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Cyanidin 3-O-β-galactoside from black chokeberry exerts neuroprotective effects 
in mice fed with high-fat/high-sugar diet through regulating glucose metabolism
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A B S T R A C T

Unhealthy diets are associated with various diseases that can disrupt brain energy metabolism, which 
significantly increased the risk of cognitive impairment and chronic neurodegenerative diseases. Early 
intervention with nutritional supplements may have long-lasting positive effects on diet-related glucose 
metabolism and potentially mediate the progression of neurodegeneration in middle-aged and elderly 
people. We previously reported that cyanidin 3-O-β-galactoside (Cy3Gal), an anthocyanin from black 
chokeberry (Aronia melanocarpa (Michx.) Elliott), alleviated cognitive impairment in aging mice 
through regulating brain energy metabolism. However, it remains unclear whether Cy3Gal can also exert 
beneficial effects in mice fed with a high-fat/high-sugar diet. Here we revealed that Cy3Gal treatment 
conserved the health of neurons and synapses, as well as cognitive function of mice. Furthermore, we 
observed that Cy3Gal effectively improved glucose uptake and metabolism of skeletal muscle by 
enhancing glycolysis both in vivo and in vitro models, which is essential for maintaining a stable glucose 
supply to the brain. Additionally, Cy3Gal significantly increased the levels of glucose-derived 
tricarboxylic acid cycle intermediates in the mice brain (P < 0.05), and regulated the activities of 
mitochondrial respiratory chain complexes (P < 0.01). The positive influence on peripheral and brain 
bioenergetics explained how the Cy3Gal exerted neuroprotective effect. In conclusion, our study 
illustrated that early dietary intervention of Cy3Gal had significant advantages in terms of 
neuroprotection and cognition under the challenge of HFHS diet-induced glucose metabolism disorder.

© 2025 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.　Introduction

Age-related neurodegenerative diseases (NDs), such as Alzheimer’s 

disease (AD) and Parkinson ’s disease (PD), are the common 

causes of chronic diseases, cognitive impairment, and death in 

the elderly[1]. With the accelerating process of population aging, 

NDs are expected to surpass cancer and become the second 

leading cause of disease-related death worldwide, and cognitive 

decline is one of the major risk factors for prevalent NDs[2]. NDs 

bring a heavy burden to the family and society. Unfortunately, 

there is no proven effective treatment available to prevent or slow 

down progression of these disorders. Complicating matters 

further, owing to the occult nature of NDs[3], most patients are 

diagnosed at a moderate to severe stage, leaving little room for a 

viable solution. Therefore, early identification and timely 

intervention of individuals at risk for these common forms of 

NDs are crucial factors in maximizing cognitive and brain health 

benefits while reducing mortality rates[4].
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The development of chronic NDs is influenced by various factors. 
Some studies have focused on typical pathological markers of NDs, 
such as neuronal degeneration and death, abnormal protein 
aggregation, neuroinflammation, and impaired axonal transport[5]. 
More specifically, some studies have focused on the brain β-amyloid 
plaque deposition and microtubule-associated protein tau tangle of 
AD[5]. Nutritional interventions have been explored as strategies to 
counteract these pathological processes, and most drug candidates 
have been designed to target these markers in order to intervene and 
treat NDs[6-7]. Unfortunately, the effects of these interventions have 
often been unsatisfactory or have failed to pass clinical trials[8]. 
Meanwhile, there has been increasing evidence to suggest that 
impaired brain energy metabolism plays a crucial role in the early 
stages of NDs, particularly in AD and PD, which drives the 
downstream neurodegeneration and cognitive impairment[9]. 
However, the brain, despite accounting for only about 2% of body 
weight, requires a disproportionately high amount of energy supply 
(approximately 20% of glucose-derived energy) to maintain normal 
physiological function[10], most of which is produced by neurons 
through glycolysis and mitochondrial oxidative phosphorylation 
(OXPHOS)[11]. It is most likely to affect brain once the body’s energy 
metabolism is abnormal in mammal. When the metabolism of body is 
disturbed by genetic susceptibility, epigenetics and lifestyle, it can 
lead to changes in brain glucose utilization and mitochondrial energy 
conversion capacity, while these characteristics are often observed in 
the brain tissue of post-mortem NDs patients[12]. It is of great 
importance to understand the role of energy metabolism and 
mitochondrial function regulation in the pathological mechanism of 
NDs. Modern unhealthy diets and lifestyles have significantly 
increased the risk of people suffering from metabolic disorders such 
as type 2 diabetes mellitus (T2DM) and obesity, especially abnormal 
glucose and lipid metabolism that accelerates the process of NDs[13-14]. 
Early intervention in early to middle adulthood to maintain healthy 
levels of high-density lipoprotein (HDL), triglyceride (TG) and 
glucose levels, especially blood glucose levels, can improve cognitive 
ability and reduce the risk of suffering from NDs[15]. Implementing 
preventive measures targeting glucose metabolism disorders in the 
early stages may have a significant impact on reducing the incidence 
of NDs decades later[16]. Natural compounds, such as lycopene, 
polyphenols and saponins, displayed the potential effects of 
improving the cognitive impairment of mice induced by high-calorie 
diet[16-17]. These findings suggest that preserving and/or restoring 
brain energy status against long-term high-calorie diet is supposed to 
be an effective way to alleviate nervous system dysfunction and 
reduce the risk of cognitive impairment.

