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Abnormal lipid droplets accumulation 
induced cognitive deficits in obstructive sleep 
apnea syndrome mice via JNK/SREBP/ACC 
pathway but not through PDP1/PDC pathway
Dongze Li1†, Na Xu1†, Yanyan Hou1, Wenjing Ren1, Na Zhang1, Xi Wang2, Yeying Sun1, Wenxue Lu1, Guiwu Qu1, 
Yan Yu1*, Changjun Lv1* and Fang Han1*  

Abstract 

The mechanisms of chronic intermittent hypoxia (CIH)-induced cognitive deficits remain unclear. Here, our study 
found that about 3 months CIH treatment induced lipid droplets (LDs) accumulation in hippocampal nerve and glia 
cells of C57BL/6 mice, and caused severe neuro damage including neuron lesions, neuroblast (NB) apoptosis and 
abnormal glial activation. Studies have shown that the neuronal metabolism disorders might contribute to the CIH 
induced-hippocampal impairment. Mechanistically, the results showed that pyruvate dehydrogenase complex E1ɑ 
subunit (PDHA1) and the pyruvate dehydrogenase complex (PDC) activator pyruvate dehydrogenase phosphatase 1 
(PDP1) did not noticeable change after intermittent hypoxia. Consistent with those results, the level of Acetyl-CoA in 
hippocampus did not significantly change after CIH exposure. Interestingly, we found that CIH produced large quanti-
ties of ROS, which activated the JNK/SREBP/ACC pathway in nerve and glia cells. ACC catalyzed the carboxylation of 
Acetyl-CoA to malonyl-CoA and then more lipid acids were synthesized, which finally caused aberrant LDs accumula-
tion. Therefore, the JNK/SREBP/ACC pathway played a crucial role in the cognitive deficits caused by LDs accumula-
tion after CIH exposure. Additionally, LDs were peroxidized by the high level of ROS under CIH conditions. Together, 
lipid metabolic disorders contributed to nerve and glia cells damage, which ultimately caused behavioral dysfunction. 
An active component of Salvia miltiorrhiza, SMND-309, dramatically alleviated these injuries and improved cognitive 
deficits of CIH mice.

Keywords: Chronic intermittent hypoxia, Cognitive deficits, ROS, Lipid droplets, JNK/SREBP/ACC pathway

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Introduction
Chronic intermittent hypoxia (CIH) is the main feature 
of obstructive sleep apnea syndrome (OSAS). In addi-
tion to hyperlipidemia, atherosclerosis, and high cardio-
vascular risk (Hu et al. 2021), CIH can also cause serious 

neurocognitive dysfunction, which is associated with 
regional alterations in hippocampus morphology (Zhang 
et  al. 2020). Currently, lipid droplets (LDs) accumula-
tion has been referred to neurodegeneration (Farmer 
et  al. 2020), such as hereditary spastic paraplegia (HSP) 
(Inloes et al. 2018), Parkinson’s disease (Han et al. 2018) 
and Alzheimer’s disease (Hamilton et  al. 2015). Never-
theless, the role of LDs accumulation in CIH-induced 
neuro dysfunction still needs to be determined. Under 
physiological conditions, the irreversible oxidative decar-
boxylation plays a central role in lipid homeostasis. 
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Dephosphorylation of pyruvate dehydrogenase phos-
phatase 1 (PDP1) boosts the acetylation status of pyru-
vate dehydrogenase complex E1ɑ subunit (PDHA1) and 
PDP1, which contributes to the subsequent pyruvate 
dehydrogenase complex (PDC) activation (Fan et  al. 
2014). Then, activated PDC converts pyruvate to Acetyl-
CoA (Walther et al. 2017). As an important molecule in 
the metabolism processes of the human body, Acetyl-
CoA is the raw material for de novo lipogenesis (Walther 
et  al. 2017). ACC, the rate-controlling enzyme in the 
pathway of lipogenesis, catalyzes the carboxylation of 
acetyl-CoA to malonyl-CoA (a highly regulated molecule 
in fatty acid synthesis) (Hunkeler et al. 2018). Therefore, 
PDP1/PDC/ACC played a crucial role in dyslipidemia. 
As the production of CIH, ROS is closely related to vari-
ety of physiological processes including lipid metabo-
lism (Prabhakar et  al. 2012). Abnormal accumulation of 
ROS could regulate the expression of genes implicated in 
lipid metabolism, including SREBP, ACC, CPT-1, SCD-1 
(Zhao et  al. 2018). However, the potential mechanisms 
under abnormal lipid metabolism and its functional 
implication in diseases remain unknown.

SMND-309 is a major potent component extracted 
from salvia miltiorrhiza. It can be detected in the rat 
brain as a novel metabolite of salvianolic acid B after 
administration (Tian et  al. 2009). Research has proven 
that SMND-309 promotes neuron survival through antia-
poptotic, anti-inflammatory and antioxidative effects 
(Yang et  al. 2010). In this study, SMND-309 was intra-
peritoneally injected into mice to alleviate CIH-induced 
neuro damage. This might be helpful to develop a poten-
tial drug therapy target for OSAS.

Material and methods
Antibodies and reagents
A rabbit anti-c-Jun N-terminal kinase (JNK) antibody 
(4668, CST), rabbit anti-phospho-JNK antibody (9252, 
CST), rabbit anti-Acetyl-CoA carboxylase (ACC) anti-
body (3676, CST), rabbit anti-NeuN antibody (24037, 
CST) and rabbit anti-cleaved caspase 3 (9664, CST), rab-
bit anti-PDP1 antibody (D8Y6L, CST) were purchased 
from Cell Signaling Technology (Massachusetts, USA). 
A rabbit anti-sterol regulatory element-binding protein 
(SREBP) antibody (ab28481, Abcam), rabbit anti-Iba-1 
antibody (ab178847, Abcam), goat anti-glial fibrillary 
acidic protein (GFAP) antibody (ab53554, Abcam), mouse 
anti-doublecortin (DCX) antibody (ab135349, Abcam), 
rabbit anti-β-actin antibody (ab8227, Abcam), horserad-
ish peroxidase-conjugated AffiniPure goat anti-rabbit 
IgG (H + L) (ab7090, Abcam), Alexa Fluor 647 AffiniPure 
donkey anti-rabbit IgG (H + L) (ab150063, Abcam), Alexa 
Fluor 647 AffiniPure donkey anti-mouse IgG (H + L) 
(ab150111, Abcam), Alexa Fluor 594 AffiniPure donkey 

