
 X.Y. Liu et al. / Food Science and Human Wellness 15 (2026) 9250496 1

1.  Introduction

The global rise in aging populations poses a major socioeconomic 
challenge, particularly due to the increasing incidence and prevalence 
of neurodegenerative diseases (NDs)[1], such as Alzheimer’s disease 
(AD) and Parkinson’s disease (PD), both of which are strongly 
associated with cognitive dysfunction. Meanwhile, disruptions 
in brain glucose metabolism are acknowledged as key features 
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A B S T R A C T
 

Neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s disease, are associated with 
cognitive impairment and impaired brain glucose metabolism, posing significant challenges for the public 
health. We previously demonstrated that cyanidin 3-O-β-galactoside (Cy3Gal) from black chokeberry 
alleviated cognitive impairment in aging mice through regulating brain energy metabolism in a direct way. 
However, the indirect mechanisms in mitigating brain glucose hypometabolism remain underexplored. 
Here, we utilized a bilaterally intracerebroventricular injection of streptozotocin (ICV/STZ, 3 mg/kg bw)-
induced brain glucose hypometabolism model to investigate the effects of Cy3Gal on cognitive impairment 
alleviation. Our findings revealed that Cy3Gal administration significantly improved memory deficit and 
cognitive impairment in ICV/STZ-administrated mice. Subsequently, Cy3Gal showed excellent abilities in 
inhibiting astrocyte overactivation, regulating neurotransmitters metabolism, and promoting synaptic plasticity. 
Furthermore, Cy3Gal enhanced brain glucose metabolism by improving glycolysis and the TCA cycle. 
Additionally, Cy3Gal modulated levels of gut microbiota-derived metabolites, including acetate, butyrate, 
histidine, glutamine, serine, valine and isoleucine, which were closely linked to brain glucose metabolism. The 
in vitro results further demonstrated that these metabolites played an important role in the neuron-astrocyte 
energy metabolism, which accounted for the alleviation of glucose hypometabolism. Overall, our findings 
suggest that Cy3Gal mitigates ICV/STZ-induced cognitive impairment by modulating gut microbiota-derived 
short-chain fatty acids and amino acids, which in turn improves brain glucose metabolism.
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of these disorders[2]. Additionally, reduced energy utilization and 
impaired energy metabolism in neurons can affect the expression of 
synaptophysin (Syn) and postsynaptic density protein 95 (PSD-95), 
impairing the ability of neurons to maintain synaptic homeostasis[3]. 
Streptozotocin (STZ) is a glucosamine-nitrosourea compound isolated 
from Streptomyces achromogenes[4], and the findings demonstrated 
that a single or double intracerebroventricular injection of STZ could 
decrease cerebral glucose uptake and produce pathological and 
behavioral features similar to AD[5-6]. STZ-induced animal model is 
widely utilized to study the AD-liked symptoms induced by the brain 
glucose hypometabolism[7].

The human intestine hosts a wide variety of microorganisms from 
infancy, and the composition of gut microbiota plays a vital role in 
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nutrition, immune responses, and pathological processes[8-9]. Recent 
research highlights the significant influence of gut microbiota on 
the development of NDs[10]. Given that dietary components act as 
substrates for gut microbes, the types and frequency of food intake 
significantly influence the synthesis of downstream metabolites, 
contributing to host physiological processes and brain health[11-12]. 
Among these metabolites, short-chain fatty acids (SCFAs), 
which are saturated fatty acids with one to six carbon atoms, 
are particularly important for various metabolic processes[13]. 
Acetate, propionate, and butyrate are the most abundant SCFAs 
in the gut, making up over 95% of the total SCFA content[14-15]. 
Numerous studies have shown a link between lower levels of 
SCFA-producing bacteria and reduced SCFA concentrations in 
individuals with mild cognitive impairment and AD[16]. Amino 
acids (AAs), serving as neurotransmitters, metabolic regulators, 
and neuromodulators, exert crucial functions in the central nervous 
system (CNS). The gut microbiota can metabolize and transform 
numerous AAs, many of which are neurotransmitter participating 
in brain energy metabolism and impacting brain function[17-18]. 
In summary, dietary interventions that target the modulation of 
SCFAs and AAs may offer a promising strategy for preventing 
NDs and mitigating cognitive decline.

Astrocytes, the most abundant and specialized cell-type in 
CNS, provide essential metabolic support for neighboring neurons. 
Notably, astrocytes are highly efficient at absorbing glucose, 
which they convert primarily into lactate through glycolysis[19]. 
The lactate shuttle between astrocytes and neurons is essential 
for maintaining normal brain function. Lactate not only provides 
energy to neurons, but also mediates long-term memory and 
increases neuronal excitability[20]. However, during the process of 
AD and other neurological injuries, astrocytes undergo significant 
changes in both their structure and function[21], including cell 
hypertrophy and the upregulation of intermediate filament 
protein, glial fibrillary acidic protein (GFAP). Recent studies 
have also highlighted a link between gut microbiota and astrocyte 
function, showing that changes in gut microbiota composition and 
metabolites can influence astrocyte proliferation and activity[22]. 
Therefore, it is possible to maintain neuronal activity by regulating 
the neuron-astrocyte metabolic coupling.

