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Background: Microglia-mediated neuroinflammation is crucial for obstructive sleep apnea (OSA)-induced cognitive impairment. We 
aimed to investigate roles of acetate (ACE) and SET domain bifurcated histone lysine methyltransferase 1 (SETDB1) in neuroin
flammation of OSA.
Methods: After C57BL/6J mice were exposed to OSA-associated intermittent hypoxia (IH) or normoxia for four weeks, the 
composition of the gut microbiota (GM) and the levels of serum short-chain fatty acids (SCFAs) were measured by 16S rRNA and 
GC-MS methods, respectively. To assess the effect of ACE on IH mice, glyceryl triacetate (GTA) was gavaged in IH-exposed mice 
and the cognitive function, microglial activation, and hippocampal neuronal death were examined. Moreover, ACE-treated BV2 
microglia cells were also utilized for further mechanistic studies.
Results: IH disrupts the gut microbiome, reduces microbiota-SCFAs, and impairs cognitive function. Gavage with GTA significantly 
mitigated these cognitive deficits. Following IH exposure, we observed substantial increases in SETDB1 both in vivo and in vitro, 
along with elevated levels of histone H3 lysine 9 trimethylation (H3K9me3). Genetic or pharmacological inhibition of SETDB1 in 
microglia led to decreased induction of proinflammatory factors, as well as reduced reactive oxygen species (ROS) generation. 
Mechanistically, SETDB1 was found to upregulate the transcription factors p-signal transducer and activator of transcription 3 (p- 
STAT3) and p-NF-κB. In vitro, ACE supplementation effectively repressed high SETDB1 and H3K9me3 levels, thereby inhibiting 
microglial pro-inflammatory responses induced by IH. In vivo, ACE supplementation significantly reduced hippocampal levels of 
p-STAT3, p-NF-κB, and pro-inflammatory cytokines while also protecting neuronal integrity.
Conclusion: This study provides the first evidence that H3K9 methyltransferase SETDB1 promotes microglial pro-inflammatory 
response distinct from its previously shown role in macrophages. Our findings also identify ACE supplementation as a promising 
dietary intervention for OSA-related cognitive impairment with SETDB1 serving as both a mechanistic biomarker and potential 
therapeutic target.
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Introduction
Obstructive sleep apnea (OSA) is a condition marked by frequent blockages of the upper airway that cause intermittent 
hypoxic stress (IH), impacting approximately one in seven people globally.1 Increasing evidence suggests that OSA 
might be closely linked to cognitive deficits and neurodegenerative conditions through the activation of neuroinflamma
tory signaling pathways,2 however, the underlying mechanisms remain enigmatic.

Microglia, the primary innate immune cells of the central nervous system (CNS), drive neuroinflammation by 
releasing neurotoxic factors, including interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-α), and toxic superoxide 
free radicals.3 Both exogenous and endogenous stress factors and damage signaling pathways can lead to microglial 
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activation, resulting in neuronal damage.4 For instance, the NOD-like receptor protein 3 (NLRP3) inflammasome can 
drive neuroinflammation through extracellular secretion of caspase-1 and IL-1β. Our previous study demonstrates that 
chronic inflammation relies on NLRP3-IL-1β signaling, promoting α-synuclein aggregation in the hippocampus and 
substantia nigra.5 Under these pathological conditions, the activation and nuclear translocation of NF-κB induces the 
transcription of NLRP3 and pro-IL-1β6 and modulates the NLRP3-IL-1β pathway to progressively amplify inflammatory 
responses, thus exacerbating CNS damage.7 Exposure to IH can also activate microglia, resulting in varying degrees of 
neuronal damage in cognition-associated brain regions. Studies show that OSA can provoke microglial activation, 
increase NF-κB and pro-inflammatory factors’ expression, and enhance oxidative stress (OS), leading to the loss of 
hippocampal neurons, and ultimately contributing to cognitive deficits.8

IH, a pathological hallmark of OSA, induces vicious cycles of hypoxia/reoxygenation in the intestinal microbiota, 
which can alter gut microbiota (GM) diversity and impact levels of short-chain fatty acids (SCFAs), key metabolites, and 
secondary signaling molecules produced by the microbiota.9 SCFAs, including acetate, propionate, and butyrate, play 
crucial roles in maintaining gut and overall health.10 Research has shown that ACE, in particular, can restore microglial 
function and modulate microglial activity in response to neurodegenerative stresses, whereas propionate and butyrate do 
not have the same effect.11 At present, the effect of ACE on the central nervous system remains unclear in OSA. Glycerol 
triacetate (GTA) as a prodrug of ACE been approved by the US Food and Drug Administration (FDA) as a safe food 
additive and shows potential for clinical translation if proven effective against OSA-induced cognitive impairment.

