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Abstract
Lactate provides signals that modulate neural functions, including 

excitability, plasticity and memory consolidation. G-protein-coupled receptor 
81 (GPR81) is a specific receptor of lactate, which functions in signaling 
regulation in neural activity. This process is mediated by downstream of GPR81, 
phosphatidylinositol 3 kinase /protein kinase B/cyclic adenosine monophosphate 
response element binding protein (PI3K/Akt/CREB) pathway. Previously, it is 
recognized that lactate content is reduced in the brain of Alzheimer’s disease 
(AD) model mice. But, it hasn’t been identified whether lactate decrease 
is related with increased amyloid beta (Aβ) burden in AD model mice. We 
examined cerebral lactate content and expressions of GPR81, p-PI3K, p-Akt, 
p-CREB in wild type and double-transgenic amyloid precursor protein/presenilin 
1 by performing immunostaining and western blotting (WB), and identified 
expressions of deoxyribonucleic acid methyltransferase 1 (DNMT1), beta-site 
amyloid precursor protein cleaving enzyme 1 (BACE1), and Aβ burden in wild 
type and APP/PS1 mice. To investigate lactate involved in Aβ burden of AD, we 
performed Thioflavin S (Th-S) staining and immunostaining in wild type, APP/
PS1 and APP/PS1 mice administrated by lactate. To validate lactate regulated 
by GPR81-PI3K/Akt/CREB -DNMT1 signaling pathway, we confirmed lactate 
and its regulation in cultured neurons using ELISA and immunostaining. It is 
observed that reduced lactate content is correlated with Aβ increase in cortex 
and hippocampus of APP/PS1 mice. Importantly, it signifies that reduced lactate 
and GPR81 lead to decrease of DNMT1. DNMT1 reduction promotes BACE1 
expression, further increasing Aβ level. Otherwise, lactate administration 
reduces Aβ deposits in APP/PS1 mice. Besides, promotion of lactate content 
activates GPR81-PI3K/Akt/CREB signaling pathway. This work proves that 
lactate supplement reduces Aβ quantity, and underlying mechanism is that 
lactate activates GPR81-PI3K/Akt/CREB pathway which increases DNMT1, 
leading to the downregulation of BACE1 and Aβ levels. 
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PAGE: Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis; 
SPSS: Statistical Product and Service Solution; TBS: Tris-Buffered 
Saline; TBST: Tris-Buffered Saline Containing 0.1% Tween 20; Th-S: 
Thioflavin S; TRITC: Tetramethyl Rhodamine Isothiocyanate; WB: 
Western Bloting.

Introduction 
Alzheimer disease (AD) is a neurodegenerative disorder 

characterized by progressive cognitive decline and dementia [1]. 
Genetic risk factors have been described in sporadic forms of AD. 
About 95% of AD is sporadic form, which is characterized by a late 
onset, and is the consequence of failure to clear amyloid beta (Aβ) 
peptide from the interstices of brain [2]. Continuous production of Aβ 
leads to aggregation of Aβ-containing amyloid plaques and accelerates 
tau-derived neurofibrillary tangles (NFTs), which ultimately leads 
to AD dementia [3]. Hence, cerebral accumulation of Aβ peptide is 
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not merely an important molecular hallmark of AD [4], but it might 
become a promising target for AD prevention. 

The decrease of Aβ aggregation can retard progressive axonal 
degeneration [5]. Unfortunately, two key questions remain 
unanswered: How to effectively lower Aβ production and promote Aβ 
clearance? Which stage of AD would be efficacy in an Aβ-directed 
preventive approach [6]? Previously, it is proved that Aβ clearance 
at early stage of AD mouse model, 3-month-old double-transgenic 
amyloid precursor protein/presenilin 1 (APP/PS1) mice, prevents 
Aβ plaque formation and benefits the delaying of AD onset [7]. 
Beta-site amyloid precursor protein cleaving enzyme 1 (BACE1) is 
an aspartic protease which functions in the first step of Aβ cleavage. 
Inhibition of BACE1 is being pursued to reduce amyloid deposition 
and accumulated Aβ plaques [8]. Meanwhile, deoxyribonucleic acid 
methyltransferase 1 (DNMT1) reduction leads to hypomethylation of 
specific loci within the BACE1 gene promoter. The lower expression 
of DNMT1, the higher level of BACE1 [9]. Hence, BACE1 expression 
might be negatively regulated by DNMT1. 

On the other hand, Aβ increase is associated with inflammation, 
oxidative stress, and energy deficit [10]. glucose catabolism has been 
suppressed before Aβ deposits in the brains of familial AD individuals 
[11]. At this moment, lactate becomes the main energetic substrate 
of neurons, even it can defend against mitochondrial oxidation [12]. 
Also, the cultured neurons favoring glycolytic pathway resist against 
Aβ toxicity [13], and lactate administration can rescue the death of 
neurons [14]. Further, lactate is necessary for long-term memory 
formation and improvement of cognitive function [15]. Otherwise, 
there is a reduction of lactate level in the cortex and hippocampus 
of AD model mice [16,17]. But, the relation between cerebral lactate 
quantity and Aβ deposits in the brain of AD model mice hasn’t been 
discussed. 