anti-rabbit IgG (H + L) (ab150064, Abcam), Alexa Fluor 
594 AffiniPure donkey anti-goat IgG (H + L) (ab150136, 
Abcam) and Alexa Fluor 555 AffiniPure donkey anti-
rabbit IgG (H + L) (ab150066, Abcam) were all obtained 
from Abcam (Cambridge, UK). A rabbit anti-p-PDHA1 
antibody (ABS204m, Millipore) was from Millipore. Nile 
Red (72485) was purchased from Sigma-Aldrich. A rabbit 
anti-PDHA1 antibody (MA5-32545, Thermo), BODIPY 
(493/503) (D3922, Thermo Fisher) and C11-BODIPY 
(581/591) (D3861, Thermo Fisher) were from Thermo 
Fisher. SMND-309 (molecular formula  C18H14O8, molec-
ular weight 358.3) was provided by professor Guiwu Qu. 
The SMND-309 powder was dissolved in the normal 
saline, and the test mice were intraperitoneally injected 
at 25 mg/kg of body weight (Tian et al. 2009) (Zhu et al. 
2013). 3-fluoropyruvate (3-FP, F4004, Sigma), a competi-
tive inhibitor of PDHA1, was dissolved in PBS, and intra-
peritoneal injections of the 3-FP every 3 days at 80 mg/kg 
for 1 months (Chen et al. 2018). In vitro experiment, the 
cells were added 3-FP to make the final concentration in 
the culture medium was 1uM after planted for 12 h.

Animals
Male C57BL/6 mice have been used to study the dam-
age of OSAS and the potential molecular and patho-
logical mechanisms in many studies. Six -week-old male 
wild-type (WT) mice on a C57BL/6 background (Jinan 
Pengyue Experimental Animal Breeding Co., Ltd., China) 
were used for this study. All mice were maintained at 
23 ± 1  °C with a 12  h/12  h light/dark cycle. Food and 
water were available ad  libitum. Before the tests, 40 
mice were randomly divided into 4 groups (WT + RA, 
WT + CIH, SMND-309, SMND-309 + CIH)/(WT + RA, 
WT + CIH, 3-FP, 3-FP + CIH), and each group had 10 
mice. Every mouse was given a unique number. During 
the whole testing process, the researchers were blinded to 
the treatment. All the mice were fed and used according 
to the NIH guidelines, and this study was approved by the 
Ethics Committees on Animal Experimentation of Bin-
zhou Medical University (Permit No. SCXK20160006).

Cell culture
The neuron cell line HT22 (JNO-02001) was purchased 
from Guangzhou Jinio Biotechnology Co., Ltd. The cell 
was cultured with DMEM medium containing 10% FBS, 
under standard incubation conditions at 37 °C, 5%  CO2. 
Cell culture medium was replaced every 3 days and cells 
were passaged when they reached 80–90% confluency. 
The HT22 cells were seeded onto cover slips and ran-
domly divided into four groups: normal control (NC) 
group (n = 4; RA exposure), intermittent hypoxia (IH) 
group (n = 4; IH exposure), NC + 3-FP group (n = 4; 
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RA exposure and 3-FP treatment), and IH + 3-FP group 
(n = 4; IH exposure and 3-FP treatment).

Low oxygen exposure
CIH exposure
The mice were exposed to CIH/room air (RA) conditions 
from 8:00 AM–4:00 PM per day for about 3  months. 
During the exposure, the mice in the WT + CIH group 
and the SMND-309 + CIH (3-FP + CIH) group were 
placed into the CIH chamber (BioSpherix OxyClycler 
A84, USA), the WT + RA group and the SMND-309 
(3-FP) group were placed into the RA chamber (Bio-
Spherix OxyClycler A84, USA). The CIH program was 
performed as described previously (Li et  al. 2020). 
Firstly, the chamber was filled with  N2 for 85–95 s, and 
the oxygen level was reduced from 21% ± 1% (normal) to 
7% ± 1% (hypoxia). The oxygen level was then maintained 
at 7% ± 1% for 15–20 s. Finally, the level was recovered to 
21% ± 1% in 45–50 s and sustained for 15–20 s. A cycle of 
CIH lasted approximately 180 s, and there were approxi-
mately 20 cycles per hour. The oxygen level in the RA 
chamber was always maintained at 21% ± 1%.

IH exposure
IH was induced by culturing cells in an oxygen control 
cabinet (Biospherix Oxycycler C42) mounted within an 
incubator and equipped with oxygen sensor for continu-
ous oxygen level monitoring. A mixture of nitrogen oxy-
gen and 5%  CO2 was infused and oxygen levels consisted 
of a 30-min hypoxic period (3% O2), followed by 30 min 
of reoxygenation (21%  O2). Actual  O2 saturation was kept 
at 3% for 10  min, at each 1-h cycle (Dyugovskaya et  al. 
2012). This IH treatment was performed for 3 day.

Behavioral testing
Three‑chamber social test
To examine cognitive function impairment due to CIH 
treatment, the three-chamber social test, Morris water 
maze (MWM) test and fear conditioning test were per-
formed. The three-chamber social test was conducted 
as previously described (Moy et  al. 2004). The chamber 
used in the test (60  cm L × 26  cm  W × 30  cm H) was 
divided into three sections: center, left and right (20 cm 
L × 26 cm W). The test mouse had free access to the dif-
ferent sides of the chamber through the door (11  cm 
L × 11 cm W) on the dividing wall. The test consisted of 
3 phases with 20  min intervals. Each phase allowed the 
test mouse to explore the chamber for 10  min. During 
the phase, the video system tracked the behavior of the 
mouse. At phase 1, a test mouse was placed in the center 
chamber, and two empty wire cages (10 cm D × 14 cm H) 
were placed into the left and right sides. During phase 
2, an unfamiliar (stranger) mouse was placed in the left 

wire cage, and an empty wire cage was placed on the 
right side. Another stranger mouse was then placed in 
the right wire cage in phase 3. Mice were tested from 
approximately 8:00 AM to 12:00 AM and received CIH/
RA treatment from 12:00 AM to 4:30 PM.