Histone methylation, a fundamental epigenetic regulatory mechanism, can either enhance or suppress inflammatory 
responses depending on the specific modification involved. SET domain bifurcated histone lysine methyltransferase 1 
(SETDB1), a histone methyltransferase, specifically targets lysine 9 on histone H3 to produce the transcriptional 
repressor trimethylated H3K9 (H3K9me3).12 SETDB1 in macrophage shows inhibition of peripheral inflammatory 
responses to Lipopolysaccharide (LPS) in both macrophage cell line and mouse model.13 However, its role in microglia 
is still unclear. Currently, histone methyltransferases have attracted increasing attention as an emerging therapeutic 
target.14 Therefore, as a methyltransferase, SETDB1 has also drawn our special attention regarding its effect as a target 
for therapeutic intervention in OSA-related neuroinflammatory responses.

In this study, we utilized an OSA model of IH in mice, along with GTA for animal study and ACE for cell cultures as 
acetate supplements, to explore the role of SETDB1 and ACE in IH-induced neuroinflammation and cognitive deficits. 
Surprisingly, increased SETDB1 level promotes neuroinflammation via upregulating the transcription factors p-STAT3 
and p-NF-κB, which is different from its function in macrophages. ACE supplementation decreases SETDB1 and 
H3K9me3 levels, inhibiting IH-induced neuroinflammation and alleviating cognitive deficits in OSA models. This 
study is the first to show that SETDB1 plays a crucial role in promoting neuroinflammation in microglia and suggests 
that ACE may mitigate OSA-related neuroinflammation through its effects on SETDB1.

Materials and Methods
Animals and Exposures
Male C57BL/6J mice (10-wk-old, 18–22g weight) were obtained from Beijing HFK BioTechnology Co. Ltd. In this 
study, only male mice were used to avoid estrous cycle-related hormonal effects on inflammation and metabolism.15 

Mice were housed in a specific pathogen-free facility at 22±1°C and 50±10% humidity, with 5 mice per cage 
(36×20×14 cm). Sterilized bedding was changed twice weekly. They had free access to a standard rodent diet and 
sterilized tap water throughout the study. For one week, all mice were housed in a 12h light/dark cycle to adapt to the 
experimental environment. Mice were randomly distributed into the negative control (NC), GTA, IH, and IH+GTA 
groups. The IH and IH+GTA groups’ mice were exposed to 30 cycles/h for 8 h/day for 4 wks (minimum 5% O2 for 30s, 
maximum 21% O2 for 90s). The NC and GTA mice were kept under normoxic conditions. The GTA and IH+GTA groups 
received GTA gavage (2 g/kg/day) under IH or normoxic conditions. The control group received equivalent volumes of 
the solvent by gavage. GTA (#G810356-100 g, Mackin Biochemical Technology Co. Ltd, China) was prepared in 0.5% 
sodium carboxymethyl cellulose (CMC-Na) dissolved in double-distilled water. GTA was selected as the ACE donor 
based on its high capacity for penetrating brain cells and effectively increasing the brain ACE level by more than 15-fold 
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within one hour after administration.16 Next, we collected mouse feces and conducted behavioral tests after treatments. 
Mice were anesthetized by an intraperitoneal (i.p). injection of 10% chloral hydrate (0.3 mL/100 g) for blood collection 
and sacrifice. Mice were either preserved as whole-brain specimens or had their hippocampal tissue carefully dissected 
and stored at −80°C for subsequent analyses. The experimental timeline, including all critical interventions and sampling 
time points, is presented in Figure 1A.

16S rRNA Sequencing
Fecal samples (0.25 g/sample) were processed for total microbial DNA isolation using the EZNA Soil DNA kit 
(#M5635, Omega Biotek, USA), following the manufacturer’s protocol. The 16S rRNA gene was amplified using 
primers: 338F: 5´-ACTCCTACGGGAGGCAGCAG-3´ and 806R: 5´-GGACTACHVGGGTWTCTAAT-3´ targeting the 
V3-V4 hypervariable regions. The raw reads were screened and restructured using QIIME2 (version 2019.4). A 97% 
cutoff was set for indexing operational taxonomic units (OTUs). Any OTU with values lower than 0.001% of the total 
sequencing amount was eliminated. This abundance matrix was applied to rare OTUs for α and β diversity analyses.