Lactate transports from bloodstream across blood brain barrier 
via monocarboxylate transporters (MCTs) [18]. In the brain, lactate is 
temporarily stored in glial cells. During specific periods, such as brain 
development and AD, lactate can be quickly transported from glias to 
neurons and metabolized to sustain neuronal activity [19]. Therefore, 
lactate is normally recognized as a quickly energetic substrate of 
neurons. Actually, lactate is not merely an energy resource, but also 
plays as a signaling molecule [20]. G protein-coupled receptor 81 
(GPR81) is a specific receptor of lactate. Its activation can trigger 
several signaling pathways, including phosphatidylinositol 3 kinase /
protein kinase B (PI3K/Akt), extracellular regulated protein kinases 
(ERK1/2) pathway, Nod-like receptor family pyrin domain-containing 
3/nuclear factor-κB (NLRP3/NF-κB) and so on [21]. Especially, it is 
recognized that the inhibition of PI3K/Akt pathway leads to DNMT1 
downregulation [22]. Also, the dysregulation of PI3K/Akt signaling 
pathway results in tau hyperphosphorylation and Aβ deposition [23]. 

This work firstly discusses the relation between lactate content 
and Aβ deposits in APP/PS1 mice. It is evaluated the lactate content 
and GPR81 expression, and the downstream of GPR81, PI3K/Akt/
cyclic-adenosine-monophosphate response element-binding protein 
(CREB) signaling pathway in wild type mice and APP/PS1 mice. 
Further, it is assessed expressions of DNMT1, BACE1 and Aβ42 in 
wild type mice and APP/PS1 mice. Then, correlation analysis was 
used to identify lactate content in relation with GPR81-PI3K/Akt-

CREB signaling pathway, and levels of DNMT1, BACE1 and Aβ42 
in wild type mice and APP/PS1 mice. Secondly, this study assesses 
the role of lactate administration in Aβ level in APP/PS1 mice and 
its underlying mechanism. Hence, lactate was given to APP/PS1 mice 
and also administrated to neurons to identify its regulative role in Aβ 
quantity, signaling pathway of GPR81-PI3K/Akt-CREB and DNMT1 
expression. 

Materials and Methods 
Animals 

3-month-old heterozygous APP/PS1 mice (n = 20) and their 
nontransgenic littermates (wild type, n = 10) were used in this 
study [24]. Animals were housed in individual cages in a controlled 
environment (temperature, 22 ± 1°C; humidity, 50% ± 10%; 12-hour 
light/12-hour dark cycle). Food and water were available ad libitum. 
Animals were grouped and named as Wild Type and APP/PS1. To 
assess the effect of lactate on Aβ deposits in AD model mice, 3-month-
old APP/PS1 mice (n = 10) were administrated by intraperitoneal 
injection of lactate (117mg/kg). These mice were named as LAC group, 
and given thioflavin-S (Th-S) and immunofluorescence staining at the 
6th month.

Primary Neuron Culture and Grouping

6-week-old C57BL/6 mice were obtained from the Experimental 
Animal Center of Army Medical University (Chongqing, China). The 
primary culture of cerebral cortical neurons from embryos of C57BL/6 
mice was performed as previously described [25]. In brief, cerebral 
cortex of 18-day-old embryos was dissected from brain and then cut 
into slices. The slices were mechanically dissociated by trituration. 
The dissociated cells were suspended in Eagle’s minimal essential 
medium supplemented with 3% B27 Minus AO, 10  μg/ml insulin, 
0.25 μM glutamine, 1 mM β-hydroxybutyrate, 1 mM fumarate, and 
50 ng/ml sodium selenite. Cell concentration was measured using a 
hemocytometer, and cells were plated at 6750 cells/mm2 onto poly-D-
lysine (Sigma)-coated 96-well and 6-well plates for immunostaining 
and western blotting (WB) analysis respectively. Cells were incubated 
at 37°C in a humidified atmosphere of 95 % O2/5 % CO2 for 14 days. 
To avoid glial cell growing and acquire purified neurons, cytosine 
arabinoside in a final concentration of 2.5ug/ml was added in the 
culture medium. Lactate in different concentrations (0 mM, 5 mM, 
10 mM, 15 mM) and 10 mM lactate dehydrogenase (LDH) inhibitor 
(sodium oxamate) were administrated to neurons [26]. The groups 
were named as Control, 5mM LAC, 10mM LAC, 15mM LAC, and 
LAC Inhibitor. 