Our previous study has proved that the early intervention of 
cyanidin 3-O-β-galactoside (Cy3Gal) displayed beneficial effects on 
brain energy metabolism in aging mice through enhancing the 
glucose uptake and improving the mitochondrial membrane 
permeability of the brain[18]. The healthy benefits were closely 
associated with neuroprotective function and cognitive improvement 
of aging mice[18]. However, it is not well understood whether Cy3Gal 
can improve peripheral blood glucose metabolism and subsequently 
promote energy metabolism in the brain. Furthermore, we focused on 
the neuroprotective effects of early dietary intervention of Cy3Gal 
and the impact on cognitive dysfunction in diet-induced glucose 
metabolism disorder mice. In this study, a high-fat/high-sugar 
(HFHS) diet combined with intraperitoneal injection of streptozotocin 

was used to build a mouse model of glucose-metabolism disorder. 
Following six weeks of oral administration (Cy3Gal), neuroprotective 
effects were assessed by behavioral test, histopathological analysis, 
and targeted metabolomics of glucose metabolism.

2.　Materials and methods

2.1　Chemicals

Cy3Gal (³ 95% purity) was purified from black chokeberry 
(Aronia melanocarpa (Michx.) Elliott) in our previous study[19]. High-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein 
cholesterol (LDL-C), TG, glucose, lactate, and glycogen assay kits 
were purchased from Nanjing Jiancheng Bioengineering Research 
Institute (Nanjing, China). Synaptophysin (Syn) rabbit polyclonal 
antibody was purchased from Wuhan Sanying Proteintech Group, Inc. 
(Wuhan, China). Postsynaptic density protein (PSD-95) rabbit 
monoclonal antibody, bicinchoninic acid (BCA) assay kit, Nissl 
staining kit, tissue mitochondria isolation kit, membrane protein 
extraction kit, cell counting kit-8 (CCK-8), and glucose transporter 4 
(GLUT4) rabbit polyclonal antibody were purchased from Beyotime 
Biotechnology Co., Ltd. (Shanghai, China). Aβ1-42 antibody was 
purchased from Abcam company (Cambridge, UK). Mitochondria 
respiratory chain complex I, III, IV, V ELISA kits were purchased 
from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai, 
China). Diaminobenzidine (DAB) kit was purchased from Dako 
Denmark A/S (Glostrup, Denmark). Dulbecco’s modified Eagle’s 
medium (DMEM)-low glucose, DMEM-high glucose, fetal bovine 
serum (FBS), and horse serum were purchased from HyClone Co. 
(South Logan, UT, USA). Phosphate buffered saline (PBS) and 
bovine serum albumin (BSA, free fatty acids-free) were purchased 
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, 
China). All standards (³ 95% purity) of glucose-derived metabolic 
intermediates 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

4-Week-old male C57BL/6N mice ((20 ± 2) g) were purchased 
by Beijing Vital River Laboratory Animal Technology Co., Ltd. 
(SCXK (Jing) 2021-0006,Beijing, China). All mice were kept in a 
temperature-controlled ((22 ± 2) ℃ ) animal facility under a 12 h 
dark-light cycle. Water and food were available ad libitum. After 
adaption, 48 mice were randomly divided into 2 groups as following, 
Control: 12 mice were fed with a normal diet; Model: 36 mice were 
fed with HFHS (60 kcal % fat, 20 kcal % sucrose) diet. Four 
weeks later, after fasting for 12 h, the mice in Model group were 
intraperitoneally injected with streptozotocin (STZ, 50 mg/kg b.w.) 
for 3 days[20] to damage the function of β-cells and reduce insulin 
synthesis and secretion, thereby accelerating glucose metabolism 
disorders[21]. The Control group mice were intraperitoneally injected 
with normal saline. One week later, the fasting blood glucose (FBG) 
of all the mice was measured. Mice with FBG levels £ 8.8 mmol/L in 
the Control group were chosen as CK group, which were orally 
administrated with 0.2 mL sterile water and fed with normal diet. 
Mice with FBG levels ³ 11.1 mmol/L were randomly divided into 
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model, Cy3Gal-Low and Cy3Gal-High groups. The model group 
mice were orally administrated with 0.2 mL sterile water and fed 
with HFHS diet. The Cy3Gal-Low and Cy3Gal-High groups mice 
were orally administrated with low or high dose of Cy3Gal (25 or 
50 mg/(kg·day)) dissolved in 0.2 mL sterile water and fed with 
HFHS diet. Body weight measurements were performed once a 
week. All mice were subjected to behavioral tests after 6 weeks of 
administration and scacrificed after the last behavioral test. All 
experiments were approved by the Animal Ethical and Welfare 
Committee (No. NKYY-DWLL-2021-090).