Serum Metabolomics
Blood samples were centrifuged at 3500 rpm for 15 min at 4°C, and the supernatant was collected for GC-MS analysis. 
Serum samples (150 µL) were incubated at −20°C for 20 min, followed by centrifugation and drying. The pellet was 
dissolved in methoxamine hydrochloride pyridine solution (80 µL,15 mg/mL) by shaking at 30°C for 90 min. Then, 20 
µL of n-Hexane and 50 µL of BSTFA were added to the solution and incubated at 70°C for 20 min. After that, mixtures 
were kept at room temperature for 30 min, followed by GC-MS analysis on the TRACE-1310 GC analyzer (Thermo 
Fisher Scientific, USA). Mass spectrometric detection of serum SCFA concentrations was performed on ISQ LT (Thermo 
Fisher, USA).

Behavioral Tests
Y-Maze Test
Y-maze has three arms – A (40 cm), B (40 cm), and C (40 cm). The ANY-maze software (version 7.40, Stoelting Co., IL, 
USA) was used to record and analyze spontaneous alternation rates. The starting point of movement measurement was 
set at the end of the A-arm, allowing the animal to move freely for 5 min. A camera placed above the maze recorded the 
entire movement trajectory and pattern. The percent alternation behavior was calculated as follows: number of successful 
alternations/((total number of arms entries – 2) ×100).

Morris Water Maze Test
The Morris Water Maze (MWM) test was performed in an opaque cylindrical water tank, having a diameter of 134.5 cm 
and a depth of 40 cm, at 20–24°C. All sessions were also recorded and analyzed using ANY-maze software. A circular 
escape platform, measuring 10 cm in diameter, was submerged 1cm below the water surface in one of the four quadrants. 
Mice underwent a training period of 5 days, during which they were placed in the water facing the wall and given 120 s 
to locate the platform. If a mouse failed to find the platform within this time, it was gently guided to the platform and 
allowed to remain there for 10s. On the 6th day of testing, the escape platform was removed, and the mouse was given 
120 s to search for the location where the platform had been. A camera automatically recorded the escape latency (ie, the 
time spent in the target quadrant), as well as the total swimming distance.

Cell Culture
Mouse BV2 microglia (Zhongqiaoxinzhou Biotech, China) were cultured in Dulbecco’s modified Eagle medium 
(DMEM, # C11965500BT, Thermo Fisher, USA) complete medium, supplemented with 10% fetal bovine serum 
(FBS, #164210-50, Wuhan Pricella Biotech Co. Ltd, China), and 100U/mL penicillin and 100 µg/mL streptomycin 
solution (#P1400, Solarbio, China) at 37°C in a 5% CO2 humidified incubator. At about 80% confluency, cells were 
passaged and seeded into 6-well plates for the experiment.
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Figure 1 IH disturbed the gut microbiota (GM) and reshaped the composition of short-chain fatty acids (SCFAs). (A) The experiment’s timeline. (B) Principal coordinates 
analysis (PCoA) of fecal microbiota from negative control (NC) and intermittent hypoxia (IH) group (n = 4 per group). (C) GM composition at the Phylum level. (D) The 
ratio of phylum Firmicutes/Bacteroidetes (F/B). (E) GM composition at the Genus level. (F) Comparison of abundance of Muribaculaceae between NC and IH groups with n = 
4. (G) Histogram of LDA was used to analyze the abundance of GM to identify microorganisms with significant differences between the NC and IH groups. (H-K) Serum 
samples were analyzed by gas chromatography-mass spectrometry (GC-MS) to show that IH changes the concentration of SCFAs including isovaleric acid, butyric acid, 
caproic acid, acetic acid (n = 6 per group). *p < 0.05, **p < 0.01. p values are based on the Student’s t-test.
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Cell Treatments
The cells were quickly placed in a gas delivery system consisting of a 1.8L cell culture chamber that controls and 
monitors O2, CO2, and pH while maintaining stable temperature and humidity. They were then exposed to different 
oxygen concentrations to simulate repeated respiratory pauses after adding ACE dissolved in phosphate-buffered saline 
(PBS) (20 mM, #S7545, Sigma-Aldrich, USA) or SETDB1 inhibitor TD dissolved in dimethyl sulfoxide (DMSO) (5 µM, 
#HY141539, MedChemExpress, USA) with controls receiving vehicle-only treatments. For IH exposure, cells were 
exposed to a cycle of low oxygen for 30s (1.5% O2) and reoxygenation for 90s (21% O2) for 8 h. Control cells were 
maintained in a normoxic environment. The exposure time for each group was 24 h.