Our previous study has proved that the dietary intervention of 
cyanidin 3-O-β-galactoside (Cy3Gal) combat the decreased brain 
glucose uptake, contributing to the cognitive improvement. Using 
PET/CT imaging, we examined glucose metabolism in various 
regions of the mouse brain, quantifying it with the standard uptake 
value ratio of 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG). Both low 
and high doses of Cy3Gal reversed the declining trend in glucose 
uptake[23]. Additionally, we also revealed that Cy3Gal directly 
regulating the brain glucose metabolism under the challenge 
high-fat/high-sugar-diet induced glucose disorder, which could 
be attributed to the improved glucose uptake and metabolism of 
skeletal muscle and activated mitochondrial respiratory chain 
complexes[24]. Therefore, given the established link between brain 
glucose hypometabolism and cognitive impairment, we utilized a 
bilaterally intracerebroventricular injection of STZ (ICV/STZ)-
induced mice model and metabolomic analysis to explore the 
indirect mechanism by which Cy3Gal alleviates brain glucose 
hypometabolism and the associated cognitive impairment.

2.  Materials and methods

2.1 Chemicals

Cy3Gal (purity ≥ 95%) was purified from black chokeberry (Aronia 
melanocarpa (Michx.) Elliott) in our previous study[25], purity (0.952 g/g) 
of which is evaluated by HPLC method (Process 1 in the supplementary 
material and Fig. S1). PSD-95 and interleukin-6 (IL-6) rabbit monoclonal 
antibody, C3/C3a rabbit polyclonal antibody, bicinchoninic acid 
(BCA) assay kit, cell counting kit-8 (CCK-8 kit), RIPA lysis buffer was 
purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). 
GFAP and Syn rabbit polyclonal antibody was purchased from 
Wuhan Sanying Proteintech Group Inc. (Wuhan, China). All standards 
(purity ≥ 95%) of glucose-derived intermediates, AAs, SCFAs, 
neurotransmitters, and STZ were purchased from Sigma Aldrich Co. 
(St. Louis, MO, USA). All HPLC grade reagents were purchased from 
Anpel Laboratory Technologies (Shanghai) Inc. (Shanghai, China). 
All other reagents were of the highest grade commercially available.

2.2 Experimental animal and intervention protocol

The 12–13 weeks old male C57BL/6N (specific pathogen free) 
mice were obtained from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China). All mice were kept in 
a temperature-controlled ((22 ± 2 ) °C) animal facility under a 12 h  
dark-light cycle. Water and food were available ad libitum. After 
adaption, 40 mice were randomly divided into two groups (n = 10). The 
model group mice were anesthetized with 5% pentobarbital sodium and 
fixed on the brain stereotaxic device. After the surface disinfection, an 
incision was made in the scalp. Subsequently, the needle was inserted 
vertically 2 mm from the surface of the brain, and STZ was bilaterally 
ICV injected (3 mg/kg bw, injection volume: 5 μL, injection speed: 
0.4 μL/min)[26]. The needle was retained in position for 5 min after the 
injection. While control (CK) group received bilateral ICV injection 
of saline. After withdrawing the needle, the incision was locally 
disinfected and sutured. The injection was repeated at the original 
position the other day.

Dietary intervention was started 24 h after surgery. The CK and 
model group mice were orally administrated with 0.2 mL sterile water. 
While the Cy3Gal-Low and Cy3Gal-High group mice were orally 
administered with low (25 mg/kg bw) or high (50 mg/kg bw) doses of 
Cy3Gal, respectively, dissolved in 0.2 mL sterile water. Fasting blood 
glucose (FBG) was measured every week, and fresh fecal samples 
were collected after the second week of intervention. All mice 
were subjected to behavioral tests after 4 weeks of administration. 
Subsequently, they were anesthetized with 5% pentobarbital sodium, 
and the serum, brain, and intestinal contents were collected. All 
experiments were approved by the Animal Ethical and Welfare 
Committee (No. NKYY-DWLL-2021-001).

2.3 Oral glucose tolerance test (OGTT)

The OGTT was carried out every week according to a previous 
study[27]. Mice were fasted overnight and then glucose (1.0 g/kg bw) was 
orally administered. Blood glucose from the tail vein was measured 
with glucose oxidase method at 0, 30, 60, 90, and 120 min after 
glucose challenge.
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2.4 Y-maze test

After 4-week dietary intervention, the Y-maze test was conducted 
as previously described with minor modifications[28]. The Y-shaped 
maze consists of three arms (8 cm × 30 cm × 15 cm, width × length × 
height) with a 120° angle from each other. Three arms were 
randomly designated as start arm, food arm and wrong arm. The 
test includes adaptation, training and testing trials. The camera 
system recorded the behavior of the animals. The times and total 
distance of mice entering the food arm within 6 min were recorded 
as the indexes. Recognition of the food arm from three arms is 
considered to have the good spatial recognition and memory 
abilities. All the maze arms were cleaned with 70% ethanol 
between trials.

2.5 Nissl staining

The collected brains were preserved in 4% paraformaldehyde. 
Serial coronal sections (25 µm thickness) were prepared using a 
cryostat (Leica Microsystems, Wetzlar, Germany), which were 
washed twice for 5 min in 0.01 mol/L PBS and incubated in 1% 

toluidine blue staining solution for 5‒10 min at 20‒25 ℃. Then, 
the sections were rinsed in distilled water, soaked in 95% ethanol 
for 30 min, and dehydrated in 100% ethanol. After dehydration, 
the sections were placed in xylene and cover-slipped using resin 
medium. The number of neurons in the hippocampus and cerebral 
cortex was quantified using Image-Pro Plus software (Wayne 
Rasband, NIH, Bethesda, Maryland, USA).