MWM
The MWM test was conducted as previously described 
(Lee et  al. 2019). The system contained a circular pool 
(122  cm D × 51  cm H) and an escape platform (12  cm 
D × 34  cm H) (ZS Dichuang, Beijing, China). The pool 
was divided into four equal quadrants and filled with 
35 cm of deep water. The water was dyed with  TiO2 and 
kept at 23 ± 1 ℃. The escape platform was positioned 
1 cm below the water surface in quadrant two. The same 
discriminate landmarks were placed around the maze 
during the test. The test consisted of two stages, includ-
ing four days of the training stage and one day of the 
probe trial stage.

The day before the test, all the mice were acclimated to 
the pool without the platform for 60 s. During the train-
ing stage, the test mouse performed four trials for 4 con-
secutive days. In the first trial, a mouse was put into the 
water facing the pool wall at quadrant one. If the mouse 
found the escape platform in 60  s, the tracker system 
would be automatically closed; otherwise, the mouse 
would be guided to the platform and forced to stay on it 
for 15 s. With a 15 min interval, the mouse received a sec-
ond trial and started at quadrant two. After trials 3 and 4, 
the mouse was dried with a towel and placed back into 
the home cage. At the probe trial stage (day 5), the mouse 
was put into the water at quadrant four and forced to 
swim without the platform for 60 s. Several performance 
parameters of the test mouse were recorded, including 
the total swimming distance, the number of platform 
crossings, the duration and the distance traveled in the 
target quadrant. The tests were performed from 8:00 AM 
to 12:00 AM. After the tests, the mice were exposed to 
CIH/RA conditions from 12:00 AM to 4:30 PM.

Fear conditioning test
The equipment consisted of a conditioning chamber with 
a sound-attenuating wall and a video monitoring system 
(ZS Dichuang, Beijing, China). An acrylic box (35  cm 
L × 35 cm W × 35 cm H) and a stainless-steel grid floor 
were placed in the chamber. The floor was connected 
to a device to deliver the footshock, and tests were per-
formed as previously described (Shoji et al. 2014). On day 
1, after acclimating the chamber (black acrylic box with a 
jasmine smell) for 2 min, the test mouse underwent 30 s 
of sound (65  dB, 3  kHz) three times (separated by 30-s 
intervals), and the mouse received a foot shock (0.7 mA) 
during the last 2  s of each sound. On day 2, the mice 
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were exposed to the same environment (black acrylic 
box with a jasmine smell) for 5 min with no sound and 
no foot shock. The fear behavior (freezing) of the mouse, 
which referred to contextual memory, was recorded. On 
day 3, after 2 min of acclimatization to the new environ-
ment (blue acrylic box with a lemon smell), the mouse 
was exposed to 30 s of sound (65 dB, 3 kHz) three times 
(separated by 30-s intervals). During this stage, the fear 
behavior (freezing), which refers to cued memory, was 
measured.

Tissue preparation
Five mice from each group were deeply anesthetized by 
4% choral hydrate through intraperitoneal injection. 
They were then perfused with physiological saline via 
the left ventricle of the heart, and fixed with 4% ice-cold 
paraformaldehyde. The fixed brains were embedded in 
optimal cutting temperature compound, frozen in liquid 
nitrogen and stored at −  80  °C. For the other mice, the 
hippocampi were harvested and stored in liquid nitrogen.

Transmission electron microscopy (TEM)
The hippocampi of each group were fixed in 2.5% ice-
cold glutaraldehyde in 0.1 M PBS at pH 7.4 and osmium 
tetroxide. After gradient dehydration with ethyl alcohol 
and acetone, the hippocampi were embedded in epoxy 
resin Epon 812. Tissues were then cut into ultrathin sec-
tions (50 nm) by a CM1900 microtome (Leica, Germany) 
and stained with uranyl acetate and lead citrate. Samples 
were viewed in a JEOL JEM 1010 TEM at 80 kV and cap-
tured through an AMT XR-16 mid-mount 16 mega-pixel 
digital camera (Hu et al. 2011).

Hematoxylin and eosin (H&E) staining
The brains of each group were cut into 5 μm sections and 
stained with H&E. After dehydration with ethanol, the 
sections were observed by an Invitrogen EVOS M5000 
imaging system (Thermo Fisher, USA) (Ballok et al. 2004).

Nile red staining
To detected the accumulation of LDs, the frozen slices 
were washed three times in PBS and incubated with 
Nile red (1:1000) for 10 min. After washing three times 
with PBS, the slices were mounted with Vectashield with 
DAPI (Vector Labs, USA) and imaged with an Invitrogen 
EVOS M5000 imaging system (Thermo Fisher, USA). The 
Nile red powder was dissolved in methyl alcohol at a con-
centration of 1 mg/mL.

Measure the levels of PDC activity, acetyl‑CoA and ROS
Pyruvate Dehydrogenase Activity Assay Kit (MAK183) 
was purchased from Sigma. Acetyl-Coenzyme A Assay 
Kit (Sigma, MAK183) was used to determine the 

Acetyl-CoA level. The contents of ROS in the hippocam-
pus were detected with an Aconitase Activity Assay Kit 
(Sigma-Aldrich, MAK051) (Liu et al. 2015). All the pro-
tocols were conducted in accordance with the manufac-
turer’s instructions. The optical density of the wells was 
detected by the Ultra Multitask Ascent (Epoch, BioTek, 
USA).