Reagents and Antibodies

Radio-immunoprecipitation assay (RIPA) lysis buffer (Beyotime, 
Shanghai, China) and phenylmethyl sulfonylfluoride ([PMSF] 
Beyotime, Shanghai, China) were used to prepare homogenates 
of brain tissues. The BCA protein assay kit (Beyotime, Shanghai, 
China) was used to determine protein concentrations. Lactate levels 
were detected using a lactate assay kit (Nanjing Jiancheng, Jiangsu, 
China). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), polyvinylidenefluoride (PVDF) filtermembranes (Bio-
Rad, Hercules, CA), tris-buffered saline (TBS), tris-buffered saline 
containing 0.1% tween 20 ([TBST] Beyotime), and an enhanced 
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chemiluminescence (ECL) kit (Invitrogen, Carlsbad, CA) were used 
for WB analysis. ELISA MAXTM Deluxe Set Human Amyloid Beta 
(1-42) (Biolegend, California, America; #448704) was used to detect 
Aβ42 content in the brain. ELISA kits of p-PI3K, p-Akt and p-CREB 
(Saipeisheng, Shanghai, China; #SPS-13674, #SPS-13646, #SPS-
13465) were used to assess p-PI3K, p-Akt and p-CREB contents of 
brain tissues. 

Primary antibodies used in this study included mouse anti-beta 
actin ([anti-β-actin], Beyotime, Shanghai, China; #AF0003) [27], 
mouse anti-amyloid beta ([anti-Aβ] Covance, New Jersey, Princeton, 
USA; #803001) [7], mouse anti-neuronal nuclei ([anti-NeuN] Merck 
Millipore, Darmstadt, Germany; #MAB377X) [28], rabbit anti-
GPR81 (Merck Millipore, Darmstadt, Germany; #SAB1301271) 
[29], rabbit anti-DNMT1 (Abcam, Cambridge, MA; # ab188453) 
[30], rabbit anti-BACE1 (Abcam, Cambridge, MA; #ab183612) 
[31], rabbit anti-phosphorylated PI3K (p-PI3K) p85/p55 (Cell 
Signaling Technology; Beverly, MA; #4228) [32], rabbit anti-PI3K 
(Cell Signaling Technology; Beverly, MA; #4257) [32], rabbit anti-
phosphorylated Akt (p-Akt; Cell Signaling Technology; Beverly, MA; 
#4060) [32], rabbit anti-Akt (Cell Signaling Technology; Beverly, 
MA; #4691) [32], rabbit anti-phosphorylated CREB (p-CREB; Cell 
Signaling Technology; Beverly, MA; #9198) [32], rabbit anti-CREB 
(Cell Signaling Technology; Beverly, MA; #4820) [32]. Anti-mouse 
fluorescein isothiocyanate (FITC; Beyotime, Nanjing, China; #A0568) 
[33]and anti-rabbit tetramethyl rhodamine isothiocyanate (TRITC; 
Beyotime, Nanjing, China; #A0516) [33] secondary antibodies were 
used in immunofluorescence staining. 4,6-diamidino-2-phenylindole 
([DAPI] Sigma, St. Louis, MO; #10236276001) [34] was applied to 
label nuclei. In addition, horseradish peroxidase conjugated secondary 
anti-mouse antibody (Beyotime, Shanghai, China; #A0239) [35] was 
used in WB. Primary antibodies used for immunostaining is in a 
dilution of 1:100, and primary antibodies used in WB is diluted in 
1:1000. The specificity of the primary antibody has been checked in 
the reference of Bordeaux J and Uhlen M’s studies [36,37].

Tissue Processing

Following perfusion with phosphate buffer solution (PBS), pH 
7.4, the left hemispheres of brains from wild type and APP/PS1 
groups (n = 5, respectively) were collected and stored in –20°C for 
lactate measurement. Meanwhile, the right hemispheres of brains 
were homogenized by RIPA lysis buffer containing 1mM PMSF. 
Brain tissues from cortex and hippocampus were homogenated, and 
centrifuged for 20 minutes at 14000 rpm. The obtained supernatant 
was assayed using the BCA protein assay kit and its concentration was 
adjusted to 1.5mg/mL. Finally, the samples were stored at –20°C for 
WB analysis. For immunohistochemical assay, wild type, APP/PS1 
and LAC groups (n = 5, respectively) under anesthesia were perfused 
with saline followed by 4% paraformaldehyde in PBS and the brains 
were extracted and postfixed with fresh 4% paraformaldehyde at 4°C. 
Tissues were transferred to 30% sucrose solution for 2-3 days and 
subsequently cut into 20 μm slices.

Measurement of Lactate Concentration

Determinations of lactate concentration were performed with a 
lactate assay kit. The cortex and hippocampus were homogenized in 
saline at 4°C for 10 minutes, then the homogenates were centrifuged 

for 15 minutes at a speed of 2500 rpm. Assay buffers were added to 
the supernatants and incubated for 10 minutes at 37°C. Finally, optical 
density (OD) values were recorded at 530 nm after the reaction of 
lactate and assay buffers. Lactate content was calculated using the 
following formula:

Lactate content (mmol/g) = (OD measured value – OD blank 
value) / (OD standard value – OD blank value) × standard substance 
content (3 mmol/L) / protein content (g/L)