2.6  Immunofluorescence staining

Fixed brain sections were rehydrated and subjected to antigen 
retrieval in citric acid antigen repair buffer (pH 6.0) for 10 min 
at 95‒100 ℃. Tissues were then blocked with bovine serum 
albumin (BSA) for 30 min, then incubated in primary antibody 
(anti-Syn, 1:500; anti-PSD-95, 1:200; anti-C3, 1:200; anti-GAFP, 
1:200, 4 ℃) and florescent secondary antibody (goat anti-rabbit, 
1:400, 2 h at 25 ℃). After antibody incubation, nuclear staining 
was performed using 4′,6-diamidino-2-phenylindole (DAPI). The 
sections were visualized using fluorescent microscope (Olympus, 
Tokyo, Japan). Images were analyzed with ImageJ software.

2.7 Western blot analysis

The frozen brains were homogenized in RIPA lysis buffer 
and centrifuged at 12 000 × g for 15 min. Protein concentrations 
were determined using a BCA assay kit. The protein samples were 
separated by SDS-PAGE, transferred to the polyvinylidene fluoride 
(PVDF) membrane, and blocked with 5% skim milk for 2 h. The PVDF 
membrane was then incubated with specific primary antibodies 
(anti-PSD-95, 1:1 000; anti-Syn, 1:1 000; anti-IL-6, 1:1 000; anti-GFAP, 
1:1 000) at 4 ℃. Horseradish peroxidase binding secondary 
antibody was incubated with the PVDF membrane. The proteins 
were visualized by chemiluminescence reagents and analyzed 
using the gel recording system (GelDoc-It 310 imaging system).

2.8 Metabolomic analysis

2.8.1 Determinat ion of  brain glucose metabol ism 
intermediates

Intermediates of glucose metabolism in brain samples were 
extracted and determined using ultra-high performance liquid 
chromatography-mass spectrometry (UPLC-MS) method, as performed 
in Process 2 in the supplementary material. All the intermediates were 
identified and quantified according to the standards (Table S1).

2.8.2 AAs content measurement

AAs in brain, serum, colonic contents, and cecal contents were 
extracted and determined using UPLC-MS methods[29], as performed 
in Process 3 in the supplementary material. All the AAs were 
identified and quantified according to the standards (Tables S2–S3).

2.8.3 SCFAs content measurement

SCFAs in brain, serum, colonic content and cecal content were 
extracted (Process 4 in the supplementary material) and detected by 
gas chromatography. Bruker Scion 456-GC coupled with Agilent 
DB-FFAP column (30 m × 0.25 mm, 0.25 μm, J&W Scientific, 
Folsom, CA, USA) was employed. Helium was used as carrier gas 
and at a flow rate of 1.0 mL/min. Injection was made in the split 
mode at a ratio of 10:1 and the injection volume were 1 μL. The oven 
temperature was held at 80 ℃ for 2 min, raised to 180 ℃ at a rate of 
10 ℃/min and held at 180 ℃ for 2 min, then raised to 230 ℃ at a rate 
of 3 ℃/min and held at 230 ℃ for 5 min. Flame ionization detector  
was employed for detection at 240 ℃. All the SCFAs were identified 
and quantified according to the standards (Table S4).

2.8.4 Neurotransmitters content measurement

Neurotransmitters in the brain were extracted and determined 
using UPLC-MS method[29], as performed in Process 5 in the 
supplementary material. All the neurotransmitters were identified and 
quantified according to the standards (Table S5).

2.9 Cell culture and treatment

HT22 cells and GL261 cells (BeNa Culture Collection, Beijing, 
China) were cultured in DMEM (containing 25 mmol/L glucose) 
and DMEM/F-12 (containing 17.5 mmol/L glucose) with 10% fetal 
bovine serum and 1% penicillin-streptomycin, respectively. Briefly, 
cells were seeded into 96-well plates (100 μL/well) and treated with 
different concentrations of glutamine, histidine, isoleucine, serine, 
valine, sodium acetate, and sodium butyrate. After incubation for 24 
and 48 h, the cells were washed twice with PBS, then 100 μL medium 
and 10 μL CCK-8 reagent was added for an additional 1 h. Finally, 
the cell viability was determined according to instructions.

Subsequently, we focused on the effects of Mixture I (acetate, 
butyrate, histidine, glutamine, and serine) and Mixture II (isoleucine 
and valine) on the neuron-astrocyte metabolic coupling. Briefly, HT22 
and GL261 cells were seeded into the upper and lower chambers of a 
Transwell system until 80% confluence, respectively. Afterwards, 
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the original medium was removed and the cells were starved 
with EBSS for 2 h. Furthermore, the treatment of each group was 
described in Table S6. Following 48-h incubation, the medium 
was collected to detect the concentrations of glucose and lactate 
according to the assay kits (Nanjing Jiancheng Bioengineering 
Research Institute, Nanjing, China), and the HT22 cells were 
collected to detect the ATP content. GL261 cells were collected to 
determine the expression of GFAP by Western blot, following the 
protocol described in Section 2.7.

2.10 Statistical analysis

Data are presented as mean ± standard deviation. The test 
data were processed by one-way ANOVA using the SPSS version 
20.0 software package. Multiple comparisons of the data were 
performed via Tukey’s test, which was used to compute significant 
differences at P < 0.05, P < 0.01 and P < 0.001.

3.  Results

3.1  Cy3Gal alleviated memory deficit and cognitive impairment

The 12‒13 weeks old mice received oral administration of a 
vehicle solution and Cy3Gal for 4 weeks, followed by behavioral 
tests and biochemical analysis (Fig. 1A). To assess the potential 
of Cy3Gal in improving cognitive function, the Y-maze test was 
performed on ICV/STZ-administered mice. The number of entering 
the correct arm (P < 0.05, Fig. 1B), the total time to explore in the 
correct arm (P < 0.001, Fig. 1C) and the total moving distance in the 
correct arm (P < 0.001, Fig. 1D) in model group were significantly 
reduced compared with CK group. Notably, the administration of 
Cy3Gal at both low and high doses markedly ameliorated the cognitive 
deficits (P < 0.05, P < 0.01, P < 0.001, Fig. 1), illustrating the 
mitigating effects of Cy3Gal on cognitive impairment in ICV/
STZ-administrated mice.