Immunofluorescence
After washing three times with PBS, the frozen slices 
were permeabilized with 0.3% Triton X-100 (T8200, 
Solarbio, Beijing, China) in PBS for 5  min. The slices 
were then incubated with 10% donkey serum (Jackson 
ImmunoResearch, Pennsylvania, USA) for 30  min at 
room temperature and were then incubated with primary 
antibodies including mouse anti-DCX (1:200), rabbit 
anti-cleaved-caspase 3 (1:200), rabbit anti-Iba-1 (1:200), 
goat anti-GFAP (1:300) or rabbit anti-NeuN (1:200) over-
night at 4 °C. The secondary antibodies were maintained 
at room temperature for 1  h and included Alexa Fluor 
647 AffiniPure donkey anti-rabbit (1:500), Alexa Fluor 
647 AffiniPure donkey anti-mouse (1:500), Alexa Fluor 
594 AffiniPure donkey anti-rabbit (1:500), Alexa Fluor 
594 AffiniPure donkey anti-goat (1:500) or Alexa Fluor 
555 AffiniPure donkey anti-rabbit (1:500). After stain-
ing with BODIPY (493/503) (1:200) for 15  min or C11-
BODIPY (581/591) (1:500) for 30  min and washing the 
sections three times in PBS, the sections were mounted 
with Vectashield with DAPI (Vector Labs, USA) and 
imaged using an Invitrogen EVOS M5000 imaging sys-
tem (Thermo Fisher, USA) (Liu et al. 2015). The BODIPY 
(493/503) powder was dissolved in PBS at 1 mg/mL, and 
the C11-BODIPY (581/591) powder was dissolved in 
DMSO at 2 mg/mL.

Protein extraction and western blot
After suspending the proteins in RIPA lysis buffer 
(R0020, Solarbio, Beijing, China), the protein concen-
trations were measured by a bicinchoninic acid assay kit 
(PC0020, Solarbio, Beijing, China). The samples were 
then homogenized in SDS loading buffer (9173, TaKaRa, 
Beijing, China) and separated through SDS-PAGE with 
8–12% gels (P0012, Beyotime, Shanghai, China). After 
being transferred to polyvinylidene difluoride mem-
branes (03010040001, Roche, USA) in an ice bath, the 
membranes were blocked with 5% nonfat dry milk in 
TBST at room temperature. They were then incubated 
with an anti-JNK antibody (1:1000), anti-P-JNK antibody 
(1:1000), anti-SREBP antibody (1:1000), anti-ACC anti-
body (1:1000), anti-PDP1 antibody (1:1000), anti-PDHA1 
antibody (1:5000), anti-p-PDHA1 antibody (1:2000) or 
anti-β-actin antibody (1:5000) overnight at 4  °C. After 
washing three times with TBST, the membranes were 
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incubated with the horseradish peroxidase-conjugated 
secondary antibody (1:5000) at room temperature for 1 h. 
Finally, the blots were developed using an electrochemi-
luminescence detection system (ChemScope 6000, Clinx 
Science Instruments CO., Ltd., China).

RT‑PCR
The total RNA was prepared from hippocampal tissue 
samples or cells using Trizol reagent (Invitrogene) fol-
lowing the manufacturer’s instructions. Isolated total 
RNA was quantified spectrophotometrically. Aliquots of 
total RNA were reverse transcribed using cDNA synthe-
sis kit (Takara RR047A) according to the manufacturer’s 
protocol. PCR primers (PDHA1, FP: 5′-GAA ATG TGA 
CCT TCA TCG GCT-3′, RP: 5′-TGA TCC GCC TTT AGC 
TCC ATC-3′; PDP1, FP: 5′-GCA CCC ATA GAG GAC 
CGG A-3′, RP: 5′- CCT GCA TGA CCA TCA AAA ACCC-
3′) were purchased from Thermo Fisher. Standard curves 
for gene of interest and housekeeping gene (β-actin) were 
included in each reaction. Using SYBR Green PCR Mas-
ter Mix to quantify, 40 cycles of RT-PCR were performed 
on an ABI 7500 thermal cycler (Applied Biosystems).

Statistical analysis
All experiments were repeated three times. The 
experimenter was unaware of the animal’s group dur-
ing experimentation and removed the mice that 
were in poor condition (they did not like to exercise). 
SPSS version 24.0 (IBM Crop, Chicago, USA) was 

used for statistical analysis. Data are displayed as the 
mean ± SEM. One-way analysis of variance (ANOVA) 
and a Bonferroni post hoc test were used to evaluate 
the results of the three-chamber social tests (Xu et  al. 
2019). The results of escape latency in the MWM test 
were examined through three-way mixed ANOVA 
(Champagne et  al. 2002). For the total traveling dis-
tance, platform crossing counts, the duration and dis-
tance in the target zone and the fear conditioning tests 
were assessed with two-way ANOVA (Yanai and Endo 
2021). Other data were assessed with two-way ANOVA. 
Statistical significance was accepted at p < 0.05.

Results
The exposure of CIH
The mice were exposed to RA/CIH condition for about 
3  months (day7-day97) (shown in Fig.  1B). A week 
before the behavioral experiments (day91-day97), the 
mice were intraperitoneal injected with SMND-309 
for once daily at 25  mg/kg of body weight. The three-
chamber social test, the MWM test and the fear con-
ditioning test were conducted in sequence as soon as 
the treatment was finished (day97–day117) (shown in 
Fig.  1A). Due to the long time required for behavioral 
experiments, mice in the model group should be kept 
in a hypoxic environment, and samples should be taken 
immediately after the experiment.

Fig. 1 The process of research and the structure of SMND-309. A The study workflow. After 7 days of acclimation, the mice were exposed to the CIH 
condition for about 3 months, and they were treated with SMND-309 at the last week. Behavioral tests were conducted as soon as CIH exposure 
finished. B The CIH treatment program. The red line represents the set point. The blue line represents the actual oxygen level. C The structure of 
SMND-309
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CIH exposure caused the social damage, SMND‑309 could 
attenuate the damage
At phase 1, there was no obvious side preference in the 
4 groups (shown in Fig. 2A, D). During phase 2, all the 
mice preferred to stay with the stranger mouse than at 
the inanimate side (p < 0.05, shown in Fig.  2B, E). At 
phase 3, WT + RA mice  (F(2, 27) = 55.839, T = 6.827, 
p < 0.05) and SMND-309 mice  (F(2, 27) = 71.527, 
T = 6717, p < 0.05) preferred to stay with the new stran-
ger mouse than the familiar one (shown in Fig.  2C). 
However, WT + CIH mice spent similar time at the 
two sides  (F(2, 27) = 18.716, p > 0.05) (shown in Fig.  2C) 
during this stage. Treated with SMND-309, SMND-
309 + CIH mice spend increasing time with the stran-
ger mouse than the familiar one  (F(2, 27) = 37.689, 
T = 3.718, p < 0.05) (shown in Fig.  2C). The traveling 
distance of phase 3 showed same pattern with spend-
ing time for all groups (shown in Fig. 2F). These results 
showed that CIH treatment damaged the social novelty 
cognition of mice and SMND-309 could alleviate the 
damage.