2.3　Oral glucose tolerance test (OGTT)

After 6 weeks of diet intervention, the OGTT was carried out as 
previously described[22]. Mice were fasted overnight and then glucose 
(1.0 g/kg b.w.) 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.

2.4　Y maze test

After 6 weeks of diet intervention, the Y maze test was performed as 
previously described with minor modifications[23]. 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. Adaptation trial: all the mice were 
fasted for 24 h before the experiment. The food was put into the three 
arms and a mouse was placed at the start arm to find food for 6 min. 
The 2 adaptation trials were conducted in one day, with a minimum 
2-h interval separating them. Training trial: after two adaptation trials, 
the training trials were conducted twice daily for 2 days. Food was 
put into only one arm and a mouse was placed at the starting arm to 
explore arbitrarily to find the food for 6 min. Testing trial: after 
training trials, the food was withdrawn from the Y maze. The mice 
were put into the starting arm and allowed to explore arbitrarily for 
6 min. 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 75% ethanol 
between trials.

2.5　Serum content assays

After Y maze test, blood was collected from the inner canthus 
vein of mice. After standing at 4 ℃ for 4 h, the blood was centrifuged 
at 3 500 r/min for 15 min, and the supernatant was collected and 
stored at −20 ℃ . The levels of HDL-C, LDL-C, and TG were 
determined according to the instructions of the assay kits.

2.6　Mitochondria isolation and biochemical analysis

Mitochondria were purified from the fresh mice brain tissues 
according to the instructions of the assay kits, and mitochondria 
respiratory chain complexes (I, III, IV, V) were determined by 
ELISA kits.

2.7　Nissl staining

Mice were euthanized and perfused with normal saline. Then the 
brains were taken out and preserved in 4% paraformaldehyde. Serial 
coronal sections with a thickness of 25 µm were cut using a cryostat 
(Leica Microsystems, Wetzlar, Germany). The sections 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 ℃. Afterwards, 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 hippocampus and cerebral cortex were 
quantified using ImageJ-Pro Plus software (developed by Wayne 
Rasband from NIH, USA).

2.8　Immunohistochemical staining

Fixed brain sections were immersed in xylene and gradient ethanol 
for deparaffinization and rehydration. Afterward, the brain pieces were 
placed in citric acid (pH 6.0) antigen retrieval buffer for antigen 
retrieval, and shaken 3 times for 5 min each on the decolorization 
shaker. Then, the slices were put into 3% hydrogen peroxide and 
incubated at 25 ℃ in darkness for 25 min to block endogenous 
peroxidase activity. Then, the same operation was performed in 
PBS. 3% BSA was added to evenly cover the tissue, and the tissues 
were sealed for 30 min at 25 ℃ (primary antibody was sealed with 
normal rabbit serum from goat source, and other sources were sealed 
with BSA). Aβ1-42 antibody diluent (1:100) incubated sections at 4 ℃ 
overnight. The sections were washed by PBS before being 
incubated with the corresponding secondary antibody at 25 ℃ for 
50 min. The washing step was repeated using PBS, and DAB was 
utilized for dyeing prepared samples. Subsequently, hematoxylin 
was used to re-dye, and neutral resin was used to block the brain 
slices. Eventually, images from stained sections were employed by 
the optical microscope (Olympus, Tokyo, Japan). Images were 
analyzed with ImageJ software.

2.9　Immunofluorescence staining

The procedure is similar to immunohistochemistry. Briefly, fixed 
brain sections were rehydrated, and exposed to antigen retrieval in 
citric acid antigen repair buffer (pH 6.0) for 10 min at 95−100 ℃ . 
Tissues were then blocked with BSA for 30 min, and incubated in 
primary antibody (anti-Syn, 1:500; anti-PSD95, 1:200 at 4 ℃) and 
florescent secondary antibody (goat anti-rabbit, 1:400, 2 h at 25 ℃). 
After incubation, nuclear staining was performed with 4',6-diamidino-
2-phenylindole (DAPI). Sections were visualized using fluorescent 
microscope (Olympus, Tokyo, Japan). Images were analyzed with 
ImageJ software.

2.10　Metabolomic analysis

Isolated calf muscle and brain tissues were flash frozen in liquid 
nitrogen and stored at −80 ℃ until analysis. A total of 60 mg muscle 
tissue or 90 mg brain tissue were added with precooled methanol/
acetonitrile/water (1:1:1, V/V). After grinding, 600 μL precooling 
methanol/acetonitrile/water (1:1:1, V/V) was added to extract by 