Fig. 1 Cy3Gal alleviated cognitive impairment in STZ-administrated mice (n = 6). (A) Experimental workflow of animal treatments. (B) The number of entering 
the correct arm of mice in Y-maze. (C) The duration time in the correct arm. (D) The total moving distance of mice in the correct arm. (E) Representative action 

tracks (upper panel) and heat maps of action track (lower panel) of mice among different groups. *P < 0.05, **P < 0.01, ***P < 0.001.
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3.2 Cy3Gal improved glycolysis and TCA cycle metabolism 
in brain

Within confines of the CNS, STZ can impede the process 
of glucose uptake and metabolism in neuronal cells, leading 
to compromised energy and glucose utilization in the brain, 
potentially culminating in cognitive decline[30].  Firstly, we 
diligently tracked the FBG levels of mice both before and 
after a 4-week period following the ICV/STZ. The results 
revealed that both STZ injection and Cy3Gal intervention had 
no significant impact on the FBG levels (P > 0.05, Fig. S2), 
which was consistent with the previous research[31]. Furthermore, 
levels of glycolysis intermediates in ICV/STZ-administrated mice 
decreased compared with CK mice (Fig. 2A), including fructose 
1,6-bisphosphate (P < 0.01), glyceric acid 3-phosphate (P < 0.01),  
glyceric acid 2-phosphate (P < 0.01) and pyruvate  (P < 0.001). 
However, Cy3Gal treatment markedly elevated the concentrations 
of these intermediates. In addition, Cy3Gal-Low and Cy3Gal-High 
intervention significantly increased lactate levels compared to 

model group (P < 0.01, Fig. 2A), implying that Cy3Gal effectively 
enhanced glycolysis metabolism in the brain.

Regarding the TCA cycle, notable reductions were observed in various 
intermediates compared to the CK group, including acetyl-CoA, 
citrate, isocitrate, α-ketoglutarate, succinyl-CoA , fumarate and 
oxaloacetate, levels of which were decreased by 34.19%, 25.38%, 
17.36%, 31.09%, 33.59%, 16.20%, and 21.38%, respectively 
(Figs. 2B-H). While Cy3Gal intervention reversed the decline of 
these intermediates except for α-ketoglutarate. Additionally, the 
results highlighted that Cy3Gal-Low and Cy3Gal-High treatment 
significantly enhanced the NAD+/NADH ratio (fold change (FC) of 
Cy3Gal-Low and model (FCLow) = 1.68, P < 0.001; FC of Cy3Gal-
High and model (FCHigh) = 1.80, P < 0.001, Fig. 2L) and reduced AMP/
ATP ratio (FCLow = 0.71, P < 0.001; FCHigh = 0.83, P < 0.01, Fig. 2M). 
Therefore, these findings suggested that Cy3Gal could improve 
brain energy metabolism in ICV/STZ-administrated mice by 
enhancing glycolysis and modulating TCA cycle pathway.
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3.3 Effect of Cy3Gal intervention on the correlations 
between gut microbiota metabolites and glucose metabolism 
intermediates

Convincing evidences support the hypothesis that SCFAs and 
AAs produced by the gut microbiota could act as essential role in 
regulating energy metabolism. We analyzed the levels of SCFAs 
and AAs in the colonic contents, cecal contents, brain, and serum 
of mice (Tables S7‒S11). The results demonstrated that acetate and 
butyrate levels significantly decreased in the model group (P < 0.001, 
Fig. 3A), which were reversed by Cy3Gal intervention. In contrast, 
STZ induction and Cy3Gal treatment exhibit inconsistent effects 
on the levels of different AAs (Fig. 3B). Interestingly, the levels of 
acetate, butyrate, glutamate, glycine, histidine, glutamine, tryptophan, 
and serine demonstrated a primarily positive correlation with the 
concentrations of key glucose metabolism intermediates (Fig. 3C). 
Conversely, the concentrations of alanine, isoleucine, methionine, 
tyrosine, and valine were found to exhibit a negative correlation. 
These metabolites could potentially act as crucial mediators involved 
in the regulation of brain glucose metabolism in Cy3Gal-treated mice.

Furthermore, a pronounced relationship was evidenced through 
a comparative analysis of the alterations in levels of SCFAs and 
AAs across different sections. Interestingly, the results indicated 
that the levels of glutamine, histidine, isoleucine, glycine, serine, 
and valine in serum and brain were positively correlated (P < 0.001, 
Fig. 3D). Additionally, levels of glutamine and serine in the cecal 
and colonic contents exhibited a significant positive correlation with 
those in the serum (P < 0.001). Dietary supplementation of serine 
was found to ameliorate dyslipidemia and attenuate diabetes-induced 
peripheral neuropathy in mice[32]. The concentration of histidine in 
colonic contents and that of isoleucine in cecal contents both showed 
positive correlations with those in serum (P < 0.001). Restricting 
intake of isoleucine or valine had the potential to reshape hepatic lipid 
metabolism, enhance hepatic insulin sensitivity, and boost energy 
consumption[33]. Valine levels in cecal and colonic contents were found 
to be negatively and positively correlated with those in serum (P < 0.001,  
Fig. 3E), respectively. Collectively, these results indicated that there was 
a strong relationship between the levels of acetate, butyrate, glutamine, 
histidine, serine, isoleucine, and valine and brain glucose metabolism.
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3 .4  Cy3Gal  inhib i ted  the  hyperprol i fera t ion  and 
hyperactivation of astrocytes