CIH exposure induced spatial learning and memory 
deficits, SMND‑309 could relieve
During the training days, the mean escape latency of 
WT + RA and SMND-309 mice decreased rapidly, but 
it had almost no change in the WT + CIH group (day 4: 
 F(3,156) = 5.626, T = 3.585, p < 0.05) (shown in Fig.  2G). 
At the probe trial stage, the total swimming distance 
of all groups was similar  (F(3, 36) = 1.564, p = 0.215) 
(shown in Fig.  2H). In contrast, the WT + CIH group 
showed a remarkable reduction in the number of 
platform crossings  (F(3, 36) = 3.28, T = 3.725, p < 0.05) 
(shown in Fig.  2I). The duration  (F(3, 36) = 7.266, 
T = 3.939, p < 0.05) (shown in Fig. 2J) and the distance 
 (F(3, 36) = 4.007, T = 3.963, p < 0.05) (shown in Fig.  2K) 
traveled at the target quadrant were also shorter for the 
WT + CIH group than for the WT + RA group. After 
SMND-309 treatment, these reductions were nota-
bly reversed. These data indicated that CIH exposure 

impair the spatial learning and memory of mice, but 
SMND-309 relieved the damage.

CIH exposure induced fear memory impairment, 
SMND‑309 could improve
Twenty-four hours after the footshock, WT + CIH mice 
presented with a lower level of freezing than WT + RA 
mice  (F(3, 36) = 14.139, T = 6.82, p < 0.05), but this change 
was improved after treatment with SMND-309 in 
SMND-309 + CIH group  (F(3, 36) = 14.139, T = 4.079, 
p < 0.05) (shown in Fig.  2L). Similar patterns could also 
be observed in the cued memory test (day 3) (shown in 
Fig.  2M). In conclusion, the fear memory of mice was 
severely injured under CIH condition, and this injure 
could be ameliorated by SMND-309 treatment.

CIH‑induced pathological changes in the hippocampus
After CIH treatment, severe histological changes have 
been revealed, neurons are loosely arranged, irregu-
lar sized, with fuzzy outline. Meanwhile, the number of 
neuroblasts (NBs) in the hippocampal subgranular zone 
(SGZ) was significantly decreased (shown in Fig.  3A). 
This injury was relieved by SMND-309 treatment (shown 
in Fig.  3A). As seen with TEM, the neuron ultrastruc-
ture was completed, and the blood–brain barrier (BBB) 
was thin and intact in the WT hippocampus (shown in 
Fig.  3B). However, neurons exhibited cytoplasmic vacu-
olization and mitochondrial disintegration under CIH 
conditions. Moreover, a large number of LDs appeared in 
the damaged neurons (shown in Fig. 3B). For astrocytes, 
severe edema could be observed, especially in the area 
surrounding the BBB (shown in Fig. 3B).

LDs‑induced NBs apoptosis after CIH exposure, SMND‑309 
could ameliorate
The fluorescence of Nile red was dim in the den-
tate gyrus (DG) area of WT + RA mice and SMND-
309 mice (shown in Fig.  4A), but the number of LDs 
increased twofold after CIH treatment (p < 0.05). Inter-
estingly, it decreased 45% after SMND-309 treating in 
SMND-309 + CIH group (p < 0.05) (shown in Fig. 4A). 
To confirm the distribution of LDs in different types 

Fig. 2 The behavioral performance in mice. A, D During phase 1, there was no significant difference between the two sides in all groups. B, E 
During phase 2, all of the mice preferred to stay with the stranger mouse. C, F During phase 3, WT + RA, SMND-309 and SMND-309 + CIH mice 
preferred to stay with Stranger 2 than with Stranger 1 (p < 0.05). However, WT + CIH mice spent a similar amount of time with each of the two 
stranger mice (p > 0.05). G The mean escape latencies of the four groups. H The total swimming distances among all groups were similar (p > 0.05). 
I The time the WT + CIH mice spent in the target quadrant was much shorter than the time the WT + RA mice spent (p < 0.05), and this was 
improved by SMND-309 treatment (p < 0.05). J WT + RA mice traveled longer distances in the target quadrant than the WT + CIH mice (p < 0.05), 
and after SMND-309 treatment, the damage was improved (p < 0.05). K The number of platform crossings of WT + CIH mice was less than WT + RA 
mice (p < 0.05), but it was improved by treating with SMND-309 (p < 0.05). L, M The fear memory was damaged by CIH exposure, and SMND-309 
alleviated the damage. *p < 0.05 Stranger 1 vs. empty cage. *p < 0.05 Stranger 1 vs. Stranger 2. *p < 0.05 WT group vs. WT CIH group. **p < 0.05 WT 
CIH group vs. SMND-309 CIH group. N = 10 for each group. Data are shown as the mean ± SEM. The results of social tests were analyzed by one-way 
ANOVA and a Bonferroni test. The results of escape latency were checked by three-way mixed ANOVA. Others were measured by two-way ANOVA

(See figure on next page.)
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of nerve and glia cells, cell-type markers NeuN, GFAP, 
Iba-1 and LDs dye BODIPY (483/503) were used. 
Following CIH treatment, the fluorescence spots of 
BODIPY (483/503) enhanced eightfold in the neurons 

(p < 0.05) (shown in Fig.  4B), nearly threefold in the 
astrocytes (p < 0.05) (shown in Fig.  5) and onefold in 
the microglia (p < 0.05) (shown in Fig.  5) of the DG 
area than WT + RA group. Intriguingly, SMND-309 

Fig. 2 (See legend on previous page.)
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noticeably decreased 70% of LDs accumulation in the 
neurons (p < 0.05) (shown in Fig. 4B), 40% in the astro-
cytes (p < 0.05) (shown in Fig. 5) and 30% in the micro-
glia (p < 0.05) (shown in Fig. 5).