3



Z.Y. Fan et al. / Food Science and Human Wellness 14  (2025) 9250275

ultrasonic in ice bath for 1 h. The samples were obtained by 
centrifugation and vacuum freeze-drying, which were then added with 
acetonitrile aqueous solution (1:1, V/V) to dissolve and supplemented 
with the internal standard (L-glutamate-d5). After centrifugation, the 
supernatant was taken for detection. Shimadzu Nexera X2 LC-30AD 
equipped with Waters UPLC BEH Amide column (2.1 mm × 100 mm, 
1.7 μm) was used for separation. Mobile phase: A was 5% 
acetonitrile aqueous solution (pH 9), containing 10 mmol/L 
ammonium acetate; B was 95% acetonitrile aqueous solution (pH 9), 
containing 10 mmol/L ammonium acetate. The automatic sampler 
temperature was 4 ℃, the column temperature was 40 ℃, the flow rate 
was 300 µL/min, and the injection volume was 5 µL. The gradient was 
as follows: 95% B (0−2 min); 95%−70% B (2−9 min); 70%−30% 
B (9−10 min); 30% B (10−11 min); 30%−95% B (11−11.5 min); 95% B 
(11.5−15 min). Mass spectrometry was performed in positive/negative 
ion mode using Qtrap 5 500 mass spectrometer (AB SCIEX). The 
electrospray ionization source operation parameters were as follows: 
source temperature 550 ℃ , ion spray voltage 5 500 V (positive), 
−4 500 V (negative). Multiple reaction monitoring (MRM) mode was 
used to detect the ion pair to be tested. The chromatographic peak area 
and retention time were extracted by MultiQuant software. All the 
intermediates were identified and quantified according to the standards 
(Tables S1 and S2).

2.11　C2C12 cell culture, differentiation, and treatment

C2C12 cells (BeNa Culture Collection, Beijing, China) were 
maintained in DMEM-low glucose (containing 5.5 mmol/L glucose) 
with 10% FBS and 1% penicillin/streptomycin until about 80% 
confluence. For differentiation, cells were detached by trypsin and then 
plated in 6 cm culture dishes or 96-well plates and incubated in 
differentiation media (DMEM-low glucose containing 2% horse serum 
and 1% penicillin/streptomycin). The differentiation media was changed 
daily until cells were fully differentiated (around day 5).

The cell viability was detected by CCK-8 method. Cells were 
seeded into 96-well plates (100 μL/well) and starved with DMEM-low 
glucose containing 1% BSA for 10−12 h, then treated with different 
concentrations of Cy3Gal (5, 10, 20, 50, 100 μmol/L) dissolved in 
DMEM-high glucose (containing 25 mmol/L glucose) with 1% 
BSA. After incubation for 24 and 48 h, the cells were washed twice 
with PBS and 100 μL DMEM-low glucose and 10 μL CCK-8 was 
added for an additional 1−2 h. Finally, the cell viability was 
determined according to the instructions.

The glucose consumption, lactate production, and glycogen level 
of C2C12 cells were determined by assay kits, respectively. Briefly, 
cells were seeded into 6 cm culture dishes, and were cultured in 
Cy3Gal with 1% BSA for 36 h after differentiation. Afterward, the 
culture medium was collected to detect the concentrations of glucose 
and lactate and the cells were collected to detect the glycogen level. 
To examine the effects of Cy3Gal on GLUT4 membrane translocation 
in C2C12 cells, cells were cultured in Cy3Gal with 1% BSA for 36 h 
after differentiation. Subsequently, the cells were collected after being 
stimulated with 100 nmol/L insulin for 30 min. The membrane protein of 
the cells was extracted according to instructions. The expression of 
GLUT4 was examined by Western blotting. The protein samples were 
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), transferred to the polyvinylidene fluoride (PVDF) 

membrane, and sealed with 5% skim milk for 2 h. The PVDF membrane 
was then incubated with specific primary antibody (anti-GLUT4, 
1:1 000) at 4 ℃ . Horseradish peroxidase binding secondary antibodies 
were incubated with the PVDF membrane. The proteins were visualized 
by chemiluminescence reagents and analyzed by the gel recording 
system (GelDoc It 310 imaging system).

2.12　Statistical analysis

Data are presented as mean ± standard deviations. 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 had significant beneficial effects on blood 
glucose and lipid control

We first examined whether Cy3Gal could improve peripheral energy 
homeostasis in overnutrition mice. A vehicle solution and Cy3Gal were 
administered orally to 12-week-old mice for 6 weeks, following by a 
behavioral test and biochemical analysis (Fig. 1A). Mice in Model group 
had a significantly higher weight growth rate and body weight than mice 
fed with normal diet, while Cy3Gal-Low and Cy3Gal-High treatments 
partially significantly reduced the body weight and body weight growth 
rate in HFHS-fed mice (Figs. 1B, C). Furthermore, Cy3Gal-High treated 
mice showed improved glucose tolerance and decreased FBG 
concentration relative to Model group, suggesting improved glucose 
control, whereas Cy3Gal-Low only strongly reversed the increase in 
FBG concentration of HFHS diet induction (Figs. 1D, E). To evaluate 
the effects of Cy3Gal on lipid homeostasis, serum LDL-C, TG, and 
HDL-C of mice were measured. Compared with CK mice, HFHS diet 
resulted in significant increases in LDL and TG levels, while Cy3Gal-Low 
and Cy3Gal-High treatments reversed the changes (Figs. 1F, G). 
Notably, Cy3Gal significantly increased serum HDL-C levels, although 
they were not significantly changed by HFHS diet (Fig. 1H). These 
results indicated that Cy3Gal had significant beneficial effects on 
improving glucose and lipid homeostasis of HFHS-fed mice.