Transfection of Small-Interfering RNA (siRNA)
SiControl (scrambled siRNA) or siSETDB1 (GenePharma, China) was transfected in BV2 cells plated in 6-well plates 
using GP-Transfect Mate (#G04009, GenePharma, China), following the manufacturer’s protocol. At 40 h post-transfec
tion, the culture medium was replaced with a fresh, complete medium. Then IH exposure was performed for 8 h and 
samples were collected for further analyses.

Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR) Analysis
TRIzol method (#15596026, Invitrogen, USA) was used to extract total RNA from cell pellets and hippocampal tissue 
(about 20 mg per sample) with 1 µg of RNA used for cDNA synthesis. Complementary DNA (cDNA) was synthesized 
using HisyGo-RT Red SuperMix Kit (#RT101-01, Vazyme, China) and qRT-PCR was performed as described 
elsewhere.8 The gene expression results were presented in fold changes normalized to the housekeeping control gene 
expression (β-actin) with ΔΔCT method.

Immunohistochemistry (IHC) and Immunofluorescence (IF)
For IHC analysis, brains were fixed in 4% paraformaldehyde (PFA) and embedded in paraffin blocks, then sectioned into 
tissue slices of 5 µm thickness. The tissue slices selected for IHC staining were from the hippocampal CA1 subfield and 
and dentate gyrus (bregma −1.70 to −2.30 mm). After deparaffinization and gradient hydration, tissue sections were 
stained in hematoxylin (#G1004) and eosin (#G1001) solutions for 5 min and 20s, respectively, using an H&E kit 
(Servicebio, China). For Nissl staining, sections were stained with toluidine blue solution (#DK0020, Beijing Leigen 
Biotech, China) for 8 min. For IHC analysis using anti-Iba-1 antibody, brain sections were treated with 1% hydrogen 
peroxide solution, followed by a blocking solution. Primary antibody incubation was then performed overnight at 4°C 
using anti-Iba-1 antibody (1:100, #ab178846, Abcam, USA), whose specificity had been previously validated in same 
tissue and species.17 Then it was washed twice with PBS, and incubated with goat anti-rabbit secondary antibody (1:200, 
#ab20571, Abcam, USA) for 1 h. Signals were captured using an NanoZoomer S210 (model: C13239-01, Hamamatsu 
Photonics K.K., Japan).

For IF, BV2 cells were fixed with 4% PFA for 30 min, washed twice with PBS, permeabilized with 0.1%Triton X-100 
for 10min, blocked for 30 min, and incubated with specificity-validated anti-NLRP318 (1:200, #68102, Proteintech, 
China) and anti-SETDB119 (1:200, #ab107225, Abcam, USA) antibodies at 4°C overnight. The next day, anti-rabbit 
(#SA00013-2, Proteintech, China) or anti-mouse secondary antibodies (#SA00013-1, Proteintech, China) were added 
(1:200), amplified with Vectastain ABC reagents (#AK-6000, Vector Labs, USA), and visualized with 3.3’-diaminoben
zidine (DAB, #12384, Sigma-Aldrich, USA). For ROS IF staining, the ROS Assay Kit (#S0033-1, Beyotime, China) was 
used. Samples were examined under a fluorescence microscope. (model: MC50-S, Guangzhou Mshot Photoelectric 
Technology Co., Ltd, China).

Western Blotting (WB)
Cells were lysed in RIPA Buffer (#P0013B, Beyotime, China) for 30 min on ice, followed by centrifugation at 12000 rpm 
at 4°C, and the supernatant was collected for WB. Around 20 mg of dissected hippocampal tissue per sample was 
homogenized in RIPA, as well. Histones were isolated using a Histone Extraction kit (#ab221031, Abcam, USA), 
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according to the manufacturer’s instructions. Protein concentrations were measured by a BCA Kit (#23277, Thermo 
Fisher, USA). Equal amounts of protein (20 μg protein loaded per lane) were resolved in an SDS-PAGE and transferred 
onto polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% non-fat skimmed milk and 
incubated with respective primary antibodies overnight at 4°C: anti-H3K9me3 (1:1000, #19369S, CST, USA), anti- 
STAT3 (1:1000, #9139T, CST), anti-p-STAT3 (1:1000), anti-p-NF-κB (1:1000, #9145T, CST), anti-NF-κB (1:1000, # 
ab32536, Abcam), anti-SETDB1 (1:1000, # ab107225, Abcam), anti-NLRP3 (1:1000, #15101S, CST), anti-IL-1β 
(1:1000, #ab283818, Abcam), anti-TNF-α (1:1000, #ab183218, Abcam), anti-H3 (1:1000, #ab1791, Abcam). Next, 
membranes were probed with corresponding secondary antibodies for 1h. The SuperSignal West Pico Plus (#34580, 
Thermo Fisher) was used for signal readout in a developing instrument. ImageJ was used for quantitative image analysis.

