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Abstract Type 2 diabetes (T2D) is an independent risk factor for cognitive impairment. The dysregu-

lation of hypoxia inducible factor (HIF) signaling in T2D patients results in impaired adaptive responses

to hypoxia, thereby accelerating the progression of complications. However, limited knowledge is avail-

able regarding its precise function in diabetes-associated cognitive impairment (DACI). Here, elevated

HIF-1α levels were observed in brain endothelial cells (ECs) of db/db mice. Functionally, brain ECs-

specific knockdown of Hif1a significantly ameliorated T2D-induced memory loss and neuronal damage.

Glycolysis in brain ECs was inhibited in this process, as indicated by RNA-seq, leading to decreased hip-

pocampal lactate production through reduced LDHA expression. Notably, T2D patients showed increased

cerebrospinal fluid lactate levels, which were strongly associated with their cognitive dysfunction. Intra-

hippocampal injection of lactate accelerated cognitive dysfunction and impaired adult hippocampal neu-

rogenesis (AHN) in db/db mice. Conversely, reducing hippocampal lactate levels through the

intrahippocampal injection of oxamate delayed the onset of memory deficits. Furthermore, asiatic acid

was discovered to protect db/db mice from cognitive impairment by decreasing brain endothelial HIF-
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1α expression and subsequently reducing hippocampal lactate-induced AHN damage. Overall, this study

elucidates the inhibiting role played by endothelial HIF-1α-driven lactate in AHN and highlights a poten-

tial tactic of targeting HIF-1α in brain ECs for treating cognitive impairment.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Type 2 diabetes (T2D), characterized by hyperglycemia, is an

independent risk factor for cognitive impairment, including mild

cognitive impairment and dementia, which detrimentally affects

the capacities of patients in daily activities, occupational perfor-

mance, and social interactions1,2. Given the increasing incidence of

T2D and rising life expectancy worldwide3, effective and feasible

intervention strategies are urgently required to prevent the preva-

lence of diabetes-associated cognitive impairment (DACI). How-

ever, clinical trials have shown limited benefits for cognitive

function from optimizing glycemic control in T2D patients, such as

through regular glucose monitoring and the use of hypoglycemic

agents4. Hence, it is essential to elucidate the complex mechanisms

underlying DACI to propose novel therapeutic avenues.

Hypoxia-inducible factor (HIF) family consists of three

members: HIF-1, HIF-2, and HIF-3, which play crucial roles in

cellular and systemic adaptation to hypoxia. Structurally, the

formation of a dimer between the regulatory α subunit and the

constitutively expressed ß subunit endows HIFs with the ability to

exert biological functions5—7. Therefore, the expression level of α

subunit of HIFs is the main factor affecting their downstream

signaling. Growing evidence has pointed out the dysregulation of

HIF signaling in various tissues of T2D patients and animal

models, leading to impaired adaptive responses to hypoxia,

cellular disorders, and consequently, the complications of T2D8.

In brain tissue, elevated hippocampal HIF-1α and HIF-2α levels

have been reported to evoke the tau and α-synuclein hyper-

phosphorylation, respectively, and contribute to cognitive

dysfunction in chronic hypoxia9,10. These studies suggest that

HIFs may serve as a potential link between T2D and cognitive

impairment11. However, the changes of HIF signaling in brain

tissues in T2D, particularly at the cellular level, and their under-

lying mechanisms involving DACI remain elusive and need

further investigation.

Adult hippocampal neurogenesis (AHN) is a distinctive form of

neuroplasticity characterized by the continuous generation of new

neurons from neural stem cells (NSCs) residing in the subgranular

zone, which upon maturation are integrated into hippocampal

circuits contributing to memory encoding and retrieval12—14. AHN

persists throughout life in the human brain and is associated with

cognition15. Patients with diabetes show reduced AHN estimated

by atrophy of hippocampus on magnetic resonance imaging16,17.

Animal models of T2D also exhibit reduced cell proliferation and

diminished neuronal differentiation of NSCs, as well as decreased

survival of newborn neurons from NSCs in the hippocampus

compared to non-diabetic animals18. These findings support a

notion that T2D contributes to impaired AHN, resulting in DACI.

AHN is regulated by multiple intracellular signaling of NSCs and

mediators originating from other central or peripheral cells. For

instance, Wnt19, Notch20, brain-derived neurotrophic factor

signaling21, and some signaling molecules derived from the sur-

rounding cells, such as lactate from endothelial cells (ECs)14 and

chitinase-3-like from astrocytes22, which exert various effects in

hippocampus neurogenesis. Notably, HIFs have been reported to

crosstalk with some of the signaling and signal molecules related to

AHN mentioned above23—25, which suggests the potential of HIFs-

targeted approaches in promoting AHN and cognitive function.

The biological role of HIFs in AHN impaired by T2D, however, is

still largely unexplored.

In this study, we noted that elevated brain endothelial HIF-1α

levels in the hippocampus under T2D conditions based on analysis

of public transcriptomic data and experimental validation. The

relationship between endothelial HIF-1α and cognitive function

was explored using mice of brain endothelial-specific knockdown

of Hif1a. Glycolysis-driven lactate was identified as a potential

mediator regulated by endothelial HIF-1α in T2D via RNA-seq

analysis. Subsequently, we investigated the association between

elevated lactate levels and cognitive impairment in T2D patients

and animals. The role of hippocampal lactate in DACI was

determined by either intrahippocampal administration or restric-

tion of lactate in mice. Parallelly, the effect of lactate on AHN was

evaluated in vivo and in vitro. Additionally, natural compounds

were screened to inhibit HIF-1α expression in brain ECs and

further assessed for the capability to ameliorate impaired AHN

and cognitive function in T2D mice.

2. Materials and methods

2.1. Experimental animals

Male db/db mice (12—20 weeks old) and age-matched db/m mice

were purchased from GemPharmatech (Nanjing, China). All mice

were maintained under constant humidity and temperature in the

center for experimental animals at China Pharmaceutical Uni-

versity (Nanjing, China) with access to food and water ad libitum.

All procedures involving animals were performed following pro-

tocols approved by the Ethics Committee for animal research of

China Pharmaceutical University and conformed to the guidelines

for the care and use of laboratory (Approval AEWC-20220913-2).

2.2. Human samples

The clinical study was approved by the Ethics Committee of

Fujian Medical University Union Hospital (Approval No.

2020YF004-01), and written informed consent was obtained from

all participating individuals. Mini-mental state examination

(MMSE) and Montreal cognitive assessment (MoCA) scores were

collected from individuals aged over 50 years, both with and

without T2D. Meanwhile, lactate levels in the cerebrospinal fluid

(CSF) were measured, followed by a correlation analysis between

lactate levels and cognitive function score. Above human samples
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were donated by Professor Pan Xiaodong from Fujian Medical

University Union Hospital (China).