3.2　Cy3Gal alleviated memory deficit and cognitive impairment

Afterwards, we were interested in investigating the learning and 
memory behaviors of mice by conducting the Y maze test (Figs. 2A 
and D). The total moving distance in the correct arm (P < 0.01, Fig. 2B) 
and the number of entering the correct arm in model mice were 
significantly reduced when compared with CK mice (P < 0.001, 
Fig. 2C), whereas Cy3Gal-High treatment significantly reversed 
HFHS induction (P < 0.001, P < 0.01, respectively). The results 
suggested Cy3Gal showed a valid dietary effect on alleviating the 
memory deficit and cognitive impairment in HFHS-fed mice.

3.3　Cy3Gal exerted neuronal protection

Memory and cognitive dysfunctions are closely related to 
neuronal damage in hippocampus and cerebral cortex[24]. Nissl 
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staining, a staining technique using basic dye for targeting Nissl body 

of neuron[25], showed that the hippocampus neurons of CK mice were 

arranged tightly and orderly with clear nuclei, and there were clear 

Nissl bodies in the cytoplasm, as indicated by red arrows in Fig. 3. In 

contrast, numerous neurons with damaged nuclei were observed in 

model mice, accompanied with Nissl body loss especially in CA1 and 

dentate gyrus (DG) regions (P < 0.001, Fig. 3B; P < 0.001, Fig. 3F). 

However, Cy3Gal intervention significantly reduced neuronal loss in 

the hippocampus of mice. Cy3gal-Low intervention protected 

neurons from damage and apoptosis in the CA1 region of 

hippocampus (P < 0.05, Fig. 3B). Likewise, in Cy3Gal-High group 

mice, the neurons exhibited normal morphology with distinct round 

or oval nuclei and nucleoli in the CA1, CA2, and DG regions of 

hippocampus, and the number of Nissl bodies increased significantly 

(P < 0.01, Fig. 3B; P < 0.05, Fig. 3C; P < 0.001; Fig. 3F), although 

no significant effect was observed on the cells in the CA3 region 
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(P > 0.05, Fig. 3E). In addition, the results showed a prospective 
Cy3Gal-mediated improvement on the neuron degeneration and loss 
in cerebral cortex of HFHS-fed mice (Fig. S1). Collectively, those 
results suggested that Cy3Gal reduced the neuronal damage and 
apoptosis, and promoted cognitive functions in HFHS-fed mice.

3.4　Cy3Gal enhanced synaptic plasticity

Synapse is the basis of neural circuit, and plays a vital role in 
cognition and behavior, in which neurons communicate. While 
abnormal synaptic plasticity and neuronal apoptosis usually occur in 
the early stage of cognitive impairment[24,26]. In addition, synaptic 
activities require high bioenergy demands[27]. HFHS diet led to marked 
decreases in the expressions of Syn and PSD 95 in the hippocampus 
(P < 0.05, P < 0.001, respectively), and the synaptic density was 
decreased compared with CK mice (Fig. 4). While Cy3Gal intervention 
strongly reversed the changes. The synapses were densely distributed 
in the hippocampus, and the fluorescence intensity of Syn and PSD 95 
were significantly increased in Cy3Gal-Low group mice (P < 0.001, 
Fig. 4A; P < 0.05, Fig. 4B, respectively). Cy3Gal-High intervention 
increased Syn expression in the hippocampus (P < 0.01, Fig. 4B). 
These results indicated a great effect of Cy3Gal on ameliorating HFHS 
diet-induced synaptic plasticity deficiency and synaptic dysfunction.

Studies have provided evidence that the clearance rate of β-amyloid 
is significantly reduced in the brain of diabetic animals spontaneously 
or induced by STZ[28]. Therefore, we made an insight into the 
associations between levels of β-amyloid and synapse impairment in 
the hippocampus and cerebral cortex. HFHS-fed mice showed mildly 
increases in the β-amyloid levels of hippocampus CA1, CA2, and 
CA3 regions compared with CK mice (P > 0.05). Likewise, effects of 
Cy3Gal treatment on β-amyloid levels in hippocampus CA1, CA2, 
and CA3 regions were insignificant (P > 0.05). In accordance, 
accumulation of β-amyloid did not show significant changes in 

cerebral cortex of mice with both HFHS diet and Cy3Gal treatment 
(P > 0.05, Fig. S2).