Quantitation of DNMT1 Gene Expression using RT-Qpcr 

Total RNA was isolated from wild type and APP/PS1 groups 
using TriPure isolation reagent (Roche Applied Science, Germany) 
following the manufacturer’s protocol. The quantity of extracted 
total RNA was determined spectrophotometrically using a 
Nanodropspectrophotometer (Thermo Fisher Scientific, USA). Total 
RNA integrity was evaluated using 2% formaldehyde containing 
1.5 % agarose, and the purified RNA was stored at -80 ℃ until 
complementary DNA (cDNA) synthesis. The isolated RNA samples 
(1 μg) were treated with DNase I (Yekta Tajhiz Azma, Iran) to remove 
the genomic DNA. cDNA synthesis was performed using reverse 
transcriptase (RT) of 2 μg total RNA with oligo (dT) primers and 
M-MuLV RT (MBI Fermentas, Lithuania) in 20 μL reaction volumes. 
The mRNA expression levels of DNA methyltransferase 1 (DNMT1) 
were determined by RT-qPCR and SYBR Green qPCR Master Mix 2x 
(ABI, UK). RT-qPCR amplifications were performed in triplicate using 
a magnetic induction cycler (MIC) PCR system (Brisbane Queensland, 
Australia) under the following thermal cycling conditions: 95℃ for 
15 min, followed by 40 cycles of 95℃ for 20 s, annealing at 60℃ for 
60 s, and a final extension at 72℃ for 5 min. The primer sequence 
of DNMT1 is shown as follows. Gene Primer position: DNMT1 
Primer (5’ → 3’): Forward TACCTGGACGACCCTGACCT, Reverse 
CGTTGGCATCAAAGATGGACA; Product length: 103bp [38].

WB Analysis

Protein samples in the quantity of 30 µg were subjected to SDS-
PAGE and transferred to PVDF filter membranes. The membranes 
were blocked with 5% nonfat milk for 1 hour at 37°C and incubated 
with primary antibodies for 12 hours at 4°C, including mouse anti-
Aβ, mouse anti-p-PI3K, mouse anti-p85/p55, mouse anti-PI3Kp85, 
mouse anti-pAkt, mouse anti-Akt, mouse anti-pCREB, mouse anti-
CREB. After washing with TBST, the membranes were incubated for 
secondary antibodies for 1 hour at 37°C and detected using ECL kit. 
Finally, the blots were qualified by Image J software (NIH, Bethesda, 
MD) [39], and the quantification of WB data was in the reference of 
Mahmood TSean C Taylor’’s studies [40,41]. 

Immunofluorescence Staining

Brain sections were probed with mouse anti-Aβ, rabbit anti-
GPR81, rabbit anti-DNMT1, rabbit anti-BACE1 primary antibodies, 
respectively. Brain sections were primarily blocked by 5% bovine 
serum albumin (BSA, Beyotime) for 30 minutes incubation at 37°C, 
and then incubated overnight with primary antibodies in a humidified 
chamber at 4°C. Sections were then washed 3 times with PBS for 5 
minutes each, followed by incubation with anti-mouse FITC secondary 
antibody. For double-labeling immunofluorescence, sections were 
incubated with the mixture of 2 primary antibodies overnight at 4°C as 

https://www.abcam.cn/dnmt1-antibody-epr18453-ab188453.html
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follows: Mouse anti-neuronal nuclei (Neu N) and rabbit anti-GPR81. 
Fluorescent secondary antibodies, raised in different species (FITC 
with green signal against mouse and TRITC with red signal against 
rabbit) were used to locate complexes of primary antibody. Cultured 
neurons from each group were prepared by five holes. Neurons were 
washed 3 times with PBS for 5 minutes, and incubated with rabbit 
anti-GPR81 and mouse anti-Neu N primary antibodies. Then, FITC 
with green signal against mouse and TRITC with red signal against 
rabbit were used to locate complexes of primary antibody. Nuclei were 
counterstained with DAPI for 5minutes. Moreover, negative control 
(no primary antibody) was used to check the specificity of secondary 
antibodies including FITC and TRITC.

Brain sections were observed under a fluorescence microscope 
(Olympus, Tokyo, Japan), which covers a total area of 0.19 mm2. Five 
different fields (0.50 to 0.38 mm in the penumbra of the brain tissues) 
per mouse, and five mice per group were assessed. FITC, TRITC and 
DAPI filters were chosen to capture the images. Images were obtained 
at 200× magnification. Immunoreactive cells were obtained at 400× 
magnification. Positive expressions of staining pictures were analyzed 
by the values of OD. OD values were calculated using Image-Pro Plus 
6.0 (IPP6.0) software according to manufacturer’s instructions [42].

Thioflavin S (Th-S) Staining 

Brain sections were washed with distilled water and stained 
in a 1% Th-S staining solution for 5 min. 70% ethanol was used 
to differentiate sections for 1 min and mounted in 50% glycerin. 
Fluorescence microscope (Olympus, Tokyo, Japan) was used to detect 
positive Th-S staining. Aβ plaques were determined separately in the 
cortex and hippocampus. Th-S staining area was carried out under × 
200 microscopic magnification and was counted on every five fields 
throughout the entire cortex and hippocampus by the Image-Pro Plus 
6.0 software. Positive Aβ staining area (%) was calculated relative to 
the total area of the analyzed region (area% = plaque area/ total area 
selected × 100%).