Astrocytes, classified as innate immune cells, play a pivotal 
role in the CNS as they synthesize and release nerve growth factors 
and neurotransmitters, which enhance neuronal survival and inhibit 
neuronal apoptosis[34-35]. We employed complement C3 and GFAP 
as biomarkers to evaluate the activation state of astrocytes in the 
hippocampus. The results showed that C3/GFAP-positive cells were 
abundant in CA1, CA2, CA3 and DG regions of the hippocampus 

in model group, while their quantity in CK and Cy3Gal-treated mice 
exhibited a significant decrease (Fig. 4A). Furthermore, both 
Cy3Gal-Low and Cy3Gal-High treatment significantly decreased the 
immunofluorescence intensity of C3 (P < 0.05, P < 0.001, Fig. 4B) 
and GFAP (P < 0.05, P < 0.01, Fig. 4B) in astrocytes. Additionally, 
we observed a notable increase in GFAP expression within the cerebral 
cortex of the model group (P < 0.05, Fig. 4D), a trend that was effectively 
reversed by Cy3Gal-High treatment (P < 0.05, Figs. 4C–D), while  
Cy3Gal-Low had no significant effect (P > 0.05, Fig. 4D). Subsequently, 
we observed a significant increase in the expression of IL-6 in the 

Fig. 4 Cy3Gal inhibited hyperproliferation and hyperactivation of astrocytes in STZ-administrated mice (n = 3). (A) Representative immunofluorescence staining sections of  
C3 and GFAP in the mice hippocampus from different groups. (B) Quantification of positive area based on immunofluorescence staining sections. (C) Representative 

Western blots of GAFP and IL-6. (D) Relative optical density of GAFP and IL-6. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the model group.

Fig. 3 (Continued)
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model group (P < 0.001), which was markedly attenuated by both 
Cy3Gal-Low and Cy3Gal-High treatments (P < 0.001, Fig. 4D). These 
results suggested that Cy3Gal possessed the capability to suppress 
the exaggerated activation and inflammatory reactions of astrocytes 
in the hippocampus and cerebral cortex of mice under conditions of 
compromised brain energy metabolism, which play a crucial role in 
maintaining the normal physiological activities of neurons.

3.5 Cy3Gal exerted neuronal protection through enhancing 
synaptic plasticity and regulating the metabolism  of 
neurotransmitters

Considering memory and cognitive impairment are closely related 
to neuronal damage in hippocampus and cerebral cortex, pathological 
examination of hippocampal neurons was performed. Nissl 
staining results illustrated the orderly and compact arrangement of 
hippocampal neurons in CK mice, characterized by distinct nuclei and 
prominent Nissl bodies within the cytoplasm, as highlighted by red 
arrows in Fig. 5A. However, neurons in CA1, CA2, and CA3 regions 
exhibited sparse distribution and cytoplasmic atrophy in the model 
group. Concurrently, the majority of neurons displayed Nissl body 
depletion, accompanied by a significant increase in neuronal apoptosis 

and loss. In contrast, Cy3Gal intervention ameliorated neuronal 
degeneration and injury, characterized by distinct round or oval nuclei 
and numerous Nissl bodies. Most of the energy acquired by neurons is 
used to generate neuronal action potentials and transmit information 
between synapses. The immunofluorescence staining results indicated 
a reduction in synaptic density within the hippocampus of model 
mice, with a more pronounced loss of local synapses compared 
to the CK group (Figs. 5B-C). However, Cy3Gal exerted a potent 
reversal of these alterations. Synaptic density was notably augmented 
within the hippocampus, accompanied by a significant elevation in the 
fluorescence intensity of Syn and PSD-95 in Cy3Gal-Low group 
(P < 0.01, Fig. 5D). While high dose of Cy3Gal demonstrated 
a better effect on Syn expression of the hippocampus (P < 0.001,  
Fig. 5D). Meanwhile, the Western blotting results showed that  
Cy3Gal-Low increased the expression of both Syn and PSD-95  
(P < 0.01, Figs. 5E-F), while Cy3Gal-High only increased the Syn 
expression (P < 0.05, Fig. 5F), indicating the potential of Cy3Gal 
to enhance synaptic plasticity of neurons.

Regulation of neurotransmitter homeostasis is a pivotal 
function of astrocytes within the CNS[36]. The results showed that 
eight neurotransmitters were significantly decreased compared 
to CK group except for 5-hydroxy-L-tryptophan (5-HTP), 
including acetylcholine, kynurenic acid, norepinephrine, tryptamine, 

Fig. 5 Cy3Gal protected synapses from damage in STZ-administrated mice (n = 3). (A) Representative Nissl staining images of the CA1, CA2 and CA3 regions in the 
mice hippocampus from different groups. (B) Representative immunofluorescence staining sections of PSD-95 (green) in the brain. (C) Representative immunofluorescence 
staining sections of Syn (red) in the brain. (D) Quantification of positive area based on immunofluorescence staining sections. (E) Representative Western blots of Syn and 

PSD-95. (F) Relative optical density of Syn and PSD-95. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the model group.