3.5　 Cy3Gal improved blood glucose absorption and 
metabolism by enhancing glycolysis in skeletal muscle

Given that skeletal muscle is the major site of glucose and lipid 
uptake, we performed a targeted analysis of glucose intermediates in 
skeletal muscle to investigate the effects of Cy3Gal on the 
peripheral glucose metabolic homeostasis in HFHS-fed mice. 
Compared with model mice, the level of lactate in skeletal muscle 
was increased significantly by Cy3Gal-Low treatment (fold change of 
Cy3Gal-Low and model (FCLow) = 1.06, P < 0.05), although there was 
no significant difference between Model and CK groups. The lactate 
level also did not show major changes in Cy3Gal-High group compared 
to Model group (P > 0.05, Fig. 5A). Additionally, Cy3Gal-Low and 
Cy3Gal-High treatment significantly enhanced the NAD+/NADH 
ratio (FCLow = 1.42, P < 0.05; Fold change of Cy3Gal-High and model 
(FCHigh) = 1.44, P < 0.05) compared with Model group (Fig. 5B). 
Interestingly, significantly increases of NAD+/NADH ratio in Cy3Gal 
treated mice were also observed compared with CK mice (P < 0.01, 
Fig. 5B), which suggested that Cy3Gal might affect the glycolysis in 
overnourished mice. Furthermore, levels of glycolysis intermediates 
in HFHS-fed mice decreased compared with CK mice, including 
glucose 6-phosphate, dihydroxyacetone phosphate, glyceraldehyde 
3-phosphate, phosphoenolpyruvate and pyruvate, the levels of which 
were decreased by 53.89%, 74.52%, 37.37%, 29.87%, and 16.39%, 
respectively. However, Cy3Gal treatment significantly increased the 
levels of these intermediates (Figs. 5C-G). Additionally, the results also 
showed that the AMP/ATP ratio in model mice was 2.35 times higher 
than that in CK mice (P < 0.001). Compared with the model mice, the 
AMP/ATP ratio showed a Cy3Gal dose-dependent decrease (FCLow = 1.83, 
P < 0.001; FCHigh = 2.84, P < 0.001; Fig. 5I). These data demonstrated 
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that Cy3Gal modulated glucose intermediates of the glycolysis in 
skeletal muscle.

Levels of pyruvate, the key intermediate connecting glycolysis 
and TCA cycle, were markedly increased by Cy3Gal-Low and 
Cy3Gal-High treatments (P < 0.001, P < 0.01, respectively; Fig. 5G). 
We next focused on the effects of Cy3Gal on TCA cycle in skeletal 
muscle. Compared with CK mice, levels of citrate, cis-aconitic acid, 
isocitrate, α-ketoglutarate, succinate, fumarate, and malate were 
significantly reduced in model mice. However, significant changes only 
in isocitrate and α-ketoglutarate were observed between model and 
Cy3Gal-treated mice (Fig. 5J). Notably, levels of α -ketoglutarate were 
decreased significantly by Cy3Gal intervention (Fig. 5J), which might be 
related to the Cy3Gal-induced high NAD+/NADH ratio (Fig. 5B).

Afterwards, we employed C2C12 myotubes to validate effects of 
Cy3Gal on glucose metabolism in skeletal muscle, and 5−100 μmol/L 
Cy3Gal significantly increased the cell viability (P < 0.001, Fig. S3). 
Based on the consideration of glucose absorption and metabolism 
perspective, 20 and 50 μmol/L concentrations of Cy3Gal were selected 
for further experiment. Consistently, the glucose consumption rate 
(P < 0.01, Fig. 6A), lactate production (P < 0.05, Fig. 6B), and 

glycogen level (P < 0.05, Fig. 6C) in differentiated C2C12 myotubes 
were significantly increased by 20 μmol/L-Cy3Gal treatment, and 
50 μmol/L-Cy3Gal strongly enhanced glycogen synthesis relative to 
control C2C12 cells (P < 0.001, Fig. 6C).

GLUT4 is essential to the glucose uptake in skeletal muscle, and 
GLUT4 translocation from the cytosol to the cell membrane is 
considered to be the rate-limiting step in insulin-and contraction-
stimulated glucose uptake[29]. Our results demonstrated that GLUT4 
expression in C2C12 cell membrane was significantly increased 
by 20 μmol/L Cy3Gal (P < 0.05, Fig. 6D), suggesting Cy3Gal 
promoted GLUT4 membrane translocation. The enriched GLUT4 in 
cell membrane was consistent with the observed enhanced glucose 
metabolism of C2C12 cells (Fig. 6A). Overall, these data demonstrated a 
promising efficacy of Cy3Gal to improve glucose homeostasis by 
enhancing glycolysis.

3.6　Cy3Gal enhanced TCA cycle metabolism in brain

Impaired glucose metabolism in the brain can cause dysregulated 
synaptic signal transduction and dysfunctional energy supply to neurons 
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by mitochondrial dysfunction, finally resulting in cognitive impairment 
and even NDs[10]. ATP required by neurons is mainly produced in 
mitochondrial OXPHOS through glucose derived-TCA cycle[30]. 
Therefore, we examined glucose metabolism in mice brain. Firstly, apart 
from succinate and succinate-CoA and malate, significant changes in the 
levels of eight TCA cycle intermediates were observed in Model group 
relative to CK group (Figs. 7A-L). Different from skeletal muscle, 
Cy3Gal intervention had a close correlation with increased TCA cycle 
intermediate levels in mice brain, including pyruvate (FCLow = 5.97, 
P < 0.01; FCHigh = 4.19, P < 0.001), oxaloacetate (FCLow = 1.56, P < 0.01; 
FCHigh = 1.79, P < 0.001), isocitrate (FCLow = 4.02, P < 0.001; 
FCHigh = 5.09, P < 0.001), succinate-CoA (FCLow = 6.47, P < 0.001; 
FCHigh = 4.34, P < 0.001), acetyl-CoA, citrate, cis-aconitate, 
α-ketoglutarate, succinate, fumarate and malate (Figs. 7A-K). Meanwhile, 
the AMP/ATP ratio in the Model group was significantly elevated in 
comparison to the CK mice (P < 0.01). In contrast, after Cy3Gal-Low 
and Cy3Gal-High intervention, the AMP/ATP ratios was significantly 
reduced by 83.73% and 79.55%, respectively (Fig. 7L). The data 
suggested that Cy3Gal promoted ATP production in the brain of HFHS-
fed mice.