Statistical Analysis
For 16S rRNA sequencing analysis, principal component analysis (PCA) was performed. Wilcoxon rank-sum test was 
used to compare microbial communities between the two groups. Non-parametric factorial Kruskal–Wallis sum-rank tests 
were used to analyze the LEfSe cladogram. Linear discriminant analysis (LDA) method evaluated the contribution of 
diverse microbiota across the groups. A Student’s t-test was applied to two-group comparisons, while a one-way ANOVA 
was followed by the Bonferroni post hoc multiple comparison test to compare multiple groups. GraphPad Prism v10.00 
was used for graph plotting and data analysis. P values ≤ 0.05 were considered statistically significant. Data was 
presented as the mean ± standard error mean (SEM).

Results
IH Perturbs GM Homeostasis and Reshapes the SCFA Composition
16S rRNA sequencing revealed GM profiles in NC and IH mice. In α diversity, IH exposure did not alter GM diversity 
compared to the NC group, according to Chao1, Shannon and Simpson indexes (Figure S1A–C). In β diversity, the IH 
group showed significantly different principal components than the NC group (Figure 1B). At the Phylum level, IH 
stimulated a higher growth of Firmicutes while impacting Bacteroidates growth (Figure 1C). The Firmicutes to 
Bacteroidetes (F/B) ratio is considered a biomarker to evaluate the pathological status of GM,20 such that an increased 
F/B ratio indicates the depletion of SCFA-producing GM populations.21 We found a significant increase in the F/B ratio 
after IH exposure (Figure 1D), suggesting GM imbalance and altered levels of SCFA. At the Genus level, 
Muribaculaceae were decreased by IH treatment (Figure 1E) with p = 0.0073 (Figure 1F). Muribaculaceae, an intestinal 
probiotic, produces important SCFAs, such as ACE, propionate, and butyrate by fermenting dietary fiber. The differential 
microbial populations from Phylum to Genus levels between the two groups are summarized using LEfSe LDA 
(Figure 1G). Notably, Desulfovibrio appeared as a marker strain in the IH group. Previous studies showed a negative 
correlation between the abundance of Desulfovibrio and the clinical status of Alzheimer’s patients.22 Moreover, 
Desulfovibrio is known to be associated with reduced fecal levels of SCFAs.23 These results suggest that IH could 
disturb the GM homeostasis, affecting the physiological levels of important SCFAs. Next, we determined the composi
tion of SCFAs in serum samples. Among the seven SCFAs, IH effectively decreased levels of isovaleric (p = 0.0034), 
butyric (p = 0.0494), caproic (p = 0.0250), and acetic acids (p = 0.0196) (Figure 1H–K). There were no significant 
changes in levels of isobutyric, valeric, and propionic acids (Figure S1D–F).

GTA Alleviates Cognitive Deficits in IH-Affected Mice
MWM and Y-maze tests were employed to assess the effect of GTA on the IH-exposed mice behavior. In the Y-maze test, 
IH mice presented significantly reduced spontaneous alternation rates compared to NC mice with p = 0.0109, which were 
rescued by GTA treatment (Figure 2A and B). The number of arm entries was similar across all four groups, suggesting 
that each group had comparable motor abilities (Figure 2C). The data demonstrated that GTA could mitigate the spatial 
working memory deficits induced by IH in mice. To further explore GTA’s effects on learning and spatial memory, we 
conducted the MWM test. No significant differences in swimming speeds were observed among the groups (Figure 2D), 
indicating that GTA and IH exposure did not affect motor ability. IH mice took longer to locate the platform compared to 
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Figure 2 Behavioral tests assessing the effect of glyceryl triacetate (GTA) on cognitive deficits in IH-exposed mice. (A) Representative movement trajectories in the Y-maze test. 
The spontaneous alternations (B) and total number of arm entries (C) in the Y-maze test. (D) Swimming speed in the Morris water maze, with no significant differences detected. 
(E) Spatial learning ability assessed by escape latency in the Morris water maze. (F) Representative swimming trajectory after removal of the target platform. Memory ability was 
evaluated by the number of (G) crossings and (H) time spent in the target quadrant. n = 15 per group. *p < 0.05, **p < 0.01 and ****p < 0.0001. ##p < 0.01 and ####p < 0.0001 versus 
negative control (NC) group, ns = not significant. The data were analyzed with one-way ANOVA.
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controls. And IH mice exhibited longer escape latency than controls on last four trails. However, the IH+GTA group 
showed a notably shorter escape latency during training (p < 0.0001 versus IH group), indicating that GTA improved 
learning impairments caused by IH (Figure 2E). Upon removal of the target platform, the swimming trajectories of these 
mice were changed (Figure 2F). The IH+GTA group exhibited a significant increase in both the number of platform 
crossings (p = 0.0010) and the duration of time spent in the target quadrant (p = 0.0095), compared to the IH group, 
demonstrating that GTA attenuates IH-induced memory function loss (Figure 2G and H).