Fig. 4 (Continued)
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dopamine, GABA, 5-hydroxyindoleacetic acid (5-HIAA), and 
5-hydroxytryptamine (5-HT). While Cy3Gal treatment reversed the 
changes. The levels of acetylcholine (P < 0.01, P < 0.001), dopamine (P 
< 0.001, P < 0.01), norepinephrine (P < 0.01, P < 0.001), tryptamine 
(P < 0.01) and GABA (P < 0.01, P < 0.001) were significantly 
modulated by  Cy3Ga l -Low and  Cy3Gal-High t reatment 
(Fig. 6A), while Cy3Gal-High intervention also significantly 
increased the levels of 5-HTP, 5-HT and 5-HIAA (P < 0.001, 
P  < 0.01, Fig. 6A). These results demonstrated that Cy3Gal 
intervention helped regulate neurotransmitter synthesis and 
metabolism in the brain of the ICV/STZ-administrated mice. 
Furthermore,  we observed posi t ive correlat ions between 
glutamine and neurotransmitters such as glycine, 5-HIAA, 
5-HT, dopamine, acetylcholine, and GABA (Fig. 6B). This 
suggested that glutamine may enhance the synthesis of these 
neurotransmitters, thereby improving neuronal communication 
and cognitive functions. Similarly, histidine and serine showed 
strong positive correlations with major neurotransmitters (Fig. 6B), 
indicating their supportive roles in neurotransmitter synthesis and 
regulation. Conversely, negative correlations between isoleucine 

and neurotransmitters such as glutamate and tryptamine (Fig. 6B) 
suggest that elevated levels of isoleucine may inhibit neurotransmitter 
synthesis or activity, potentially impairing neuronal function. Valine 
also shows similar negative correlations (Fig. 6B), highlighting its 
potential detrimental impact on neurotransmitter levels. These results 
are consistent with the association between AAs and brain glucose 
metabolism intermediates. However, the levels of alanine, methionine, 
tyrosine, glycine, glutamate, and tryptophan in the mouse brain 
were also influenced by Cy3Gal intervention. Our results revealed 
significant enhancement in synaptic plasticity and direct/indirect 
regulation of neurotransmitters after Cy3Gal treatment.

3.6 Effects of the five AAs and SCFAs on neuron-astrocyte 
metabolic coupling

We employed an HT22-GL261 co-culture system (Fig. 7A)
to verify the effects of brain glucose metabolism-associated AAs 
and SCFAs on neuron-astrocyte metabolic coupling, along with the 
involvement of astrocytes in the regulation of neuronal energy metabolism[37]. 
Analysis of cell viability suggested that 8 mmol/L glutamine, 0.5 mmol/L 
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Fig. 6 Effect of Cy3Gal intervention on the alternation of neurotransmitters in mice brain (n = 3). (A) Levels of the neurotransmitters in mice brain among 
different groups. (B) Correlation analysis between AAs and neurotransmitters in the brain. *P < 0.05, **P < 0.01, ***P < 0.001.
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histidine, 0.1 mmol/L serine, 0.1 mmol/L valine, 0.5 mmol/L isoleucine,  
0.5 mmol/L butyrate, and 15 mmol/L acetate were chosen for the 
subsequent experiments (Figs. S3-S4). Furthermore, we employed a 
high-glucose (50 mmol/L glucose) culture environment to mimic the 
situation in the brain of STZ-induced brain glucose hypometabolism 
model. The results indicated that the viability of HT22 and GL261 
cells was 85.25% and 88.35% (P < 0.01, P < 0.05, Fig. S5), respectively, 
which was suitable for the experiment. Additionally, Mixture I 
significantly enhanced the viability of HT22 cells (P < 0.001) and had 
no significant effect on GL261 cells (P > 0.05). Mixture II had no 
significant effect on the viability of either HT22 or GL261 cells  
(P > 0.05). 

Initially, we examined the effects of Mixture I and Mixture II on 
the glucose absorption in HT22 cells. In the HT22 cells individual 
culture group, the glucose absorption rate was significantly 
reduced in the high-glucose environment (P < 0.001), which was 
promoted by Mixture I treatment (P < 0.05, Fig. 7B). The same results 
were observed in the co-culture system. Additionally, the glucose 
absorption of co-culture group was significantly promoted compared 
to individual culture in a normal environment (P < 0.01). Furthermore, 
high-glucose treatment significantly decreased the ATP production of HT22 
cells in both individual culture and co-culture group (P < 0.001), while 
Mixture I reversed the changes (P < 0.05). Afterwards, ATP production 

in HT22 cells was fostered by co-culturing with GL261 cells under both 
normal and high-glucose conditions (P < 0.05, Fig. 7C). Overall, acetate, 
butyrate, histidine, glutamine, and serine were capable of enhancing 
glucose absorption and augmenting energy production to protect the 
HT22 cells from damage of high-glucose. Meanwhile, GL261 
cells can participate in the regulation of energy metabolism. 
Subsequently, we observed that Mixture II notably reduced the 
glucose absorption rate of HT22 cells in both individual culture 
and co-culture group (P < 0.05, Fig. 7D). Additionally, Mixture 
II also reduced the level of ATP in both individual culture and  
co-culture group (P < 0.01, Fig. 7E). Meanwhile, ATP production in 
HT22 cells was significantly enhanced when co-cultured with GL261 
cells (P < 0.05). In summary, isoleucine and valine had a negative 
effect on glucose uptake and metabolism in HT22 cells, which was 
alleviated by GL261 cells.