Statistical Analysis

Five APP/PS1 mice and five wild type mice were used for 
immunohistochemical assay and WB analysis respectively (n = 5). 
Five holes have been prepared in each group of neurons (n = 5) [43]. 
G*power method was used to calculate the sample size. Further, in 
order to determine the effect size, f = 0.6 with a power of 83% in a one-
way between-subjects ANOVA (two groups/five groups, alpha=0.05), 
G*Power suggested 5 samples in each group. Data were analyzed 
using GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA). 
Variance was evaluated with the Brown-Forsythe test and then the 
normal distribution of the data was evaluated by Shapiro. To confirm 
that the data have a normal distribution, statistical evaluation by one-
way ANOVA, followed by Tukey Post hoc test was conformed. The 
results of all experiments were averaged three times and performed 
mean ± Standard Deviation (SD) independently. Pearson method 
was applied to determine the correlation between lactate and p-PI3K/
PI3K, p-Akt/Akt or p-CREB/CREB, between p-CREB/CREB and 
DNMT1 or BACE1, between DNMT1 and BACE1 or Aβ. Data were 
analyzed with one-way ANOVA to calculate the significance level. 
Differences with *P < 0.05 and **P < 0.01 were considered statistically 
significant. All statistical analyses were done in a blind manner, in 
which another experimenter who does not know the identity of the 
data independently analyzes the data [44,45].

Results
Lactate and its Downstream GPR81-PI3K/Akt-CREB are 
Suppressed in the Cortex and Hippocampus of APP/PS1 
Mice

Lactate contents in the cortex and hippocampus of APP/PS1 
mice are 5.1 ± 1.28 mmol/g and 5.29 ± 1.76 mmol/g, which are lower 
than those of wild type mice in the cortex (14.8 ± 1.13 mmol/g) 
and hippocampus (15.91 ± 1.03 mmol/g) (*P < 0.05, Figure 1A). As 
arrowheads pointed, positive staining of GPR81 can be found in the 
cortex and hippocampus of APP/PS1 mice and wild type mice (Figure 
1B). In statistic, OD values of GPR81 in cortex and hippocampus of 
APP/PS1 are 21196 ± 2187 and 18503 ± 1895, which are lower than 
those of wild type mice (32741 ± 3012 in cortex and 27332.3 ± 2198 in 
hippocampus) (*P < 0.05, Figure 1C). 

Expressions of p-PI3K, p-Akt, p-CREB were assessed by WB 
(Figure 1D). Statistically, relative levels of p-PI3K, p-Akt and p-CREB 
in wild type mice are 0.43 ± 0.04, 0.38 ± 0.03, 0.97 ± 0.02, which are 
lower than those of APP/PS1 mice (0.17 ± 0.02, 0.18 ± 0.01, 0.59 ± 
0.01 respectively) (*P < 0.05, Figure 1E). 

There is a Reduction of DNMT1, Increase of BACE1 and Aβ 
in the Cortex and Hippocampus of APP/PS1 Mice 

The mRNA level of DNMT1 was determined in brain tissues of 
APP/PS1 mice and wild type mice using RT-qPCR. The results showed 

Figure 1: In comparison with wild type mice, lactate and GPR81-PI3K/Akt-
CREB signaling pathway are suppressed in the cortex and hippocampus 
of APP/PS1 mice. (A) Lactate quantity is decreased in the cortex and 
hippocampus of APP/PS1 mice compared with wild type mice. (B) Positive 
expression of GPR81 can be found in the cortex and hippocampus of APP/
PS1 mice and wild type mice. (C) In comparison with wild type mice, relative 
expression of GPR81 is reduced in the cortex and hippocampus of APP/PS1 
mice. (D) WB was used to assess expressions of p-PI3K, p-Akt, p-CREB. (E) 
Compared with wild type mice, relative levels of p-PI3K, p-Akt and p-CREB in 
APP/PS1 mice are reduced. (N = 5 mice per group. *P < 0.05).
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that mRNA expression of DNMT1 is reduced in APP/PS1 mice 
compared to wild type mice (*P < 0.05, Figure 2A). Immunostaining 
was used to assess DNMT1 expression in the cortex and hippocampus 
of APP/PS1 mice and wild type mice. DNMT1 locates in the nucleus 
in the cortex and hippocampus of APP/PS1 mice and wild type 
mice (Figure 2B). In statistic, OD values of DNMT1 in cortex and 
hippocampus of wild type mice are 16863 ± 1486 and 14157 ± 1521. 
Otherwise, in the cortex and hippocampus of APP/PS1 mice, OD 
values are 10057 ± 428 and 9900 ± 568, which are lower than those 
of wild type mice (*P < 0.05, Figure 2C). In APP/PS1 mice and wild 
type mice, mRNA level of BACE1 was evaluated using RT-qPCR, and 
the results showed that mRNA level of BACE1 is strikingly elevated in 
APP/PS1 mice in comparison with wild type mice (**P < 0.01, Figure 

2D). BACE1 is positively labeled in the cortex and hippocampus of 
APP/PS1 mice and wild type mice (Figure 2E). In the cortex and 
hippocampus of APP/PS1 mice, OD values of BACE1 are 38036 ± 
1299 and 21917 ± 2229, which are higher than those of wild type 
mice, 21896 ± 1595 in cortex and 15333 ± 1052 in hippocampus (*P < 
0.05, Figure 2F). Aβ42 level was determined by ELISA, and the results 
showed that Aβ42 level of brain tissue in APP/PS1 mice is strikingly 
higher than that of wild type mice (**P < 0.01, Figure 2G).