However, there was no dynamic change in lactate production in 
mice brain among each group (Fig. 7K). Therefore, we further analyzed 
the NAD+ and NADH. The NAD+ level and NAD+/NADH ratio 
decreased slightly in model mice compared with CK mice (P > 0.05; 
Figs. 7M, N). Remarkably, Cy3Gal markedly increased the NAD+ 
levels (P < 0.001, Fig. 7M) and NAD+/NADH ratios (P < 0.001, Fig. 7N) 
in HFHS-fed mice, which was consistent with the observed increases 
of NAD+/NADH ratio in skeletal muscle. In addition, the levels of 

glycolysis intermediates in brain were increased in Cy3Gal-treated 
mice compared with HFHS-fed mice, including glucose 6-phosphate, 
fructose 1, 6-diphosphate, glyceric acid 3-phosphate, glyceric acid 
2-phosphate and phosphoenolpyruvate (Fig. 7K). While there was no 
consistent dietary effect induced by HFHS-diet feeding relative to CK 
mice. These results indicated that Cy3Gal intervention promoted the 
glucose metabolism towards TCA cycle and provided enough energy 
for neuron in HFHS-fed mice.

3.7　 Cy3Gal activated mitochondrial respiratory chain 
complexes in brain OXPHOS system

Mitochondrial respiratory chain complexes play important roles in 
energy conversion. The most abundant and important respiratory chain 
complexes in mammals are complex I, III and IV, which combine with 
complex V form OXPHOS system to synthesize ATP[31]. Hence, we 
conducted ELISA to measure the activities of these complex in 
mitochondria from brain. For complex I, IV, and V, we observed HFHS 
feeding significantly reduced their activities relative to CK group 
(P < 0.001, P < 0.001, P < 0.01, respectively; Fig. 8). Complex I, IV 
and V had obvious dysfunction where the overall electron transfer and 
energy production was blocked. However, Cy3Gal intervention 
strongly enhanced the activities of the three complexes. Interestingly, 
the complex III activity in model group mice was significantly 
increased compared with CK mice, suggesting abnormal electron 
transfer in the brain mitochondria of overnourished mice (Fig. 8). 
Meanwhile, both Cy3Gal-Low and Cy3Gal-High treatments clearly 
reduced the activities of complex III relative to HFHS Model group 
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diet (P < 0.001, P < 0.001, respectively; Fig. 8). The increase of 
complex III activity might be a compensation mechanism acting 
simultaneously in OXPHOS[32], which indicated a huge demand for 
energy production in the HFHS-fed mice. Overall, Cy3Gal intervention 
improved complex I, IV, III, and V activities, which was conducive to 
enhancing mitochondrial respiration and energy production.

4.　Discussion

4.1　 Cy3Gal promoted the blood glucose absorption and 
metabolism to provide a steady-state environment for brain 
energy supply

T2DM may double the risk of dementia, and patients with T2DM 
are more susceptible to developing dementia at a younger age. In 
addition, the risk of cognitive decline will be increased even in the early 
stage of diabetes[33-34]. It has been observed that as the plasma glucose 
concentration continues to rise or fluctuate, the transport of glucose 
across the blood-brain barrier (BBB) is reduced to maintain a constant 
supply of glucose to the brain. The dysfunction of glucose transporting 
across the BBB or the decline in energy availability from OXPHOS 
result in insufficient glucose intake of neurons and low efficiency of 
brain energy acquisition[35]. Therefore, it is crucial to enhance the 
absorption and metabolism of high glucose concentration in the blood to 
effectively improve brain energy metabolism. In skeletal muscle of 
HFHS-diet fed mice, we observed the levels of glycolysis intermediates 
had strongly dietary effects, and Cy3Gal administration significantly 
increased the levels of the intermediates (Fig. 5A). We hypothesized 
that Cy3Gal converted the high concentration of blood glucose into 
lactate by enhancing glycolysis, thereby effectively improving the 
peripheral energy homeostasis in overnourished mice. The circulating 
lactate was likely to separate glycolysis from TCA cycle, and our 
analysis revealed that the levels of TCA cycle intermediates in skeletal 
muscle did not show major changes with Cy3Gal treatment (Fig. 5J). As 
a primary and universal carbohydrate energy source, circulating lactate 
enables significant glucose savings for crucial system activities (such as 
the brain and immune) and biochemical functions, which is conducive 
to effectively regulate the glucose utilization according to higher needs 
in body. Meanwhile, the increased lactate in brain has a positive impact 
on cognition[36], although Cy3Gal had little effect on lactate secretion in 
mice brain (Fig. 7K).