2.3. Data mining of RNA sequencing date

Original data from GSE125387 in GEO database26, which con-

tains RNA sequencing data of the hippocampal tissue separated

from db/m or db/db mice, were reanalyzed using DESeq2 R

package. The mRNA expressions of Hif1a, Hif2a, and Hif3a were

calculated as Transcript by Million (TPM).

2.4. Morris water maze (MWM) test

The experimental procedure was conducted as described previ-

ously, including training trials and a probe test14. Briefly, from the

1st day to the 5th day, a platform was positioned in a fixed location

known as the target quadrant, and all mice were trained once daily.

Both escape latency and swimming path were recorded. On the

6th day, the platform was removed, and the time spent in the target

quadrant and the number of platform crossings were monitored

in 60 s.

2.5. Y maze test

Mice were placed in a fixed arm, and the sequence of mouse entry

into different arms was recorded over 5 min, respectively. The

spontaneous alternation rate was calculated according to a previ-

ous study27.

2.6. Novel object recognition (NOR) test

All experimental procedure was performed as described previ-

ously14. Each mouse underwent a habituation phase in an object-

free arena for 10 min on the 1st day. On the 2nd day, mice were

habituated to the arena for 15 min with two identical objects. After

1 h, one of the familiar objects was replaced with a novel object,

and the mice were placed in the arena again for a 10-min explo-

ration session. The exploratory preference was quantified as the

percentage of time spent investigating the novel object out of total

time spent exploring all objects.

2.7. Data mining of single-cell RNA sequencing date

The hippocampal single-cell RNA-seq data of db/db and db/m

mice were obtained from GSE20164428. The 10 × Genomics raw

data were processed using the Seurat package (v5.1.0) to produce

a unique molecular identifier (UMI) count matrix. Cells with more

than 300 genes and fewer than 7000 genes, more than 400 UMIs,

and less than 20% mitochondrial RNA were retained for subse-

quent analyses. The filtered matrix was normalized and scaled for

library size to gain normalized counts. The Uniform Manifold

Approximation and Projection method was used to visualize the

clustering results for the cells. Cell type annotation was performed

using the SingleR (v2.6.0) and celldex (v1.14.0) packages. The

“FeaturePlot” function was used to display the expression distri-

bution of genes across various cell types. All analyses were con-

ducted in R (4.4.1).

2.8. Cell culture

Mouse brain-derived endothelial cells.3 (bEnd.3) was obtained

from American Type Culture Collection and cultured at 37 ◦C in

an atmosphere of 5% CO2 in high-glucose Dulbecco’s modified

Eagle’s medium (DMEM, KeyGEN BioTECH, Nanjing, China)

supplemented with 10% fetal bovine serum (FBS, KeyGEN

BioTECH, Nanjing, China). NSCs were cultured in DMEM/F12

medium (KeyGEN BioTECH, Nanjing, China) supplemented

with 1% B-27 supplements (NEST Biotechnology, Wuxi, China),

20 ng/mL epidermal growth factor (PeproTech, NJ, USA), and

20 ng/mL basic fibroblast growth factor (PeproTech, NJ, USA)

according to a previously described method29. In short, mouse

hippocampus was obtained, cut into small pieces, and incubated

with 0.125% trypsin solution (KeyGEN BioTECH, Nanjing,

China) for 15 min at 37 ◦C. Gently triturate to prepare a single cell

suspension, which was plated into a 24-well plate (NEST

Biotechnology, Wuxi, China) and cultured in the proliferation

medium. Brain endothelial cells were cultured in the DMEM/F12

medium supplemented with 20% FBS, 2% L-glutamine

(MedChemExpress, NJ, USA), and 1 ng/mL basic fibroblast

growth factor according to a previously described method30.

Briefly, mouse hippocampus was obtained, cut into small pieces,

and incubated with 2.5% trypsin solution for 20 min at 37 ◦C.

Next, the precipitate was incubated with collagenase type IV

(Yeasen, Shanghai, China) for 30 min at 37 ◦C.

2.9. Cell viability and neurosphere formation assay

In the cell viability tests, NSCs were prepared as a single cell

suspension and plated into a 96-well plate (Bioland, Hangzhou,

China). Cell viability was evaluated using cell counting kit-8

(APExBIO, Houston, USA). All procedures of the neurosphere

formation assay were performed as described previously29. NSCs

were cultured in the proliferation medium in a 24-well plate

(Bioland, Hangzhou, China). Five days later, the number and

diameter of neurospheres were calculated after intervention using

Image J software.

2.10. Adeno-associated virus (AAV) infection

To knock down the expression of Hif1a in brain ECs, AAV2/9-

mediated delivery was employed for db/m or db/db mice.

AAV2/9 encoding mouse Hif1a and endothelial cell-specific pro-

moter were provided by Hanheng Biotechnology. In brief, mice

were anesthetized with pentobarbital sodium (30 mg/kg, i.p.) and

injected with 1.9 × 1012 vector genome/mL HBAAV2/9-tie-

mir30-m-Hif1a-ZsGreen and 1.5 × 1012 vector genome/mL

HBAAV2/9-tie-ZsGreen control into hippocampal tissue (5 μL)

through microinjector and stereotaxic apparatus.

2.11. Biochemical assay

Glucose levels in serum were tested using blood glucose content

assay kits (Solarbio, Beijing, China) following the manufacturer’s

protocol.

2.12. Enzyme-linked immunosorbent assay (ELISA)

Glycated serum protein (GSP) levels were measured using com-

mercial kits (Jiangsu Meimian Industrial Co., Ltd., Yancheng,

China) according to the manufacturer’s instructions.
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2.13. Nissl staining

Mice were perfused with cold phosphate-buffered saline (PBS,

KeyGen, Nanjing, China), and brain tissue was fixed in 4%

paraformaldehyde (PFA, KeyGen, Nanjing, China). Next, these

tissues were embedded in paraffin, cut into 10 μm thick sections,

dewaxed, and stained with cresyl violet acetate. All pictures were

captured using an inverted fluorescent microscope (Nikon, Tokyo,

Japan).

2.14. RNA sequencing

Total RNA was extracted separately from primary brain ECs

isolated from db/db mice with endothelial Hif1a specific knock-

down and control using the RNA isolator total RNA extraction

reagent (Vazyme, Nanjing, China), separately. EdgeR algorithm

was applied to filter differentially expressed genes (DEGs)

through logFC > 1 or < − 1, and P value < 0.05. Cluster analysis

and principal component analysis were performed based on DEGs.

Gene Ontology (GO) enrichment analyses were performed using

the DAVID database. The fold change of the TPM was analyzed

by gene set enrichment analysis (GSEA) with the GO dataset.