Lactate is Positively Correlated with GPR81-PI3K/Akt/
CREB-DNMT1 Signaling Pathway, while it is in a Negative 
Correlation with the Levels of BACE1 and Aβ42 in APP/
PS1 Mice

Through correlative analysis, lactate content is positively 

Figure 2: Compared with wild type mice, there is a reduction of DNMT1, 
increase of  BACE1 expression and Aβ level in the cortex and hippocampus 
of APP/PS1 mice. (A) Through RT-qPCR analysis, it is found that mRNA 
expression of DNMT1 is reduced in the cortex and hippocampus of APP/
PS1 mice in comparison with wild type mice. (B) Through immunostaining, 
DNMT1, mainly localized in the nuclei, can be found in the cortex and 
hippocampus of APP/PS1 mice and wild type mice. (C) There is a reduction 
of DNMT1 in the cortex and hippocampus of APP/PS1 mice in comparison 
with wild type mice. (D) RT-qPCR was used to evaluate mRNA level of 
BACE1, and there is a striking increase of BACE1 mRNA level in APP/PS1 
mice compared with wild type mice. (E) Positive expression of BACE1 can be 
found in the cortex and hippocampus of APP/PS1 mice and wild type mice. 
(F) In comparison with wild type mice, OD values of BACE1 expressions are 
upregulated in the cortex and hippocampus of APP/PS1 mice. (G) ELISA 
was used to evaluate Aβ42 level, and Aβ42 level of brain tissue in APP/PS1 
mice is strikingly higher than that of wild type mice. (N = 5 mice per group. 
*P < 0.05, **P < 0.01).

Figure 3: Lactate is positively correlated with GPR81-PI3K/Akt/CREB-
DNMT1 signaling pathway, but negatively correlated with the level of BACE1 
and Aβ42. (A) Correlative analysis reveals a positive correlation between 
lactate content and GPR81 expression. (B) lactate quantity is positively 
correlated with p-PI3K, p-AKT and p-CREB. (C) There is a positive correlation 
between p-CREB and DNMT1. (D) DNMT1 is negatively correlative with 
BACE1. (E) DNMT1 is in a negative correlation with Aβ42. (F) Lactate level 
is positive correlated with DNMT1. (G) Lactate quantity is in a negative 
correlation with BACE1. (H) Lactate content is negatively correlated with 
Aβ42. (N = 6-12 mice per group. *P < 0.05).
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correlated with expressions of GPR81, p-PI3K, p-AKT and p-CREB. 
Specifically, the relevant formulas of lactate and GPR81, lactate and 
p-PI3K, lactate and p-AKT, lactate and p-CREB are Y = 614.5*X 
+ 23349, Y = 0.02753*X - 0.001257, 0.02092*X + 0.05233 and Y = 
0.04024*X + 0.3387 (*P < 0.05, Figure 3A and 3B). Importantly, 
p-CREB is positively correlative with DNMT1, while DNMT1 is 
negatively correlative with BACE1 and Aβ42. The formulas are Y 
=7812*X + 9443, Y = -1.299*X + 40848, Y = -0.001493*X + 26.88 
respectively (*P < 0.05, Figure 3C, 3D and 3E). Further, correlation 
between lactate content and DNMT1 (BACE1, Aβ42) was assessed. 
It shows that lactate level is positively related with DNMT1, while 
negatively correlated with BACE1 and Aβ42. The formulas are Y = 
320.0*X + 12027, Y = -671.8*X + 25926, Y = -0.7644*X + 12.04 (*P < 
0.05, Figure 3F, 3G and 3H).