Astrocytes are considered as the “glycolytic” cell, lactate released 
by which is the main energy source of neurons and is necessary to 
maintain neuronal activity[38]. We observed a significant reduction 
of lactate released by GL261 cells in high-glucose environment 
compared to normal environment (P < 0.001, Fig. 8A), while Mixture I 
treatment reversed the situation (P < 0.001). However, lactate content 
of HT22 cells in normal and Mixture I group was lower than that in 
high-glucose environment (P < 0.05, Fig. 8A), implying that lactate 

Upper

HT22 cells

A GL261 cells

Lower

Transwell

Fig. 7 Effects of brain glucose metabolism-associated AAs and SCFAs on neuron-astrocyte metabolic coupling (n = 3). (A) Cell experiment performance.  
(B, D) Effects of high-glucose environment and Mixture I treatment on the glucose consumption rate and ATP production of HT22 cells. (C, E) Effects of Mixture 

II treatment on the glucose consumption rate and ATP production of HT22 cells. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the Glucose  group;  
#P < 0.05, ##P < 0.01, compared with the CK group; °P < 0.05, °°P < 0.01, °°°P < 0.001.
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uptake by HT22 cells from GL261 cells was impeded under high-
glucose conditions. Furthermore, Mixture II significantly decreased 
the lactate content of GL261 cells (P < 0.01, Fig. 8B), while Mixture 
II treatment had no significant effect on the lactate content in 
HT22 cells (P > 0.05, Fig. 8B). Furthermore, we found that glucose 
absorption rate of GL261 cells was significantly enhanced under 
high-glucose stimulation (P < 0.01, Fig. 8C). However, Mixture 
I treatment did not significantly alter it, as well as Mixture II  
(P > 0.05, Figs. 8C and E). However, as trocytes  experience 
glucose metabolism dysregulation in a high-glucose environment. 
Despite increased glucose uptake, abnormal glycogen storage occurs, 
leading to a reduction in the metabolic efficiency and capacity of 
astrocytes[39]. It is consistent with the decrease in lactate levels 
secreted by GL261 cells in high-glucose environment.

Changes in astrocyte activity and function affect their energy 
supply and lactate release. We observed that expression of GAFP 
was significantly increased after high-glucose stimulation (P < 0.001), 
and Mixture I treatment reversed the situation (P < 0.05, Fig. 8D). 
Moreover, we observed that Mixture II had no significant effect 
on activation of GL261 cell (P > 0.05, Fig. 8F). Acetate, butyrate, 
histidine, glutamine, and serine are capable of mitigating the 
deleterious effects of high-glucose environment on neuronal cells and 
enhance the glucose metabolism capacity. Conversely, isoleucine and 
valine exhibit a negative regulatory effect on the glucose metabolism 
of neuronal cells.

4.  Discussions

The decline in brain glucose metabolism is a key factor in the 
onset and progression of AD. With the help of positron emission 
tomography (PET) with 18F-FDG, a proof-of-concept study revealed 
that glucose hypometabolism was detected in the brain of ICV/STZ-
administrated rats[40]. In our study, after ICV/STZ treatment, the mice 
brain exhibited signs of energetic stress, likely leading to an enhanced 
glycolytic pathway as a compensatory mechanism to mitigate 
the energy crisis (Fig. 5A)[37]. Specifically, Cy3Gal ameliorated 
disruptions in brain glucose metabolism by reversing ICV/STZ-
induced reductions in key glycolysis and TCA cycle intermediates. 
This was evidenced by a notable increase in levels of lactate, 
pyruvate, acetyl-CoA, isocitrate, and oxaloacetate (Fig. 2). Meanwhile, 
the elevated NAD+/NADH ratio suggested that Cy3Gal enhanced 
glucose metabolism in brain[41]. These changes in turn regulated the 
concentrations of ATP and NADH and improved the energy state 
in the mice brain. Consequently , we observed that Cy3Gal exerted 
profound effects in alleviating neuron loss and improve cognitive 
impairment in STZ-induced mice (Figs. 1, 4–5). Moreover, the 
balance between NAD+ and NADH can regulates activities of various 
dehydrogenases, and directly or indirectly affect metabolic pathways, 
cell aging, and other key cellular functions[42]. The Cy3Gal-mediated 
evaluation of NAD+/NADH ratio in brain could be attributed to 
its outstanding antioxidant properties and its capacity to augment 
antioxidant activities in neurons, thereby reinforcing neuroprotective 
effects. Anthocyanins benefit from colonic microbiota-mediated 

Fig. 8 Effects of brain glucose metabolism-associated AAs and SCFAs on energy metabolism and activation of GL261 cells (n = 3). (A) Effects of high-
glucose environment and Mixture I treatment on the lactate level of GL261 and HT22 cells. (B) Effects of Mixture II treatment on the lactate level of 
GL261 and HT22 cells. (C-D) Effects of high-glucose environment and Mixture I treatment on the glucose consumption rate and GFAP expression of 

GL261 cells. (E-F) Effects of Mixture II treatment on the glucose consumption rate and GFAP expression of GL261 cells. *P < 0.05, **P < 0.01,  
***P < 0.001;#P < 0.05, compared with the Glucose group.
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degradation[43], which improves their bioavailability and potentially 
contributes to their antioxidant activity.