2.15. Intrahippocampal injection of lactate and oxamate

The experimental procedure was conducted as described previ-

ously13. Specifically, mice were anesthetized using pentobarbital

sodium (30 mg/kg, i.p.) and subsequently secured in a stereotaxic

apparatus. A longitudinal incision was made along the sagittal

suture to fully expose the skull surface. Burr holes were then

drilled at the following coordinates relative to bregma: ante-

roposterior, − 2 mm; lateral, +1.7 mm; and ventral, − 1.9 mm

(from dura). Lactate (Sigma, Saint Louis, MO, USA) and oxamate

(Sigma) were dissolved in saline at a concentration of 10 mmol/L.

The solution was injected into the hippocampus at 2 μL per

mouse, with the injection rate carefully maintained at 0.2 μL/min.

The needle was left in place for an additional 5 min post-injection.

2.16. Lactate analysis

Hippocampus tissues and cultured cells were homogenized with

PBS, followed by centrifugation at 4 ◦C using 12,000×g for

15 min. The supernatant was collected and protein concentration

was determined using the enhanced BCA protein assay kit

(Beyotime, Shanghai, China). Additionally, cell culture superna-

tant was collected and centrifuged at 4 ◦C using 12,000×g for

15 min. Lactate levels were tested using the lactic acid content

assay kit (Solarbio, Beijing, China) following the manufacturer’s

instructions.

2.17. Advanced glycation end products (AGEs) preparation

AGEs were conducted by co-incubating bovine serum albumin

(BSA, Solarbio, Beijing, China) with methylglyoxal (10 mg/mL,

Macklin, Shanghai, China) at 37 ◦C in the dark for 1 week as

previously described31. Unbound methylglyoxal was subsequently

removed through dialysis in PBS for three days.

2.18. Transmission electron microscope (TEM)

The experimental procedure was conducted following previously

described methods32. Hippocampus tissues were obtained, diced

into small blocks, and fixed with 1% osmium tetroxide at room

temperature (RT) for 2 h. Subsequently, the tissues were

embedded in epon and dissected into ultrathin slices of 70 nm

thickness after dehydration and permeation. These slices were

then stained with 2% uranyl acetate and lead citrate for 15 min

before being examined using a transmission electron microscope

(Hitachi, Tokyo, Japan).

2.19. Immunofluorescence staining

Brain tissue sections were fixed within 4% PFA for 30 min, per-

meabilized with 1% Triton X-100 (Thermo, Waltham, MA, USA)

at RT for 30 min, and blocked with 5% BSA at RT for 60 min.

Then, samples were incubated with primary antibody at 4 ◦C in

the dark overnight, followed by incubation with fluorescently

labeled-secondary antibody at RT for 2 h, counterstained with

DAPI to recognize nuclei. All pictures were captured using a

microscope (Nikon, Tokyo, Japan).

2.20. Western blot

Proteins were extracted from the collected hippocampus tissues

and cells using RIPA lysis buffer supplemented with PMSF on ice,

followed by centrifugation at 12,000×g for 10 min at 4 ◦C. Protein

content was determined using the enhanced BCA protein assay

kit. Equal protein samples were subjected to SDS-PAGE, trans-

ferred onto nitrocellulose membrane, blocked with 5% BSA for

2 h, and incubated with primary antibodies as follows at 4 ◦C

overnight: HIF-1α (Bioss, Beijing, China), HK2 (Abcam,

Cambridge, UK), LDHA (Bioss, Beijing, China), Ki67 (Wanlei-

bio, Shenyang, China), PCNA (Wanleibio, Shenyang, China), and

ß-Tubulin (Proteintech, Wuhan, China), respectively. Next, the

membranes were incubated with a horseradish peroxidase-

conjugated secondary antibody (Wanleibio, Shenyang, China)

and visualized using a commercial enhanced chemiluminescence

kit (New Cell & Molecular Biotech, Suzhou, China). Grey values

were quantified using Image J software and normalized to

expressions of ß-Tubulin as internal standard.

2.21. Real-time fluorescence quantitative polymerase chain

reaction (RT-qPCR)

Total RNA was extracted from hippocampal tissues or cells using

the RNA isolator total RNA extraction reagent (Vazyme, Nanjing,

China) and reverse-transcribed by all-in-one first-strand synthesis

master mix (Best Enzymes, Lianyungang, China). Taq-HS SYBR

green qPCR premix (Best Enzymes) was applied to transcribe the

cDNA in a real-time qPCR system. All data were analyzed uti-

lizing the comparative CT method with Actb as the internal stan-

dard. Primers were synthesized (Generay Biotech, Shanghai,

China) using the sequences shown in Supporting Information

Table S1.

2.22. Statistical analysis

The Kolmogorov—Smirnov test was used to assess the normality

of the data. For data with normal distributions, one-way ANOVA

with Tukey’s post hoc test was utilized to evaluate differences

among more than two groups and adjust for multiple comparisons;

otherwise, the Kruskal—Wallis test was applied. To compare dif-

ferences between two groups, Student’s t-test was used for pair-

wise comparisons assuming normal distribution; otherwise, the
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Mann—Whitney U test was performed. Correlations between two

parameters were assessed using Pearson’s correlation coefficient.

The data are presented as mean ± standard error of mean (SEM),

and a P value < 0.05 was considered statistically significant.

3. Results

3.1. Elevated hippocampal HIF-1α level is associated with

cognitive impairment in db/db mice

The RNA-seq data (GSE125387) of mouse hippocampal tissue

with and without T2D were reanalyzed to investigate the potential

mechanisms underlying DACI. As shown in Fig. 1A, the mRNA

levels of Hif1a and Hif3a but not Hif2a were significantly increased

in the hippocampal tissues of db/db mice (n � 10), which exhibited

increased glucose levels, reduced insulin levels, and elevated AGEs

levels (Supporting Information Fig. S1A), compared with controls

(n � 11). HIF-1α was assessed in vivo due to its abundant

expression (Fig. 1B). Western blot analysis revealed that

hippocampal HIF-1α protein expression was significantly upregu-

lated in db/db mice compared with db/m mice (Fig. 1C and D).

Similarly, a remarkable elevation of hippocampal Hif1a mRNA

level was observed in db/db mice compared with controls (Fig. 1E).