To determine the damage of NBs in the SGZ by LDs 
accumulation, the NB marker DCX and the apoptosis 
marker cleave-caspase 3 was stained with the LDs dye 
BODIPY (483/503). The number of DCX-positive cells 
in the DG area was decreased 80% after CIH treatment 
(p < 0.05) (shown in Fig.  6). In addition, the quantity 
for cleaved caspase 3-positive cell increased 85% with 
BODIPY (483/503) spots in the DG area of WT + CIH 
mice (p < 0.05) (shown in Fig.  6). Notably, apoptosis 
NB significantly reduced in SMND-309 + CIH group 
than WT + CIH group (p < 0.05) (shown in Fig. 6).

Affecting the pathway of PDP1/PDHA1 did not improve 
the damage caused by CIH exposure
The mice were exposed to RA/CIH condition for 
about 3  months, and received intraperitoneal injec-
tion with 3-FP every 3  days at the last 3  weeks of the 
exposure(shown in Fig.  7A). The fear conditioning test 
were conducted as soon as the treatment was finished 
(shown in Fig. 7A).

In the context memory test, WT + CIH mice presented 
with a lower level of freezing compared with WT + RA 
group than mice. It should be noted that this change was 
not improved after treatment with PDHA1 inhibitor 3-FP 
(shown in Fig. 7C, *p < 0.05). After 48 h retention delay, the 
cued fear conditioning testing were determined, the freez-
ing level was similar to the trend of context memory test 

Fig. 3 Pathological changes of DG area. A H&E staining of the hippocampus. In the SGZ of the WT + CIH group, NBs were hardly observed (White 
arrow), but SMND-309 treatment relieved the damage. Original magnification: 400×. B The TEM results of the hippocampus. Neurons of the 
WT + CIH group exhibited cytoplasmic vacuolization, LDs accumulation (black arrow) and mitochondrial disruption (black triangle). Moreover, 
glial cells of the WT + CIH group presented edema (black star), especially in the area surrounding the BBB. Original magnification: 15,000×. All 
experiments were repeated three times

Fig. 4 LDs accumulation in neuron. To detect LDs accumulation in the hippocampal neurons, Nile red (red) and DAPI (blue), BODIPY (483/503) 
(green) and NeuN (red) were used. A LDs accumulation could be detected (red, black arrow) in the WT + CIH mice, and treated with SMND-309 
decreased this change. B Abundant BODIPY (483/503) fluorescence could be detected in the neurons of the DG area under CIH condition, but 
the fluorescence became dim after SMND-309 treatment. C Quantification of LDs accumulation in nerve and glia cells. D Quantification of LDs 
accumulation in neurons. *p < 0.05 WT group vs. WT CIH group. **p < 0.05 WT CIH group vs. SMND-309 CIH group. All experiments were repeated 
three times. Data are shown as the mean ± SEM. Statistical analysis was tested by two-way ANOVA. Original magnification: 400×

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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(shown in Fig. 7D, *p < 0.05). Taken together, these results 
provided evidence that CIH exposure contributed to the 
long-term memory dysfunction, and PDHA1 inhibitor 
3-FP could not improve the damage.

The H&E stained of hippocampus section in 4 groups 
were shown in Fig. 7E. Compared to the RA group, severe 
histological changes had been revealed in CIH group. Hip-
pocampal granular neurons were loosely arranged, some 
neurons had showed a swollen and vacuolated cytoplasm 
and the neural progenitor cells in the DG area were signifi-
cantly reduced. Significantly, this injury was not relieved by 
PDHA1 inhibitor treatment.

PDP1/PDHA1 did not significantly promote the increase 
of LDs induced by CIH in hippocampus
The fluorescence of Nile red showed that the CIH group 
and CIH + 3-FP group had sporadic superficial, round or 
elongated lipid-containing structures in the hippocam-
pus, indicating abnormal accumulation of LDs (shown in 
Fig.  8A, B). Real time RT-PCR analysis and Western blot 
analysis were performed to analyze the expression level of 
PDP1 and PDHA1. Quantitatively, the gene expression and 
protein levels of PDP1 and PDHA1 showed no significant 
differences among 4 groups (shown in Fig. 8C–G). The pro-
tein level of phosphorylated PDHA1 (p-PDHA1) (shown in 
Fig. 8H), the activity of PDC (shown in Fig. 8I) and the con-
tent of Acetyl-CoA (shown in Fig. 8J) were tested to further 
explore the role of PDP1/PDHA1 related lipid synthesis on 
CIH condition. All these results showed no statistically dif-
ferences between groups, which suggested CIH exposure 
almost had no impact on the Acetyl-CoA biosynthesis reg-
ulated by PDP1/PDHA1. In  vitro experiments supported 
this conclusion (shown in Additional file 1).

Experimental data showed that the PDP1/PDHA1 may 
not be the main source of the abnormal increased lipids 
after CIH exposure. Therefore, other reasonable mecha-
nisms of lipids synthesis disorder in nerve and glia cells 
under stress needed to be interpreted.

ROS‑triggered JNK/SREBP/ACC pathway activation 
and lipid peroxidation, SMND‑309 could decrease
To confirm the level of ROS in the hippocampus under 
CIH conditions, an aconitase activity assay kit was used. 
The results showed that the activity for aconitase decreased 
50% in WT + CIH group (p < 0.05) (shown in Fig. 9G). Fur-
thermore, the expression of phosphorylated JNK increased 

nearly 1.5-fold (p < 0.05), and this effect activated SREBP 
and upregulated the expression of ACC for threefold 
(p < 0.05) (shown in Fig.  9A–F). Treated with SMND-309 
eliminated ROS (p < 0.05) (shown in Fig. 9G) and inhibited 
the activation of the JNK/SREBP/ACC pathway (shown in 
Fig. 9A–F).

ROS are oxidation products and cause damage to 
lipids. Peroxidized lipids could be observed after staining 
with the lipid peroxidation dye C11-BODIOY (581/591), 
results indicated that the number of peroxidated lipid 
increased twofold in the hippocampal nerve and glia cells 
of WT + CIH mice (p < 0.05) (shown in Fig.  10). Nota-
bly, it reduced nearly 50% after SMND-309 treatment 
(p < 0.05).