ACE Supplementation Restores the Normal SETDB1 Level in IH-Microglia
Following our observation that GTA alleviates cognitive decline associated with IH in mice, we investigated the 
underlying mechanisms. We discovered that IH treatment significantly increased the expression of SETDB1 in microglia 
compared to the control group with p = 0.0304 (Figure 3A and B). After administering GTA via gavage, we found that 
SETDB1 expression was notably reduced in the brains of IH mice (Figure 3A and B). SETDB1, a histone lysine 
methyltransferase, is crucial for the formation of H3K9me3 from H3K9. WB analysis revealed a decrease in H3K9me3 
levels in the IH+GTA group compared to the IH group (Figure 3C), with quantification shown in Figure 3D (p = 0.0319). 
This reduction supports GTA’s role in inhibiting the increased SETDB1 levels following IH exposure. Additionally, in 
BV2 cells, ACE treatment significantly inhibited the high SETDB1 and H3K9me3 levels induced by IH (Figure 3E–H). 
The number of SETDB1-positive cells was significantly higher in BV2 cells exposed to IH than in controls with p = 
0.0103, but this difference was almost eliminated in the IH+ACE group (Figure 3I and J), suggesting that ACE 
supplementation effectively mitigates the SETDB1 elevation caused by IH.

Inhibition of IH-Induced Elevation of SETDB1 Reduces Microglial Inflammatory 
Responses to IH
To determine whether changes in SETDB1 are merely a consequence of physiological disorders or if they play a 
functional role in IH-mediated neuroinflammatory damage, we inhibited SETDB1 expression by treating with siControl 
or siSETDB1 (Figure 4A and B). We then assessed the impact on inflammatory factors at the protein level through WB 
analysis. IH treatment resulted in elevated TNF-α levels compared to the control group (Figure 4A–E). However, 
siSETDB1 treatment significantly reduced TNF-α levels in BV2 cells (p < 0.0001 versus IH group). Building on our 
previous research highlighting the NLRP3-IL-1β signaling pathway’s role in chronic neuroinflammation, we also 
measured NLRP3 (Figure 4A–C) and IL-1β (Figure 4A–D), and observed similar reductions as with TNF-α. 
Additionally, using the SETDB1 inhibitor TD produced results consistent with those obtained through gene suppression. 
Compared to controls, IH treatment significantly increased mRNA levels of TNF-α (Figure 4F), IL-1β (Figure 4G), and 
NLRP3 (Figure 4H) in microglia, while pharmacological inhibition of SETDB1 with TD significantly suppressed these 
increases. At the protein level, TD treatment also substantially reduced IH-induced overexpression of TNF-α (Figure 4I 
and J), IL-1β (Figure 4I–K), and NLRP3 (Figure 4I–L). To further confirm SETDB1’s effect on OS, we performed IF- 
based ROS staining in BV2 cells. We observed a significant increase in ROS-positive cells following IH treatment with p 
< 0.0001, but this increase was not present in the IH+TD group (p = 0.0008), which was similar to the controls 
(Figure 4M).