Lactate Suppresses Aβ Deposits in the Cortex and 
Hippocampus of APP/PS1 Mice

Through correlative analysis, it shows that lactate is in a negative 
correlation with Aβ42. Here, it is further assessed the effect of lactate 
administration on Aβ deposits in APP/PS1 mice through Th-S staining 
and immunostaining. Th-S staining was used to evaluate Aβ deposits 
in the cortex and hippocampus of wild type mice, APP/PS1 mice and 
APP/PS1 mice administrated by lactate (LAC group). Aβ deposits 
(green) are distributed throughout the cortex and hippocampus in the 
APP/PS1 group compared to wild type group and LAC group (Figure 
4A). In statistic, the areas of Aβ T﻿h-S staining in cortex of wild type, 
APP/PS1 and LAC groups are 0.021 ± 0.001, 1.433 ± 0.003 and 0.143 
± 0.002. The areas of Aβ Th-S staining in hippocampus of wild type, 
APP/PS1 and LAC groups are 0.017 ± 0.001, 2.033 ± 0.004 and 0.46 
± 0.002. Positive Th-S staining of Aβ deposits in APP/PS1 group is 
higher than that of wild type and LAC groups (**P < 0.01, *P < 0.05, 
Figure 4B). Immunostaining was used evaluate insoluble Aβ42 in the 
cortex and hippocampus of wild type, APP/PS1 and LAC groups. 
The results show that insoluble Aβ42 (red) spreads in the cortex and 
hippocampus of APP/PS1 group, but not in wild type and LAC groups 
(Figure 4C). OD values of insoluble Aβ42 in the cortex of wild type, 
APP/PS1 and LAC groups are 106 ± 9, 9592 ± 38 and 194 ± 8. In the 
hippocampus, OD values of insoluble Aβ42 in wild type, APP/PS1 
and LAC groups are 126 ± 8, 11500 ± 32 and 216 ± 6 (**P < 0.01, 
Figure 4D).

Lactate Activates GPR81-PI3K/Akt/CREB-DNMT1 Signaling 
Pathway in Cultured Neurons

Cultured neurons were divided into 5 groups and given different 
administrations. Neurons from 5 groups were given 0 mM, 5 mM, 10 
mM, 15 mM lactate and 10 mM LDH inhibitor (sodium oxamate) for 
24 hours, and named as Control, 5mM LAC, 10mM LAC, 15mM LAC, 
and Inhibitor. Besides, 10 mM LDH inhibitor (sodium oxamate) was 
given to reduce lactate level in cultured neurons. Then, expressions 
of GPR81, p-PI3K, p-Akt, p-CREB and DNMT1 were assessed to 
identify the effect of lactate addition and lactate removal on GPR81-
PI3K/Akt/CREB-DNMT1 signaling pathway. 

The cells were double stained by GPR81 (red) and Neu N (green) 
(Figure 5A). In statistic, OD values of GPR81 (red) are 46525 ± 1983, 
55061 ± 1823, 61165 ± 2330, 52608 ± 1390 and 36800 ± 1711 in 
Control, 5 mM, 10 mM, 15mM and Inhibitor groups respectively. OD 

Figure 4: Lactate administration reduces Aβ deposits in the cortex and 
hippocampus of APP/PS1 mice. (A) Through Th-S staining, it is observed Aβ 
deposits in the cortex and hippocampus of APP/PS1 group. (B) Compared 
with wild type group, Aβ deposits are obviously increased in the cortex and 
hippocampus of APP/PS1 group. There is a decrease of Aβ deposits in the 
cortex and hippocampus of LAC group compared with APP/PS1 group. (C) 
As arrowheads pointed, Aβ42 can be found in the cortex and hippocampus 
of APP/PS1 and LAC groups. (D) OD values of Aβ42 in the cortex and 
hippocampus of APP/PS1 group are higher than those of wild type group. 
OD values of Aβ42 in the cortex and hippocampus of LAC group are reduced 
in comparison with APP/PS1 group. (N = 5 mice per group. *P < 0.05, **P 
< 0.01).

Figure 5: Lactate administration triggers GPR81-PI3K/Akt/CREB-DNMT1 
signaling pathway in cultured neurons. (A) Through double staining of 
GPR81 (red) and Neu N (green), GPR81 expression is recognized at cell 
surface of neurons. (B) In comparison with Control group, 10 mM lactate 
increases GPR81 expression in cultured neurons. Otherwise, 10 mM LDH 
inhibitor leads to lactate deficit, which downregulates GPR81 expression in 
cultured neurons. (C) Through ELISA analysis, it is recognized that p-PI3K 
level in 10mM LAC group is higher than that of Control group. (D) There is an 
increase of p-Akt content in 10mM LAC group compared with Control group. 
(E) p-CREB quantity in 10mM LAC group is increased compared with Control 
group. (F) DNMT1 expression (green) in Control and 10mM LAC group was 
assessed by immunostaining. (G) DNMT1 expression in 10 mM LAC group 
is obviously higher than that of Control group. (N = 5 mice per group. *P < 
0.05, **P < 0.01).