Discussion
As a common sleep disorder disease, OSAS is character-
ized by sudden pauses of breathing during sleep (Khokh-
rina et al. 2020). Resulting from repeated obstructions of 
the pharyngeal airway, CIH is a cardinal feature of OSAS, 
which induces degrease of cognitive performance (Li 
et al. 2020). Our research found that the ability of social 
memory and spatial memory was damaged in C57BL/6 
mouse after CIH treatment. Further study discovered 
that the hippocampal nerve and glia cells of those mice 
were severely injured. It is thought that hippocampus 
is crucial for encoding new memory (Cascella and Al 
Khalili 2021). Therefore, the injury of hippocampus by 
CIH finally gave rise to behavioral deficits. Until now, 
researchers consider that the mechanism of those neuro 
damage is related to the inflammation and the oxidative 
stress. In response to CIH, immune receptors initiate 
chronic neuroinflammation, such as TLR 2 and TLR 4. 
Those receptors upregulate the expression of inflamma-
tion cytokines, including IL-1β, IL-6 and TNF-α via TLR 
2/TLR 4-MyD88 signal pathway (Li et al. 2020) (Lu et al. 
2019). In this process, microRNA (Ren et al. 2019), his-
tone modifications and DNA methylation (Kiernan et al. 
2016) have also been involved in this process. Besides, 
hypoxia-reoxygenation damage cellular organelles and 
structures by promoting ROS generation. Targeting mito-
chondrial protein OPA1, ROS induces mitochondrial fis-
sion and disturbs mitochondrial membrane potential 
(Rovira-Llopis et  al. 2017). Also, ROS initials apoptosis 
by promoting ER calcium release and triggering ER stress 
(Ding et al. 2016).

(See figure on next page.)
Fig. 5 LDs accumulation in glial cells. The microglia marker Iba-1 (red), astrocyte marker GFAP (red) and DAPI (blue) were stained with BODIPY 
(483/503) (green) to observe LDs accumulation in glia. The swollen cell body and increased synapses along with the mass of BODIPY (483/503) 
spots could be observed in glial cells after CIH exposure. With SMND-309 treatment, glial injuries were relieved. LDs accumulated (yellow, black 
arrow) could also be detected in astrocytes (A) and microglia (B). C Quantification of LDs accumulation in astrocytes. D Quantification of LDs 
accumulation in microglia. *p < 0.05 WT group vs. WT CIH group. **p < 0.05 WT CIH group vs. SMND-309 CIH group. All experiments were repeated 
three times. Data are shown as the mean ± SEM. Statistical analysis included two-way ANOVA. Original magnification: 400×
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Fig. 5 (See legend on previous page.)
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Recently, LDs accumulation is closely related to a vari-
ety of human diseases (Onal et  al. 2017). In peripheral 
system, cell death-inducing DFF45-like effector (CIDE), 
which is crucial for the formation and fusion of LDs, 
regulates the occurrence of type II diabetes (Zhang et al. 
2011). The depletion of perilipin 2 prevents hepatic stea-
tosis via downregulating triglyceride synthesis and LDs 
accumulation (Carr et al. 2014). In nervous system, LDs 

accumulation enhances the formation of oligomeric 
α-synuclein, a major component of the pathological 
hallmarks in Parkinson’s disease (Ruipérez and Darios 
2010). LDs accumulation also disrupts energy homeosta-
sis (Konige et al. 2014), impairs the folding and clearance 
of proteins in neurons (Inloes et  al. 2018), and breaks 
neuron-glia metabolic coupling (Schmitt et  al. 2014). 
All these studies have shown that LDs accumulation is 

Fig. 6 LDs accumulation-induced NBs apoptosis. Fluorescent immunocytochemistry staining was as follows: NB marker DCX (sky blue), cleaved 
caspase 3 (red), BODIPY (483/503) (green) and DAPI (blue). A Seldom DCX-positive cells (blue, white circle) in the SGZ of WT + CIH mice could be 
observed. Moreover, a larger number of BODIPY (483/503) (green, yellow arrow) and cleaved caspase 3-positive cells (red, white arrow) merged. 
SMND-309 treatment ameliorated these injuries. B Quantification of LDs accumulation. C Quantification of cleaved caspase 3-positive cell. D 
Quantification of DCX-positive cell. *p < 0.05 WT group vs. WT CIH group. **p < 0.05 WT CIH group vs. SMND-309 CIH group. All experiments were 
repeated three times. Data are shown as the mean ± SEM. Statistical analysis was performed with two-way ANOVA. Original magnification: 600×
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closely related to neurodegeneration diseases. Contra-
dictorily, some studies support that LDs accumulation is 
helpful for neural protection. In the glial niche of Dros-
ophila larvae, LDs accumulation keeps neural stem cells 
away from oxidative damage (Moldavski et  al. 2015). 
Some fatty acids are vulnerable to peroxidation, and they 
are diverted into LDs to protect from ROS under hypoxia 
condition (Welte and Gould 2017). Therefore, exploring 
the molecular mechanisms of altered lipid metabolism 
in brain injury, will help to reveal the cause of neurode-
generative changes, including CIH-induced cognitive 
dysfunction.

PDP1/PDHA1 pathway is an essential regulatory 
for de novo lipid synthesis. PDHA1 is activated by 

dephosphorylation of PDP1 and phosphorylation of 
pyruvate dehydrogenase kinases (PDK) (Shan et  al. 
2014). PDHA1 is one of the most important components 
of the PDC (Zhong et  al. 2017), which oxidates pyru-
vate to Acetyl-CoA. As a major and central precursor 
in metabolism, Acetyl-CoA candidates in the synthesis 
and decomposition of biomacromolecules, especially 
for lipid biosynthesis (Kuerschner et  al. 2008). It has 
been reported that PDP1/PDHA1 was related to a vari-
ety of diseases by affecting lipid metabolism. Inactiva-
tion of PDHA1 suppresses tumourigenesis by decreasing 
Acetyl-CoA levels in prostate cancer (Chen et al. 2018). 
However, knocking out PDK4 alleviates the hepatic ste-
atosis by regulating the activity of PDC in nonalcoholic 