Immunofluorescence staining results confirmed an increased fluo-

rescence intensity of HIF-1α+ area in the hippocampus of db/db

mice (Fig. 1F, Fig. S1B). The learning and memory abilities of db/

db (n � 29) and db/m (n � 18) mice were evaluated through

behavior experiments. In the training trial of MWM, the escape

latency of db/db mice was remarkably longer compared to controls,

suggesting a decline in learning capacity (Fig. 1G and H). During

the probe trial, db/db mice exhibited a reduced number of platform

crossings than db/m mice, while no significant change was

observed in the target-zone duration, which indicated a slight

deficit in spatial memory (Fig. 1I and J). In the Y maze test, there

was a significant decrease in spontaneous alternation rate shown by

db/db mice compared to controls (Fig. 1K, Fig. S1C). Additionally,

db/db mice exhibited decreased percentage of exploratory prefer-

ence compared with db/m mice in the NOR test (Fig. S1D). In

Figure 1 Elevated hippocampal HIF-1α level is associated with cognitive impairment in db/db mice. (A) The mRNA levels of Hif1a, Hif2a,

and Hif3a of mouse hippocampal tissue with and without T2D. Original data was obtained from GSE125387. (B) Experiment outline. Behavioral

tests, including MWM and Y maze test, were performed in db/db mice (19-week-old) and age-matched db/m mice (n � 18 for db/m mice, n � 29

for db/db mice) to detect the cognitive function. (C, D) Hippocampal HIF-1α expression of db/m and db/db mice was assessed using Western blot

analysis (n � 3 per group). (E) The mRNA levels of Hif1a in hippocampus of db/m and db/db mice were evaluated by RT-qPCR (normalized to

Actb; n � 18 for db/m mice, n � 29 for db/db mice). (F) Representative images of HIF-1α+ areas in hippocampus were assessed by immu-

nofluorescence staining (n � 3 per group). Scale bar, 200 μm. (G) Typical swimming paths of 5th and 6th day in MWM test. (H) Escape latency

during the training trial of MWM test. (I) Percentage of target-zone duration in MWM test. (J) Number of target-platform crossings in MWM test.

(K) Spontaneous alternation rate in Y maze test. (L) Correlation analysis of hippocampal Hif1a mRNA level with 5th day escape latency, target-

zone duration, target-platform crossing, and spontaneous alternations (r values were calculated by Pearson’s method). Data are presented as

mean ± SEM. ns, no statistical difference. P values were determined by two-tailed Student’s t test or Mann—Whitney U test.
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Fig. 1L, a positive correlation was analyzed between hippocampal

Hif1a mRNA levels and escape latency on the 5th day. Addition-

ally, a negative correlation was observed between hippocampal

Hif1a mRNA levels and the number of platform crossings as well

as the spontaneous alternations rate. In conclusion, these findings

demonstrate that elevated hippocampal HIF-1α level was associ-

ated with cognitive impairment in db/db mice.

3.2. Knockdown of HIF-1α in brain ECs prevents cognitive

impairment in db/db mice

The single-cell RNA-seq data (GSE201644) were reanalyzed to

clarify HIF-1α expression in distinct cell populations within the

hippocampus (Supporting Information Fig. S2A—S2C). As shown

in Fig. 2A, there was a significant increase in the average

Figure 2 Knockdown of HIF-1α in brain ECs prevents cognitive impairment in db/db mice. (A) The average expression of Hif1a in distinct cell

populations within the hippocampus from db/m and db/db mice. Original data was obtained from GSE201644. (B) Representative images of HIF-

1α+/CD31+ areas in hippocampus of db/m and db/db mice were assessed by immunofluorescence staining (n � 3 per group). Scale bar, 50 μm.

(C, D) Representative images and quantification of HIF-1α expression in primary brain ECs isolated from db/m and db/db mice were assessed

through Western blot (n � 4 per group). (E) The mRNA levels of Hif1a in primary brain ECs isolated from db/m and db/db mice were evaluated

by RT-qPCR (normalized to Actb, n � 4 per group). (F) Experiment outline. AAV-shHif1a and AAV-shNC were injected into the hippocampus of

15-week-old mice. Morris water maze (MWM) and Y maze test were performed in db/db mice (19-week-old) and age-matched db/m mice (n � 5

per group) to detect cognitive function. (G) Body weight, serum glucose, and glycosylated serum protein (GSP) of mice at 20 weeks old. (H)

Typical swimming paths of 5th day in the MWM test. (I) Escape latency during the training trial of MWM test. (J) Number of target-platform

crossings in the MWM test. (K) Spontaneous alternation rate in Y maze test. (L) Representative images and quantification of Nissl staining in DG

area of mice (n � 3 per group). Scale bar, 50 μm. (M) Representative images and quantification of NeuN+ cells in DG area of mice (n � 3 per

group) tested by immunofluorescence staining. Scale bar, 50 μm. Data are presented as mean ± SEM. ns, no statistical difference. P values were

determined by two-tailed Student’s t test.
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expression of Hif1a observed in brain ECs from db/db mice

compared to db/m mice. Immunofluorescence co-localization

results further confirmed an increased fluorescence intensity of

HIF-1α+/CD31+ area in the hippocampus of db/db mice

(Fig. 2B). Consistently, Western blot analysis demonstrated a

remarkable upregulation of HIF-1α protein expression in the

primary brain ECs isolated from db/db mice, accompanied by an

elevation in Hif1a mRNA levels as well (Fig. 2C—E). Briefly, our

findings suggested HIF-1α was significantly increased in the brain

ECs of db/db mice.

Next, adeno-associated virus 2/9 encoding Hif1a (AAV-Hif1a)

and AAV-NC were injected into the hippocampus to knock down

Hif1a expression in the brain ECs. The viral vectors were equip-

ped with an endothelial cell-specific promoter for precise targeting

(Fig. 2F). As expected, immunofluorescence staining results

demonstrated a significant reduction in HIF-1α expression spe-

cifically within brain ECs after 4 weeks (Fig. S2D). No remark-

able differences of HIF-1α expression were observed between

AAV-NC and AAV-Hif1a groups in the heart, liver, spleen, lung,

and kidney, as demonstrated by immunohistochemistry assays

(Fig. S2E). Western blot analysis revealed that AAV-Hif1a injec-

tion reduced HIF-1α protein expression in the hippocampus but

not in the cortex or hypothalamus (Fig. S2F). Additionally, brain

ECs-specific knockdown of Hif1a did not affect the body weight,

serum glucose, and serum GSP of mice (Fig. 2G). During the

navigation trial of MWM, the escape latency of db/db mice was

significantly shorter after brain ECs-specific knockdown of Hif1a

(Fig. 2H and I). In the probe test, db/db-shHif1a mice passed

through the original platform location more times than db/db-

shNC mice (Fig. 2J). Consistently, brain ECs-specific knockdown

of Hif1a rescued the decrease of the spontaneous alternation rate

of db/db mice (Fig. 2K). In Fig. 2L, Nissl staining results showed

a significant increase of the area occupied by Nissl bodies within

the dentate gyrus (DG) of db/db-shHif1a mice compared to db/db-

shNC mice. Moreover, an elevated number of NeuN-positive cells

was observed in the DG of db/db mice after Hif1a-specific

knockout through immunofluorescence analysis (Fig. 2M). Over-

all, our data indicated that brain ECs-specific knockdown of Hif1a

significantly ameliorated memory loss and neuronal damage in

db/db mice.