4.2　Cy3Gal improved glucose-derived metabolism in brain and 
promote neuron health

The pyruvate dehydrogenase is active and TCA cycle activities are 
high in neurons, which makes neurons tend to perform OXPHOS in 
mitochondria to obtain 93% of bioenergy[37]. The analysis of glucose-
derived intermediates revealed abnormal TCA cycle activity in the 
brain of HFHS diet-fed mice. Specifically, the levels of pyruvate, 
citrate, cis-aconitate, α-ketoglutarate, oxaloacetate, isocitrate, and 
fumarate were significantly decreased, while the levels of these 
intermediates were notably elevated with Cy3Gal treatment (Fig. 7). 
These intermediates play crucial roles in regulating TCA cycle 
activity, which in turn controls the concentrations of ATP and NADH, 
ensuring an adequate energy supply to the brain. The elevated 
NAD+/NADH ratio suggested that Cy3Gal enhanced glucose 
metabolism in neurons (Fig. 7N)[38]. Besides, the increased levels of 
NAD+, pyruvate, and oxaloacetate can also enhance TCA cycle 
activity, thereby improving the energy state in the mice brain. The 
consistent increases of NAD+/NADH ratio induced by Cy3Gal in both 
skeletal muscle and brain could be attributed to its outstanding 
antioxidant properties and ability to improve antioxidant activities in 
neurons, which fortified neuroprotective effects. NAD+ serves as a 
crucial coenzyme and cofactor in energy metabolism. The 
transformation reaction between NAD+ and NADH can regulate 
activities of various dehydrogenases, and directly or indirectly affect 
metabolic pathways, cell aging, and other key cellular functions[39]. In 
our study, the decreased levels of α-ketoglutarate and the increased 
levels of isocitrate in skeletal muscle of Cy3Gal-treated mice might 
be related to the high NAD+/NADH ratio. Moreover, many 
important cellular processes and functions for maintaining 
metabolic homeostasis and healthy aging are NAD+-dependent, and 
the declined level of NAD+ has a causal relationship with cognitive 
decline and metabolic diseases[40]. In the current study, we observed 
that Cy3Gal exerted profound efficacies to alleviate the neuron loss 
and improve cognitive impairment in overnourished mice (Figs. 2-4). 
Furthermore, mitochondrial OXPHOS function was found to be 
robust with the increased level of NAD+ in brain, which protects 
against neuron loss and preserves cognition function of diabetes 
rats[41]. Meanwhile, the results indicated that the activities of 
mitochondrial respiratory chain complexes in brain were regulated 
by Cy3Gal under the HFHS feeding condition (Fig. 8).

4.3　Cy3Gal fortified mitochondrial respiration to maintain 
synaptic function and cognition

Impaired glycolysis and TCA cycle can adversely affect axonal 
transport, mitochondrial function, and ATP production. Synaptic 
abnormalities and dysfunction caused by synaptic damage, 
synaptic loss, and synaptic structural changes often occur before 
the onset of behavioral symptoms[42]. Recently, researchers have 
developed modified therapies to prevent synaptic loss, strengthen 
synaptic connections, and increase synaptic density in order to 
rescue synaptic dysfunction and potentially prevent cognitive 
impairment[43]. Presynaptic local energy metabolism plays an 
important role in maintaining nerve conduction function, and the 
major presynaptic energy demand is powered by OXPHOS[44]. The 
expressions of Syn and PSD 95 in the hippocampus of mice were 
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severely disturbed under HFHS-diet feeding. However, Cy3Gal 
intervention increased synaptic density (Fig. 4), suggesting 
optimization of synaptic plasticity. Additionally, we found that 
Cy3Gal significantly reduced the AMP/ATP ratio (Fig. 7N), 
which was vital for supporting high-intensity synaptic activity 
and promoting synaptic energy balance. It was previously 
demonstrated that excessive accumulation of β-amyloid in brain 
led to neuron damage, disruption of synaptic plasticity, and 
mitochondrial dysfunction, further causing cognitive deficits[27]. 
However, our results supported that the aggregation and deposition 
of β-amyloid in brain may not be an essential factor for cognitive 
impairment, but rather a pathological symptom in the development 
of neurological diseases driven by energy metabolism disorders. 
Impairments in synapses and neurons could potentially arise as 
downstream consequences of compromised brain energy 
metabolism[45]. Finally, we revealed that Cy3Gal focalized the 
activation of mitochondrial respiration (Fig. 8), which is beneficial 
for maintaining synaptic plasticity. However, the specific 
underlying mechanisms need further study.

In summary, we have identified a promising dietary strategy to 
combat cognitive impairment and maintain brain health under the 
challenge of HFHS diet and the associated glucose metabolism 
disorder. Additionally, we have proposed a methodology to 
investigate the neuroprotective effects of dietary components by 
examining peripheral and brain bioenergetics.
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