ACE Inhibits the Inflammatory Responses of BV2 Cells to IH
Our results indicated that ACE supplementation affected SETDB1 and that SETDB1 was involved in IH-induced 
neuroinflammatory responses. To further validate ACE’s impact on CNS inflammation post-IH exposure, we conducted 
in vitro studies using cultured microglial cells. Our findings showed that IH treatment led to a significant increase in the 
mRNA levels of inflammatory factors TNF-α (Figure 5A) and IL-1β (Figure 5B). However, ACE treatment significantly 
decreased the expression of both inflammatory factors (p < 0.0001), while ACE alone did not alter the expression of 
TNF-α and IL-1β mRNA in these cells. Similar results were observed at the protein level (Figure 5D–F). Additionally, 
ACE effectively inhibited NLRP3, a key player in chronic inflammation. NLRP3 mRNA levels were significantly 
reduced in the IH+ACE group compared to the IH group with p = 0.0009 (Figure 5C), and WB analysis confirmed that 
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Figure 3 Acetate (ACE) supplementation inhibits the upregulation of SET domain bifurcated histone lysine methyltransferase 1 (SETDB1) induced by intermittent hypoxia 
(IH). Expression of proteins SETDB1 (A) and histone H3 lysine 9 trimethylation (H3K9me3) (C) in the brain of mice exposed to glyceryl triacetate (GTA) and/or 
intermittent hypoxia (IH) was analyzed by Western blot. β-actin and H3 served as a loading control. Quantification of SETDB1 (B) and H3K9me3 (D) protein levels. Protein 
levels of SETDB1 (E) and H3K9me3 (G) in BV2 cells treated with ACE and/or IH were analyzed by Western blot, with corresponding quantitative results in (F) and (H). (I) 
Representative immunofluorescence image of SETDB1 (green) in BV2 cells. Scale bars = 200 μm. (J) Quantification of SETDB1 intensity using ImageJ. n = 3 per group. * p < 
0.05, *** p < 0.001 and **** p < 0.0001. ns = not significant. p values are based on one-way ANOVA.
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result (Figure 5D–G). Furthermore, the population of NLRP3-positive cells was significantly lower in the IH+ACE group 
than in the IH group (Figure 5H).

Activated microglia-secreted ROS can exacerbate neuronal apoptosis in conjunction with TNF-α and IL-1β. We 
observed a marked reduction in ROS immunoreactivity in the IH+ACE group compared to the IH group with p = 0.0117 
(Figure 5I). Overall, these in vitro studies demonstrate that ACE inhibits IH-induced neuroinflammation with effects 
similar to those observed with SETDB1 inhibition.

Figure 4 Continued.
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ACE Supplementation Inhibits IH-Induced Neuroinflammation by Simultaneously 
Acting on NF - κB and STAT3
Given our findings that ACE supplementation might alleviate IH-induced neuroinflammation by inhibiting SETDB1, we 
next explored the underlying mechanisms involved. NF-κB, a critical transcription factor, is closely linked to the 
production of inflammatory factors such as TNF-α and IL-1β and the inflammasome NLRP3 in microglia. Previous 
research has shown that SETDB1 can modulate peripheral inflammatory responses through its interaction with NF-κB.13 

Figure 4 SET domain bifurcated histone lysine methyltransferase 1 (SETDB1) siRNA or inhibitor alleviates IH-induced activation of BV2 cells. (A) Protein levels of SETDB1, 
NLRP3, IL-1β, and TNF-α in BV2 cells determined by Western blot after SETDB1 knockdown using siRNA. Quantification of SETDB1 (B), NLRP3 (C), IL-1β (D), and TNF-α 
(E) protein levels. mRNA expression of TNF-α (F), IL-1β (G), and NLRP3 (H) detected by qRT-PCR after inhibiting SETDB1 with TD. (I) Protein levels of TNF-α, IL-1β, and 
NLRP3 detected by Western blot after treatment with the SETDB1 inhibitor TD. Corresponding quantifications shown in (J–L). (M) Representative immunofluorescence 
image of ROS (red) in BV2 cells after IH and/or TD treatment. Scale bars = 200 μm. Reactive oxygen species (ROS) intensity quantified using ImageJ. n = 3 per group. p 
values are based on one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. ns = not significant.
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In our in vitro studies, we used the inhibitor TD to block SETDB1 expression and found that p-NF-κB levels did not 
increase significantly following IH treatment, unlike the substantial increase observed in the IH-only treatment group 
compared to controls (Figure 6A and B). Additionally, we assessed the STAT3 level and its activation, another key 
transcription factor, and found that p-STAT3 levels significantly decreased after SETDB1 inhibition following IH 
stimulation (p = 0.0051) (Figure 6C and D).

To further investigate, we conducted in vivo studies with GTA and in vitro studies with ACE to evaluate the 
activation of these transcription factors. WB analysis revealed that both p-NF-κB and p-STAT3 levels were significantly 
reduced in the brains of mice exposed to GTA and IH compared to those exposed to IH alone (Figure 6E and F). In vitro, 
the IH+ACE group also showed reduced levels of p-NF-κB and p-STAT3 compared to the IH group (Figure 6G and H). 
These results indicate that both SETDB1 inhibition and ACE supplementation similarly affect p-NF-κB and p-STAT3 
levels. Therefore, ACE’s regulatory effect on IH-induced microglial inflammation likely involves modulation of the 
SETDB1-NF-κB-STAT3 signaling pathway.