3.3. Knockdown of HIF-1α inhibits glycolysis-driven lactate

production through decreasing LDHA expression

To investigate the potential functional significance of brain

endothelial HIF-1α in DACI, RNA-seq was performed to identify

the downstream targets regulated by HIF-1α in primary brain ECs

isolated from db/db-shNC and db/db-shHif1a mice. In Fig. 3A,

DEGs were enriched in the gene sets related to glycolysis, such as

“Glycolytic process”, “Canonical glycolysis”, and “Fructose

metabolic process”. Among them, “glycolytic process” was

significantly inhibited as indicated by GSEA after knockdown of

HIF-1α (Fig. 3B), with 8 downregulated genes involved in it

exhibited in the heat map (Fig. 3C). Consistently, RT-qPCR results

further confirmed knockdown of HIF-1α inhibited the levels of

glycolysis-related genes such as Ldha and Hk2 (Fig. 3D). Western

blot analysis revealed upregulation of LDHA and HK2 protein

expression in the primary brain ECs isolated from db/db-shNC

mice; however, these expressions were significantly down-

regulated by Hif1a knockdown (Fig. 3E). Lactate, an end-product

of glycolysis, plays a multifaceted role as an energy substrate and

signal regulatory molecule, which has been increasingly eluci-

dated33. As shown in Fig. 3F, significant increases were observed

both in the primary brain ECs isolated from db/db-shNC mice and

their supernatant; however, knockdown of Hif1a inhibited these

increases. Hippocampal lactate levels of db/db mice were also

significantly decreased after brain ECs-specific knockdown of

Hif1a (Fig. 3G). To further confirm knockdown of Hif1a causes

the changes of glycolysis-driven lactate production, AGEs and

high glucose (HG) were added to bEnd.3 cells to induce upre-

gulation of HIF-1α expression and glycolysis level (Supporting

Information Table S2, Fig. S3A—S3F). As expected, knockdown

of Hif1a decreased the elevated protein expression of LDHA in

bEnd.3 cells induced by AGEs (Fig. 3H). Additionally, lactate

levels were increased in AGEs-induced and HG-induced

bEnd.3 cells and their supernatant; however, knockdown of

Hif1a inhibited these changes, which exhibited decreased lactate

levels (Fig. 3I and Fig. S3G). Subsequently, overexpression of

LDHA in AGEs-induced bEnd.3 cells following the knockdown of

Hif1a led to a significant increase in lactate levels, which

approached those induced by AGEs (Fig. 3J and K). In summary,

these findings indicated knockdown of Hif1a in the brain ECs

inhibited glycolysis-driven lactate production through decreasing

LDHA expression.

3.4. Elevated hippocampal lactate is associated with impaired

cognitive function and AHN in T2D

To explore the underlying impact of brain endothelial HIF-1α-

driven lactate in DACI, CSF samples and cognitive scores were

collected from non-T2D individuals (n � 10) and T2D patients

(n � 21). As depicted in Fig. 4A, T2D patients exhibited lower

scores on MMSE and MoCA, indicating impaired cognitive

function in T2D patients. Notably, CSF lactate levels were

significantly elevated in T2D patients compared to controls

(Fig. 4B). Subsequent analysis revealed an inverse relationship

between CSF lactate levels and MMSE as well as MoCA scores

(Fig. 4C). In Fig. 4D, db/db mice exhibited a significant increase

in hippocampal lactate level compared to db/m mice. Consistently,

correlation analysis results revealed a positive correlation between

hippocampal lactate levels and escape latency on the 5th day,

while a negative correlation was observed with the number of

platform crossings and spontaneous alternation rate in mice

(Fig. 4E). In short, the above findings indicated that elevated

hippocampal lactate level is associated with cognitive dysfunction

in T2D.

Next, 20-week-old db/db mice were divided into high-lactate

and low-lactate groups based on median hippocampal lactate

concentration (0.6763 mmol/gprot, n � 10 per group), referring to

a previous study (Fig. 4F)34. Reanalysis of behavioral data showed

a significant decrease in the crossing number and spontaneous

alternation rate of db/db mice in the high-lactate group compared

with those in the low-lactate group (Fig. 4G and H). TEM analysis

revealed a reduced number of synapses and synaptic vesicles in

CA3 of db/db mice belonging to the high-lactate group (Fig. 4I

and J). As evidenced by Nissl staining, a significant reduction in

the quantity of Nissl bodies within DG of the high-lactate group

compared to the low-lactate group (Fig. 4K). Similarly, there was

a notable reduction in NeuN-positive cells within DG among mice

from the high-lactate group (Fig. 4L). Given the demonstrated
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direct impact of increased hippocampal lactate on AHN14,

5-ethynyl-2-deoxyuridine (EdU) was used for labeling all newly

generated cells. Both the number of newborn cells (Fig. 4M) and

newborn NSCs (Fig. 4N) exhibited significant reduction in DG of

mice from the high-lactate group compared to those from the low-

lactate group. In short, these findings suggested hippocampal

lactate accumulation is associated with impaired AHN under T2D

conditions.

Figure 3 Knockdown of HIF-1α inhibits glycolysis-driven lactate production. RNA-Seq was performed in primary brain ECs isolated from db/

db-shNC and db/db-shHif1a mice (n � 3 per group). (A) Biological process of gene ontology enrichment analysis. (B) Gene set enrichment

analysis on glycolytic process. (C) Differentially expressed genes between primary brain ECs isolated from db/db-shNC and db/db-shHif1a mice.

(D) The mRNA levels of glycolytic process-related genes tested using RT-qPCR (normalized to Actb, n � 3 per group). (E) HK2 and LDHA protein

expression in primary brain ECs was evaluated by Western blot (n � 3 per group). (F) Lactate levels in primary brain ECs and their supernatants

were tested using commercial kits (n � 3 per group). (G) Hippocampal lactate levels of shNC and shHif1a mice were assessed using commercial

kits (n � 5 per group). (H) The LDHA expression of AGEs-induced bEnd.3 cells following Hif1a knockdown were evaluated through Western blot

(n � 3 per group). (I) Lactate levels in AGEs-induced bEnd.3 cells and their supernatants upon Hif1a knockdown were measured using commercial

kits (n � 6 per group). (J) Overexpression and knockdown validation. The expression of HIF-1α and LDHA in AGEs-induced bEnd.3 cells after

Ldha overexpression or Hif1a knockdown were tested through Western blot (n � 3 per group). (K) Lactate levels in AGEs-induced bEnd.3 cells

after Ldha overexpression or Hif1a knockdown were assessed using commercial kits (n � 5 per group). Data are presented as mean ± SEM. ns, no

statistical difference. P values were determined by two-tailed Student’s t test or one-way ANOVA, followed by Turkey’s test.
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Figure 4 Elevated hippocampal lactate is associated with impaired cognitive function and AHN in T2D. (A) Cognitive scores of non-T2D

individuals and T2D patients were assessed through MMSE and MoCA test (n � 10 for non-T2D individuals, n � 21 for T2D patients). (B)

CSF lactate levels of non-T2D individuals and T2D patients were tested using commercial kits. (C) Correlation analysis of CSF lactate levels with

MMSE scores and MoCA scores. (D) Hippocampal lactate levels of 20-week-old mice were measured using commercial kits (n � 18 for db/m

mice, n � 29 for db/db mice). (E) Correlation analysis of hippocampal lactate levels with 5th day escape latency, target-zone duration, target-

platform crossing, and spontaneous alternations. (F) Experiment outline. During behavioral tests, EdU (100 mg/kg) was injected intraperitoneally

into db/db mice five times. Next, all db/db mice were divided into high-lactate and low-lactate groups based on median lactate concentration

(0.6763 mmol/gprot, n � 10 per group). (G) Number of target-platform crossings in MWM test. (H) Spontaneous alternation rate in Y maze test.

