitive impairmé&ritloreover, the decrease features of AD. We found that Cy3Gal attenuated apoptosis in
of brain glucose uptake has been considered an early ahd brain of mice with aging, especially neuronal damage in the
accurate biomarker of AD neural atrophy and dysfutiction.hippocampus and cerebral corféx (e 2andSupplementary

More and more evidence shows that the disorder of braifigure $. The apoptosis of neurons in CA1 and DG areas of
energy metabolism occurs in the preclinical stage of AD befargce hippocampus might lead to the impairment of nerve cells,
pathological changes and eventual cognitive impaftiient. obstruction of signal transduction, and decline of cognition in
The disorder of energy metabolism in the brain furthemice as observed in the MWM tdsg(rre 3. In particular,
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Figure 7.Schematic diagram representing the mechanism of Cy3Gal improving cognitive impairment in AD model SAMP8 mice (upper pan
and animal experiment protocols (lower panel).

the Bcl-2 family proteins, the key factors for mitochondridtinase-3 gGSK—S), mammalian target of rapamycin
quality control, are involved in the regulation of mitochondrigdmTOR).>*>? They are always used as targets for AD drug
autophagy, apoptosis, mitosis, and fd%{6nCy3Gal development and reseatth.

increased the Bcl-2 expression in the brain tissue of ageddased on the results of our study, tleets of Cy3Gal on

mice, which inhibited the activation of the caspase apoptogieviating cognitive impairment caused by aging can be
pathway, and ectively protected nerve cells in the cerebraFoncluded inFigure 7 We demonstrated that an 8-week
cortex and hippocampusdures 2and3 andSupplementary int.erventi(_)n with _CyBGaI improved the_ glucose uptake in the
Figure 5. In addition, nesting behavior was improved bymice brains during aging and ameliorated the pathologic
Cy3Gal in the SAMP8 mic8upplementary Figurg #hich ~ changes, such as neuronal damageexpression, and
might be closely related to the improvement of hippocamp#itochondrial dysfunction, displaying greatte on spatial
functio?® To nd out the molecular targets, and to explainl®@ning and memory impairments in aged mice. The results
the pathway of Cy3Gal regulating on energy metabolism af@n rmed the ecacy of Cy3Gal in improving cognition and -
mitochondrial function, we majored in the key upstrearff€Uroprotection against energy metabolism challenges in mice
modulators. PI3K/Akt axis is widely concerned because it hgains with aging. Akt may be a target for Cy3(_3a_| to exert early
the pathogenic node in almost all major aging diseases. TleenetS against AD. Our study reveals a promising nutritional
PI3K/Akt pathway plays an important role in key events jprategy at the interface of healthy brain aging.

AD, such as metabolic control, stress response, synaptic
plasticity, protein stability, and sc“bim addition, the PI3K/ ASSOCIATED CONTENT

Akt pathway is an important regulator of the cell energ§ Supporting Information

metabolism that is involved in the intracellular glucose uptaRdie Supporting Information is available free of charge at
and metabolism. Akt can induce the expression of glycolytigps://pubs.acs.org/doi/10.1021/acs.jafc.1cQ6240

enzymes and promote the expression and recruitment of ;

glucose receptors on the cell membfakiet was activated by ft;p:}%e?ggtgry FiguresIl and Supplementary Tables
Cy3Gal in this studyF{gure 8). The molecular docking

showed that Cy3Gal was bound in the hydrophobic cavity of

Akt with hydrogen bonds and hydrophobic interadtigare AUTHOR INFORMATION

6B,C). On the other hand, Cy3Gal hasural availability Corresponding Authors
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