Additionally, alternations of gut microbiota metabolites in 
Cy3Gal-treated mice significantly influenced the brain glucose 
metabolism (Fig. 2). Previous research has demonstrated that 
anthocyanins, including Cy3Gal, have low bioavailability, with only 
small amounts entering systemic circulation. Instead, a substantial 
portion of unabsorbed anthocyanins accumulates in the large 
intestine and are metabolized by the gut microbiota to generate 
SCFAs and other metabolites, contributing to the nutritional 
effects[44-45]. Notably, Firmicutes and Bacteroidetes have been 
strongly linked to metabolic disorders. Firmicutes contain a greater 
number of carbohydrate-metabolizing enzymes, which play a critical 
role in energy metabolism in the body[46]. A previous study showed 
that tea polyphenols effectively reduced the Firmicutes/Bacteroidetes 
(F/B) ratio, significantly increased SCFAs production, and 
reduced intestinal permeability, thus maintaining the integrity 
of the intestinal barrier[47]. Moreover, Tian et al.[48] demonstrated 
that ferulic acid (FA) significantly promoted SCFA-producing 
bacteria in the intestine, leading to increased SCFA levels and 
enhanced expression of SCFA receptors. Additionally, FA reduced 
intestinal permeability, substantially strengthened the intestinal 
barrier, and alleviated gut inflammation. These findings provide 
valuable insights into the potential mechanism by which Cy3Gal 
regulates the gut microbiota and intestinal barrier. After Cy3Gal 
intervention, levels of acetate and butyrate exhibited a consistent 
increase in brain, serum, colonic and cecal contents compared to 
model group. Particularly, acetate can be integrated into the TCA 
cycle by combining with oxaloacetate to form citrate, generating 
energy in the form of ATP[49].  Similarly,  butyrate can be 
converted to acetyl-CoA and enter the TCA cycle[50]. Furthermore, 
glutamine can be converted into glutamate, and subsequently into 
α-ketoglutarate, directly feeding into the TCA cycle[51]. Serine 
can be converted into pyruvate, a key end-product of glycolysis 
and an entry molecule for the TCA cycle[52]. This multifaceted 
metabolic enhancement suggests that Cy3Gal ameliorates the ICV/
STZ-induced metabolic dysregulation, highlighting its potential to 
mitigate the brain glucose hypometabolism. Moreover, reductions 
of brain aerobic glycolysis are often observed at the early stages 
of AD[53]. The in vitro results demonstrated that Mixture Ⅰ (acetate, 
butyrate, histidine, glutamine, and serine) treatment enhanced 
the glycolytic activity and suppressed the activation of astrocytes 
in high-glucose environment, while Mixture Ⅱ (isoleucine 
and valine) only inhibited the production of lactate (Fig. 8). 
Furthermore, Mixture Ⅰ promoted the glucose absorption and 
ATP production, offering protection to neuron cells in high-
glucose environment. However, isoleucine and valine showed 
an inhibitory effect on the glucose uptake and metabolism of 
HT22 cells (Fig. 7). Additionally, astrocytes play a key regulatory 
role in the neuronal energy metabolism[39], and the brain glucose 
metabolism-associated SCFAs and AAs can influence neuronal 
energy metabol ism through metabol ic  coupl ing between 
neurons and astrocytes.

Meanwhile, the previous study had indicated that ICV/STZ-
administrated mice exhibited AD-like cognitive impairments, 
including the reduced spontaneous movement, exploratory behavior, 
and the impaired learning and memory ability[26]. Consistent with 

these findings, we observed decreased cognitive performance after 
ICV/STZ administration. However, Cy3Gal reversed the situation, 
as indicated by increases in the number, total distance, total distance 
entering the correct arm (Fig. 1), which could be attributed to the 
inhibition of astrocyte overactivation and promotion of synaptic 
plasticity. Astrocytes are critical regulators of neuronal metabolism 
and neurovascular coupling, helping to supply energy for neuronal 
activity[54]. However, ICV/STZ induces astrocyte overactivation and 
increases the release of inflammatory factors in the hippocampus[26]. 
Astrocyte overactivation often occur early in AD, even before Aβ 
deposition, with reactive astrocyte hyperplasia marked by increased 
GFAP expression[55]. GFAP, a marker of astrocyte activation, is related 
to the formation of the blood-brain barrier[56]. Our findings revealed the 
profound impact of Cy3Gal on anti-neuroinflammation and astrocyte 
physiology. Cy3Gal significantly reduced the overactivation of 
astrocytes, as evidenced by decreased expression of GFAP and C3, 
along with a notable reduction of IL-6 (Figs. 4B, D). Furthermore, 
Synaptic plasticity, essential for learning and memory abilities, is 
often disrupted by chronic neuroinflammation, leading to the loss 
of synapse-related proteins and neuronal injury[57]. However, ICV/
STZ induced an imbalanced expression of synaptic plasticity related 
proteins in the hippocampus of mice. Furthermore, Cy3Gal treatment 
increased the number of neurons in the hippocampus (Fig. 5A), 
enhanced the expression of Syn and PSD-95 (Figs. 5B-F), and 
regulated the levels of glutamate and GABA, which are the main 
excitatory neurotransmitter and inhibitory neurotransmitter in 
the brain[58-59]. Additionally, the age-related glucose metabolism 
pattern has been suggested as a potential marker for brain aging 
in cognitively normal elderly individuals[60]. In previous studies, 
we demonstrated that Cy3Gal treatment improved brain glucose 
metabolism and preserved neuronal and synaptic health in a 4-week-old 
mouse model[24]. The results provide a valuable foundation and 
complement to the current research. These findings indicated the 
protective effects of Cy3Gal on the nervous system in the brain. 
These results underscore the protective effects of Cy3Gal on 
the CNS, particularly through balancing astrocyte activity and 
regulating neurotransmitter levels. This highlights the potential 
of Cy3Gal as a nutritional intervention to mitigate synaptic 
dysfunction and cognitive impairment.

5. Conclusion

In summary, we revealed that Cy3Gal could enhanced the brain 
glucose metabolism indirectly by modulating the gut microbiota-
derived SCFAs and AAs in the ICV/STZ-administrated mice, at 
in vivo and in vitro level, which ensured the brain energy supply 
and eventually alleviated the cognitive impairment. These findings 
not only revealed the nutritional benefits of dietary anthocyanins 
(Cy3Gal) in NDs but also underscore the importance of a systemic 
perspective in understanding and treating cognitive impairments 
induced by brain glucose hypometabolism.
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