(I, J) Synaptic morphology in CA3 tested by TEM. Scale bar, 1 μm. Quantification of numbers of synapses in (J) (n � 5 per group). (K)

Representative images and quantification of Nissl staining in DG (n � 5 per group). Scale bar, 50 μm. (L) Iconic images and quantification of

NeuN+ cells in DG (n � 5 per group) tested by immunofluorescence staining. Scale bar, 50 μm. (M) Representative images of EdU+ cells and

quantification in DG (n � 5 per group) tested by immunofluorescence staining. Scale bar, 100 μm. (N) Characteristic images of EdU+ Sox2+ cells

and quantification of percentage of Sox2+EdU+/EdU+ cells (n � 5 per group). Scale bar, 50 μm. Data are presented as mean ± SEM. Correlation

coefficient r values were calculated by Pearson’s method. P values were determined by two-tailed Student’s t test or Mann—Whitney U test.
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Figure 5 Hippocampal lactate accumulation accelerates T2D-associated cognitive impairment. (A) Experiment outline. Unilateral injections of

either saline or 10 mmol/L lactate were administered into the hippocampus of 10-week-old mice (n � 5 per group). One week later, behavioral

tests including Y maze test and novel object recognition (NOR) test were performed to assess the cognitive ability of mice. (B) Body weight,

serum glucose, and glycosylated serum protein were assessed using commercial kits. (C) Hippocampal lactate levels of mice in each group were

tested by commercial kits. (D) Spontaneous alternation rate in Y maze test and exploratory preference rate in NOR test. (E) Representative images

and quantification of Nissl staining in DG area (n � 3 per group). Scale bar, 50 μm. (F) Representative images and quantification of NeuN+ cells

in DG area (n � 3 per group) were tested by immunofluorescence staining. Scale bar, 50 μm. (G) Representative images and quantification of

neurospheres treated with lactate or without lactate. Scale bar, 50 μm. (H) Cell viability of NSCs in each group was tested using CCK-8 kit (n � 5

per group). (I) Proliferation-associated proteins (Ki67 and PCNA) levels of NSCs were assessed using Western blot (n � 3 per group). Data are

presented as mean ± SEM. ns, no statistical difference. P values were determined by two-tailed Student’s t test.
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Figure 6 Reducing hippocampal lactate production mitigates T2D-associated cognitive dysfunction. (A) Experiment outline. Unilateral

injections of either saline or 10 mmol/L oxamate were administered into the hippocampus of 14-week-old mice (n � 5 per group). One week

later, behavioral tests including Y maze test and novel object recognition (NOR) test were performed to assess the cognitive ability of mice. (B)

Body weight, serum glucose, and glycosylated serum protein were assessed using commercial kits. (C) Hippocampal lactate levels of mice in each

group were tested by commercial kits. (D) Spontaneous alternation rate in Y maze test and exploratory preference rate in NOR test. (E)

Representative images and quantification of Nissl staining in DG area (n � 3 per group). Scale bar, 50 μm. (F) Representative images and

quantification of NeuN+ cells in DG area (n � 3 per group) were tested by immunofluorescence staining. Scale bar, 50 μm. (G) Representative

images and quantification of neurospheres treated with or without Ox. Scale bar, 50 μm. (H) Cell viability of NSCs in each group was tested using

CCK-8 kit (n � 5 per group). (I) Proliferation-associated proteins (Ki67 and PCNA) levels of NSCs were assessed using Western blot (n � 3 per

group). Data are presented as mean ± SEM. ns, no statistical difference. P values were determined by two-tailed Student’s t test.
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Figure 7 Targeted inhibition of Hif-1α expression in brain ECs by asiatic acid alleviates DACI. (A) HIF-1α expression of AGEs-induced

bEnd.3 cells treated with compounds 1—18 were tested using Western blot (n � 3 per group). (B) Screening candidate compounds by HIF-

1α inhibition rate and lactate inhibition rate. (C) HIF-1α and LDHA protein expression of AGEs-induced bEnd.3 cells treated with asiatic acid

(AA) or 2-ME2 were assessed through Western blot (n � 3 per group). (D) Quantification of HIF-1α and LDHA protein expression in (C). (E)

Intracellular and extracellular lactate levels of AGEs-induced bEnd.3 cells treated with or without AA and 2-ME2 were evaluated by commercial

kits (n � 5 per group). (F) Proliferation-associated proteins (Ki67 and PCNA) levels of NSCs were assessed using Western blot (n � 3 per

group). (G) Cell viability of NSCs in each group was tested using CCK-8 kit (n � 5 per group). (H) Experiment outline. db/db mice were treated

with AA (15, 45 mg/kg) for 6 weeks. MWM and Y maze test were performed (n � 5 per group). (I) Body weight, serum glucose, and gly-

cosylated serum protein of each mouse were assessed using commercial kits. (J) Typical 5th day swimming paths in the MWM test. (K) Escape

latency during the training trial of MWM. (L) Number of target-platform crossings in the MWM. (M) Spontaneous alternation rate in Y maze test.
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3.5. Hippocampal lactate accumulation accelerates T2D-

associated cognitive impairment

Unilateral injections of either saline or 10 mmol/L lactate were

administered into the hippocampus of 10-week-old mice to assess

the impact of elevated lactate levels on cognitive function

(Fig. 5A)14. No notable difference in body weight, serum glucose,

and serum GSP level was observed between mice injected with

saline or lactate (Fig. 5B). Compared to control mice treated with

saline, injection of lactate significantly increased lactate levels in

the hippocampus (Fig. 5C). In behavioral tests, no significant

differences were observed among db/m mice, whereas db/db mice

exhibited diminished spontaneous alternation rate and exploration

preferences subsequent to lactate injection (Fig. 5D). As evi-

denced by Nissl staining, a reduction in the area occupied by

Nissl bodies within DG of db/db mice after lactate injection

(Fig. 5E). Similarly, immunofluorescence staining demonstrated

a notable decrease in NeuN-positive cell count within DG of db/

db mice after lactate injection (Fig. 5F). Next, NSCs isolated

from newborn mice as described in our previous studies29, which

were exposed to AGEs (200 μg/mL) and treated with or without

lactate (5 mmol/L). Morphological analysis revealed a

decreasing trend in both number and diameter of neurospheres in

the AGEs-Lac group compared to the AGEs-NC group (Fig. 5G).