Fig. 7 Affecting the pathway of PDP1/PDHA1 did not improve the damage caused by CIH exposure. A The study workflow. After 7 days of 
acclimation, the mice were exposed to the CIH condition for about 3 months, and they were treated with 3-FP at the last 3 weeks. Fear test were 
conducted as soon as CIH exposure finished. B The structure of 3-FP. C The freezing level of contextual memory among 4 groups. D The freezing 
level of cued memory among 4 groups. E H&E stained of the hippocampus. Each experiment was repeated three times. Data are shown as the 
mean ± SEM. Statistical analysis was performed with two-way ANOVA. *p < 0.05 WT group vs WT CIH group. Magnification: 400×. The local details 
are enlarged in the rectangular frame

Fig. 8 CIH treatment did not significant influence the expression of PDP1/PDHA1 in hippocampus. A Nile Red staining of hippocampus. (Scale 
bar: 20 μm). B Quantification of LDs accumulation. C, D PDP1 and PDHA1 expression patterns were determined by RT-PCR. E–H Western blot 
assays were performed to determine the expression level of PDP1/PDHA1, and the gray value of the band was measured. I The PDC activity of 
hippocampus. J Total levels of acetyl-CoA in hippocampus. Each experiment was repeated three times. Data are shown as the mean ± SEM. 
Statistical analysis was performed with two-way ANOVA. *p < 0.05 WT group vs WT CIH group. Magnification: 400×. The local details are enlarged in 
the rectangular frame

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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Fig. 9 ROS level and JNK/SREBP/ACC expression. A–G The ROS level was highly enhanced in the hippocampus of WT + CIH exposure (p < 0.05), and 
the JNK/SREBP/ACC pathway was activated. However, these changes were attenuated by SMND-309 treatment (p < 0.05). *p < 0.05 WT group vs. WT 
CIH group. **p < 0.05 WT CIH group vs. SMND-309 CIH group. All experiments were repeated three times. Data are expressed as the mean ± SEM. 
Statistical analysis was performed through two-way ANOVA
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steatohepatitis mouse models (Zhang et al. 2018). In this 
study, experimental data showed that the activity of PDC 
and the production of Acetyl-CoA did not noticeable 
change after CIH exposure, which suggested the de novo 
lipid synthesis regulated by PDP1/PDHA1 might not be 
the main source of the abnormal increased lipids and LDs 
after CIH exposure. Therefore, the relevant mechanism 
still needs to be further studied.

ROS production and oxidative stress participate in 
neuro injuries and neurodegeneration. In Parkinson dis-
ease, ROS induces missense mutation by damaging DNA 
and causing neural cell damage (Pignataro et  al. 2017). 
ROS also evokes Alzheimer’s disease through active 
NLRP3, which promotes IL-1β-mediated inflammation 
(Pignataro et al. 2017). Recently, studies found that ROS is 
capable to promote lipid synthesis and LDs accumulation 

Fig. 10 Lipid peroxidation in nerve and glia cells. A C11-BODIPY (581/591) (red, green) and DAPI (blue) staining of the DG region. Lipid peroxidation 
could be observed (green, white arrow) in nerve and glia cells and SMND-309 inhibited peroxidation. B Quantification of peroxidized lipid in the 
nerve and glia cells. *p < 0.05 WT group vs. WT CIH group. **p < 0.05 WT CIH group vs. SMND-309 CIH group. All experiments were repeated three 
times. Data are shown as the mean ± SEM. Statistical analysis was performed with two-way ANOVA. Original magnification: 400×
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(Liu et  al. 2015). Increased level of ROS exerts harmful 
effects by causing oxidative damage to biological mac-
romolecules and disrupting various signaling pathways 
including the lipid metabolism (Fransen et  al. 2012). In 
the development of fatty liver, redox cellular state espe-
cially the high level of ROS activates lipid biosynthesis 
gene SREBP and speeds up the disease process (Pan et al. 
2017). Reports show that ROS triggers SREBP activity 
in fruit fly neurons and leads to LDs accumulation (Liu 
et  al. 2015). SREBP regulates the expression of several 
genes, such as ACC and fatty acid synthase (FAS) (Yuan 
et  al. 2019). ACC is a rate-limiting enzyme in de novo 
fatty acid synthesis, catalyzing ATP-dependent carboxy-
lation of Acetyl-CoA to form malonyl-CoA (an interme-
diate in fatty acid biosynthesis) (Hunkeler et  al. 2018). 
We found that high level of ROS triggered JNK/SREBP/
ACC pathway in neurons after CIH exposure. The exces-
sive increase of lipid synthesis promoted abnormal LDs 
accumulation, which severely injured nerve and glia cells 
in hippocampus. In addition, lipid peroxidation further 
aggravated neuro damage.

SMND-309 is a degradation production of Salvia 
miltiorrhiza, which has been used for neuroprotec-
tion (Su et  al. 2015). SMND-309 inhibits apoptosis by 
upregulating the ratio of Bcl-2/Bax (Yang et  al. 2010) 
and promotes neuron survival by increasing the con-
tent of brain-derived neurotrophic factor via activating 
the phosphatidylinositol 3-kinase/Akt/cAMP-response 
element-binding (CREB) signaling pathway (Wang et  al. 
2016). Consistent with the results of previous studies, 
SMND-309 treatment improved the behavioral perfor-
mance of CIH mice by reducing the accumulation of 
LDs in nerve and glia cells of the DG area. These findings 
might be helpful to provide a novel potential neuropro-
tective therapy.

In this study, CIH-induced hippocampal damage was 
triggered by LDs accumulation in NBs, neurons and glia 
cells. The generation of LDs could be regulated via JNK/
SREBP/ACC pathway. And these damages were allevi-
ated by SMND-309 treatment. Until now, the role of LDs 
in neurocyte is controversial. The mechanism of lipid 
synthesis disorder and LDs abnormal accumulation is 
remain unclear. All these questions need to be further 
investigated.

Conclusion
Present study found that cognitive function of CIH wice 
was severely damaged because of neurocyte injuries in the 
hippocampal. After CIH exposure, the expression of PDP1/
PDHA1, the activity of PDC and the level of cellular Acetyl-
CoA have barely changed. Noticeably, ROS triggered JNK/
SREBP/ACC pathway and led to aberrant LDs accumula-
tion, which contributed to the neuro injuries. What’s more, 

lipid peroxidation as a result of excessive ROS also aggra-
vated the damage in nerve and glia cells. Noticeably, the 
neural damages induced by lipid metabolic disorders were 
relieved by SMND-309 treatment.
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