values of Neu N (green) are 35717 ± 3019, 35334 ± 1558, 33931 ± 1758, 
34275 ± 1693 and 35161 ± 593 in each group. There is an increase 
of GPR81 expression in 10 mM group, and a reduction in GPR81 
expression in the group of LDH Inhibitor compared with Control 
group (*P < 0.05, Figure 5B). No differences of Neu N expressions 
can be found in each group (P > 0.05, Figure 5B). ELISA was used to 
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Figure 6: In physiological condition, lactate binds to its receptor GPR81, and 
then activates PI3K/Akt/CREB signaling pathway. Moreover, activation of 
this pathway promotes histone acetylaiton of DNMT1 gene. Further, DNMT1 
expression is increased, and DNMT1 is significant for methylation of specific 
loci within the BACE1 gene promoter. Therefore, DNMT1 expression can 
suppress BACE1 level and Aβ production. Otherwise, lactate reduction in AD 
model mice results in the suppression of GPR81-PI3K/Akt/CREB signaling 
pathway, which downregulates DNMT1 expression. As a result, BACE1 level 
is increased, contributing to the upregulation Aβ level.GPR81 (red) and Neu 
N (green), GPR81 expression is recognized at cell surface of neurons. (B) In 
comparison with Control group, 10 mM lactate increases GPR81 expression 
in cultured neurons. Otherwise, 10 mM LDH inhibitor leads to lactate deficit, 
which downregulates GPR81 expression in cultured neurons. (C) Through 
ELISA analysis, it is recognized that p-PI3K level in 10mM LAC group is 
higher than that of Control group. (D) There is an increase of p-Akt content 
in 10mM LAC group compared with Control group. (E) p-CREB quantity in 
10mM LAC group is increased compared with Control group. (F) DNMT1 
expression (green) in Control and 10mM LAC group was assessed by 
immunostaining. (G) DNMT1 expression in 10 mM LAC group is obviously 
higher than that of Control group. (N = 5 mice per group. *P < 0.05, **P < 
0.01).

detect expressions of p-PI3K, p-Akt, p-CREB in Control and 10mM 
LAC groups. Levels of p-PI3K, p-Akt, p-CREB in 10mM LAC group 
are increased compared with Control group (*P < 0.05, Figure 5C, 
5D and 5E). Immunostaining was used to detect DNMT1 expression 
in Control and 10mM LAC groups, and DNMT1 (green) locates in 
cell nucleus (Figure 5F). There is an obvious increase of DNMT1 in 
cultured neurons after 10 mM lactate administration (**P < 0.01, 
Figure 5G). These results reveal that lactate can effectively activate 
neuronal GPR81-PI3K/Akt/CREB signaling pathway and upregulate 
DNMT1 expression in vitro. 

Discussion and Conclusion
During AD progression, Aβ deposition starts with the production 

of insoluble Aβ fibrils. Hence, downregulation of Aβ in AD brain 

might be a promising therapeutic strategy [46]. BACE1 is the rate-
limiting enzyme of insoluble Aβ cleavage, which cleaves amyloid 
precursor protein to produce insoluble Aβ [46]. Meanwhile, promoter 
of BACE1 gene in AD subjects is hypomethylation, which is related 
with the reduction of DNMT1 [47,48]. Moreover, inhibition of PI3K/
Akt signaling pathway aggravates Aβ accumulation [49]. Especially, 
PI3K/Akt pathway can be activated by lactate and its receptor GPR81 
[22]. Previously, lactate is normally considered as an unwanted or 
toxic metabolite in 1930s [50]. Until 1950s, lactate is recognized as 
an alternative energy substrate [51]. Even, recent studies signify that 
lactate is not merely an energy substrate of neurons, but also plays as a 
signaling molecule, regulating neuronal activity [52]. 

In this work, it discusses the relation between lactate and Aβ level 
in AD brain. It is recognized that lactate content, GPR81 expression 
and phosphorylation of PI3K/Akt/CREB are reduced in APP/
PS1 mice compared with wild type mice. Further, it is observed a 
decrease of DNMT1, an increase of BACE1 and Aβ in the cortex and 
hippocampus of APP/PS1 mice. 

Significantly, correlative analysis reveals that lactate positively 
correlates with GPR81-PI3K/Akt/CREB pathway and DNMT1 
expression, but negatively correlates with expressions of BACE1 and 
Aβ42 in APP/PS1 mice. Then, lactate was administrated to APP/
PS1 mice, which effectively decreases Aβ deposits in the cortex and 
hippocampus of APP/PS1 mice. Further, it is observed that lactate 
directly activates GPR81-PI3K/Akt/CREB signaling pathway in 
cultured neurons. 

Conclusively, this study reveals that lactate reduction is correlated 
with increased Aβ level in AD model mice. As results showed, lactate 
level, phosphorylation of GPR81-PI3K/Akt/CREB and DNMT1 
expression are reduced, expressions of BACE1 and Aβ are increased in 
the cortex and hippocampus of APP/PS1 mice. Through correlation 
analysis, it is found that lactate is positively related with GPR81 
downstream and DNMT1, and negatively associated with BACE1 
and Aβ. Meanwhile, the increase of lactate content downregulates Aβ 
deposits in the cortex and hippocampus of APP/PS1 mice, which also 
activates GPR81-PI3K/Akt/CREB pathway and promotes DNMT1 
expression in culture neurons. Therefore, it is proved that lactate 
activates GPR81 and its downstream of PI3K/Akt/CREB-DNMT1 
signaling pathway, resulting in reduction of BACE1 and Aβ. But, 
the downregulation of lactate may inhibit GPR81-PI3K/Akt/CREB-
DNMT1 signaling pathway and increase BACE1 and Aβ expressions 
in APP/PS1 mice (Figure 6).
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