In Fig. 5H, a similar decrease of cell viability was observed in

the AGEs-Lac group. Additionally, Western blot analysis indi-

cated a significant decrease in the expression levels of

proliferation-related proteins (Ki67 and PCNA) following

treatment with lactate (Fig. 5I). In short, these data suggested

hippocampal lactate accumulation accelerated cognitive

impairment in T2D by impairing AHN.

3.6. Reducing hippocampal lactate production mitigates T2D-

associated cognitive dysfunction

To further evaluate the negative impact of hippocampal lactate

accumulation on cognitive function, we unilaterally injected either

saline or oxamate into the hippocampus of 14-week-old db/db and

db/m mice (Fig. 6A). Oxamate has gained recognition as an

LDHA inhibitor and is widely used to reduce lactate production35.

Injection of oxamate did not affect the body weight, serum

glucose, and serum GSP levels compared to control mice injected

with saline (Fig. 6B). However, both db/db and db/m mice

exhibited a remarkable decrease in hippocampal lactate levels

following oxamate injection (Fig. 6C). Encouragingly, after

receiving intrahippocampal injections of oxamate, db/db mice

showed some improvement in cognitive dysfunction, as evidenced

by elevated spontaneous alternation rate and exploration prefer-

ence (Fig. 6D). Nissl staining revealed a significant increase in the

area occupied by Nissl bodies within DG of db/db-Ox group

compared to that observed in the db/db-NS group (Fig. 6E).

Similarly, there was a remarkable increase in the number of

NeuN-positive cells within DG after oxamate injection (Fig. 6F).

In vitro, bEnd.3 cells treated with saline or oxamate (20 mmol/L)

were co-cultured with NSCs in a Transwell system, respectively.

As evidenced by morphological analysis, NSCs in AGEs-Ox

group exhibited larger diameter and greater quantity compared

to AGEs-NS group (Fig. 6G). Meanwhile, a significant increase in

cell viability and expression levels of proliferation-related proteins

(Ki67 and PCNA) was observed in the AGEs-Ox group (Fig. 6H

and I). Altogether, inhibition of excessive hippocampal lactate

production effectively mitigated cognitive impairment and

restored AHN in db/db mice.

3.7. Targeted inhibition of HIF-1α expression in brain ECs by

asiatic acid alleviates T2D-associated cognitive dysfunction

To identify potential compounds targeting HIF-1α, Western blot

analysis was applied to evaluate the inhibitory effects of 18 natural

compounds isolated from Cyclocarya paliurus (Batal.) Iljinsk

(Fig. 7A and Supporting Information Table S3). Among them,

compound 12 (asiatic acid, AA) was further investigated for

exhibiting excellent HIF-1α and lactate inhibitory activities

(Fig. 7B). In vitro, AA (2.5, 5 μmol/L) effectively mitigated the

AGEs-induced upregulation of HIF-1α and LDHA protein

expression (Fig. 7C and D). In Fig. 7E, lactate levels in AGEs-

induced bEnd.3 cells and their culture supernatant

were significantly decreased after AA treatment. NSCs were

also co-cultured with bEnd.3 cells, which were treated with AA or

2-methoxyestradiol (2-ME2, 2.5 μmol/L). AA treatment signifi-

cantly increased both cell viability and the expression of

proliferation-related proteins (Ki67 and PCNA) of NSCs, with

effects comparable to those observed with 2-ME2 treatment

(Fig. 7F and G). Next, db/db mice were administered with or

without AA (15 and 45 mg/kg) for 6 weeks, while age-matched

db/m mice served as the control group (Fig. 7H). There was no

remarkable difference in body weight, serum glucose, and serum

GSP levels between db/db mice treated with or without AA

(Fig. 7I). In the MWM test, db/db mice in the AAH group

exhibited a significantly reduced swimming path length, decreased

escape latency, and an increased number of crossings compared to

db/db mice (Fig. 7J—L). AAH also significantly improved the

spontaneous alternation rate of db/db mice in the Y maze test

(Fig. 7M). Additionally, a decrease of hippocampal lactate level in

db/db mice was observed after AA treatment (Fig. 7N). Nissl

staining revealed a significant increase in the area occupied by

Nissl bodies within DG of AAH group compared to that observed

in the db/db group. Similarly, there was a remarkable increase in

the number of NeuN-positive cells within DG after AA treatment

(Fig. 7O). Furthermore, the intracerebral distribution of AAH

(45 mg/kg) following oral administration was examined to assess

its ability to traverse the blood—brain barrier (BBB). LC—MS

analysis revealed that the concentration of AA in the brain of

both db/m and db/db mice was lower than the limit of detection

(Supporting Information Fig. S4). In short, these findings sug-

gested AA alleviated T2D-associated cognitive dysfunction

through inhibiting HIF-1α expression in brain ECs.

4. Discussion

To date, T2D contributes to the progression of cognitive impair-

ment (Supporting Information Fig. S5), but the molecular mech-

anism underlying the pathogenesis of DACI is complicated and

remains unclear, leading to a lack of pharmacologic strategies for

(N) Hippocampal lactate levels of mice in each group were measured using commercial kits (n � 5 per group). (O) Representative images and

quantification of Nissl staining and NeuN+ cells in DG (n � 3 per group). Scale bar, 50 μm. Data are presented as mean ± SEM. P values were

determined by one-way ANOVA, followed by Turkey’s test.

5784 Jicong Chen et al.



patient management. In this study, upregulated brain endothelial

HIF-1α in T2D was found to exacerbate cognitive impairment by

accelerating glycolysis-driven lactate production. Brain ECs-

specific knockdown of HIF-1α resulted in a decrease of hippo-

campal lactate, thereby enhancing AHN to rescue DACI. Addi-

tionally, AA was identified to inhibit HIF-1α-driven lactate

production in brain ECs, subsequently ameliorating cognitive

dysfunction of T2D mice. Overall, this study highlights the bio-

logical significance of brain endothelial HIF-1α-driven lactate in

promoting the development of DACI, which suggests that target-

ing inhibition of HIF-1α in brain ECs represents a potential

therapeutic avenue for DACI.

Lactate homeostasis is crucial for maintaining normal brain

activity14,33; however, the precise biological role of lactate in

cognitive impairment remains inconclusive. On one hand, lactate

disrupts synaptic plasticity, accelerates ß-amyloid aggregation,

and promotes microglia polarization, leading to cognitive

impairment36,37. On the other hand, lactate ameliorates neuronal

apoptosis and reduces the inflammatory phenotype of microglia to

alleviate memory deficits38. Two factors may account for the

divergent effects of lactate. Firstly, alterations in lactate levels

differ across distinct types of cognitive dysfunction. Numerous

studies have consistently shown that CSF lactate levels are

significantly elevated in Alzheimer’s disease (AD) patients

compared to age-matched healthy controls39—41. However, recent

evidence suggests lactate levels undergo dynamic alteration during

the progression of cognitive impairment in AD patients42,43.

Zebhauser et al.43 noticed that AD patients at the mild cognitive

impairment stage exhibited higher lactate levels than those with

dementia, while no significant difference was detected in CSF

lactate levels between AD dementia patients and healthy controls.

Elevated lactate levels have also been observed in the CSF of

vascular dementia (VaD) patients41 and the hippocampus of VaD

rats44. Notably, serum lactate levels exhibited an opposite trend in

AD and VaD mouse models. As shown in Supporting Information

Fig. S6, db/db mice exhibited a significant increase in

serum lactate levels compared with controls, whereas APP/PS1

mice, ß-amyloid-injected mice, and VaD mice showed a remark-

able decrease. No significant difference in serum lactate levels was

observed between donepezil-induced mice and control group.

Secondly, different cells show heterogeneous responses to changes

in lactate levels. For example, neurons uptake lactate as an energy

substrate to maintain normal physiological functions. However,

elevated hippocampal lactate directly stimulates the H3K18la/NF-

κB axis, thereby accelerating microglial cellular senescence45.

Previous studies have also highlighted that lactate upregulation in

astrocytes, driven by enhanced glycolysis, disrupts synaptic

plasticity, accelerates ß-amyloid aggregation via AKT/mTOR/

HIF-1α pathway, and consequently leads to spatial cognitive

impairment36. Here, our results demonstrated a significant asso-

ciation between elevated lactate levels and cognitive impairment

in both patients and animal models with T2D. Specifically, our

findings provided support for the detrimental impact of hippo-

campal lactate on AHN under T2D conditions.

AA, a natural triterpenoid compound, exhibits neuroprotective

effects in multiple neurological injury disorders46—48. Previous

studies have demonstrated that treatment with AA reduces

apoptosis and promotes axon regeneration of ß-amyloid-induced

hippocampal neurons in vitro, as well as improves cognitive

dysfunction in vivo49,50. Clinical trial results have also confirmed

the safety and efficacy of AA51,52. Similarly, our findings

indicated that AA rescued the memory deficit of DACI mice.

Interestingly, despite its strong efficacy, the mechanism underly-

ing the memory-enhancing effects of AA remains poorly investi-

gated. This may be associated with limited BBB permeability for

AA53, as LC—MS analysis revealed that no detectable levels at

designated time points (30 and 40 min) during absorption, dis-

tribution, and elimination phases54 following oral administration

of AA in both db/m and db/db mice (Fig. S4). Mechanistic studies

on these drugs with low BBB permeability are frequently over-

looked by researchers, which impede the identification of potential

therapeutic targets for numerous central nervous system (CNS)

disorders. In this study, we noted targeted inhibition of HIF-1α

expression in brain ECs by AA improved the memory deficit of

DACI mice. Therefore, elucidating the mechanism underlying

these effective drugs exhibiting low BBB permeability will

facilitate identifying potential therapeutic targets.

The BBB, composed of brain ECs, astrocytes, pericytes, and

microglia, functions as a protective interface that prevents harmful

substances from entering the brain via the bloodstream55. Struc-

turally, brain ECs constitute the outermost layer of the BBB and

are directly exposed to circulating harmful substances56. Func-

tionally, they regulate neighboring cells via controlled secretion of

small molecules, cytokines, and microvesicles that mediate

transcellular signaling57. Previous studies have demonstrated that

R-spondin3 derived from brain ECs can ameliorate ischemic

neuronal injury induced by middle cerebral artery occlusion58.

Moreover, release of microvesicles containing Ascl1 neurotrophic

factor by brain ECs induces transdifferentiation of astrocytes into

neuroprogenitor cells in a stroke mouse model59. In this study, our

findings revealed that brain endothelial HIF-1α-driven lactate

production exacerbated DACI through inhibiting the proliferation

of NSCs. Furthermore, we observed that lactate secreted by brain

ECs may impair synaptic function of neurons, reduce astrocytic

glutamate uptake, and promote neuroinflammation, thereby

amplifying the pathological effects associated with DACI (Sup-

porting Information Fig. S7A—S7C). Consequently, drug inter-

vention strategies targeting brain ECs represent a novel approach

for the treatment of CNS diseases.

It is worth mentioning that several limitations still existed here.

In Fig. 2A and Fig. S2B, the quantity and average expression of

Hif1a of microglia were also remarkably increased in db/db mice,

indicating its underlying biological significance in the pathogen-

esis of DACI. Previous studies have documented the molecular

role of HIF-1α in microglia concerning neuroinflammation60,61.

For instance, upregulated HIF-1α in microglia triggers an initial

phase of acute inflammation followed by a transition into a

chronic tolerance state characterized by diminished phagocytic

activity61. Thus, further evidence is required to determine the

potential function of HIF-1α in microglia on neuroinflammation in

DACI. Moreover, the molecular mechanism by which elevated

hippocampal lactate impairs AHN in DACI remains unclear. AHN

is regulated by various classical intracellular signaling pathways

and extracellular mediators62. A recent study demonstrated that

monocarboxylate transporter protein 2 regulates lactate influx in

NSCs, thereby promoting H4K12 lactylation, which in turn

modulates the MDM2—p53 signaling pathway to influence NSCs

proliferation63. Another research reported that elevated

hippocampal lactate inhibits brain-derived neurotrophic factor

transcription via a GPR81-dependent mechanism64. Our findings

demonstrated that brain endothelial HIF-1α-driven lactate

production suppressed the proliferation of NSCs, which is
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associated with the inhibition of the Wnt/ß-Catenin signaling

pathway (Supporting Information Fig. S8). Moreover, neurons,

astrocytes, and microglia co-cultured with AGEs-induced

bEnd.3 cells exhibited signs of functional impairment (Support-

ing Information Fig. S7). Our results also indicated that AA

combined with 2-ME2 could more effectively promote the pro-

liferation of NSCs cocultured with bEnd.3 cells (Supporting In-

formation Fig. S9). Additional experiments are required to further

validate these findings and investigate the effects of lactate on

other neurogenic or inflammatory pathways that may influence

NSCs’ proliferation.

5. Conclusions

Taken together, this study first clarifies the biological role of brain

endothelial HIF-1α-driven lactate in exacerbating T2D-associated

cognitive dysfunction through impairing adult hippocampal neu-

rogenesis. Targeted inhibition of HIF-1α expression in brain ECs

through gene editing and pharmacological intervention effectively

alleviates DACI, thereby offering novel insights and significant

contributions to the comprehension and management of DACI.
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