Figure 5 Continued.

https://doi.org/10.2147/JIR.S510690                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 5942

Zhao et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)



GTA Attenuates IH-Induced Neuroinflammation and Neuronal Death
Previous studies have linked IH-associated cognitive impairment to hippocampal neuronal death. To explore whether 
GTA enhances cognitive function in IH mice through histological recovery, we conducted H&E staining, revealing that 
IH treatment led to disordered and loosely arranged neurons in the hippocampus, along with nuclear condensation and 

Figure 5 Acetate (ACE) alleviates IH-induced inflammatory responses in microglia in vitro. After IH and/or ACE treatment, mRNA levels of TNF-α (A), IL-1β (B) and 
NLRP3 (C) were measured by qRT-PCR in BV2 cells. (D) Protein levels of TNF-α, IL-1β, and NLRP3 in BV2 cells determined by Western blot, with corresponding 
quantifications in (E–G). Representative immunofluorescence images of NLRP3 (green) (H) and ROS (red) (I) in BV2 cells (Scale bars = 200 μm), with intensity quantified 
using ImageJ. n = 3 per group. The data were analyzed with one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. ns = not significant.
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Figure 6 IH activates microglia via SET domain bifurcated histone lysine methyltransferase 1 (SETDB1) by targeting both NF-κB and signal transducer and activator of 
transcription 3 (STAT3) pathways. Representative Western blot images of p-NF-κB and total NF-κB (A), and p-STAT3 and total STAT3 (C) in BV2 cells treated with IH and/ 
or TD, with quantification in (B) and (D). (E) In vivo glyceryl triacetate (GTA) treatment, representative Western blot images of p-STAT3, total STAT3, p-NF-κB, and total 
NF-κB, with quantification in (F). (G) In vitro ACE treatment, representative Western blot images of p-STAT3, total STAT3, p-NF-κB, and total NF-κB, with quantification in 
(H). p values are based on one-way ANOVA (B, D and F) and Student’s t test (H). * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. ns = not significant.
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fragmentation. However, GTA treatment significantly improved these histological abnormalities. Nissl staining of the 
hippocampal DG and CA1 regions showed that IH-exposed mice had a higher number of dark cells with abnormally 
shrunken nuclei and intense, uniform staining with cresyl violet compared to the IH+GTA group (Figure 7A, S1G). 
Meanwhile, for HE staining, the IH group showed neurons were arranged loosely and disorderly, some cells had nuclear 
pyknosis and fragmentation, and the damage was alleviated in IH+GTA group (Figure 7B). We also examined the effect 
of GTA on microglia activation in the hippocampus using Iba-1 immunostaining. The results indicated that Iba-1 
immunoreactivity and the number of activated microglia were significantly reduced in the IH+GTA group compared 
to the IH group (Figure 7C, S1H). Additionally, we assessed the impact of GTA on inflammatory factors at both mRNA 
and protein levels. Compared to the IH group, the IH+GTA group showed a significant reduction in brain TNF-α at both 
mRNA and protein levels (Figure 7D–H). Likewise, GTA treatment significantly decreased elevated expressions of 
NLRP3 and IL-1β induced by IH (Figure 7E–H). These findings indicate that GTA has protective effects against IH- 
induced neuronal damage.

Discussion
OSA may lead to cognitive dysfunctions, and elucidating its pathogenesis is essential for further understanding of the 
disease outcomes. Here, we firstly found that ACE can effectively alleviate OSA-related cognitive dysfunction, and that 
could be accompanied by the inhibition of neuroinflammation and the protection of neurons. In addition, the study first 
discovered the pro-inflammatory effect of SETDB1 in microglia, in contrast to its anti-inflammatory effect in macro
phages and revealed that ACE may improve OSA-related neuroinflammation by acting on SETDB1, thereby affecting the 
levels of p-STAT3 and p-NF-κB and reducing the expression of inflammatory factors.

OSA is associated with neurocognitive deficits and affects patients’ quality of life.24 Recurrent upper airway 
obstruction leading to IH is a significant factor contributing to pathological damage. While IH can promote nerve 
regeneration and reduce neuronal apoptosis,25 the hypoxia in OSA is more severe, prolonged, and frequent compared to 
moderate and low-cycle IH models. In our study, mice exhibited clear neurocognitive deficits and substantial neuronal 
damage in the hippocampus following IH treatment. OSA exhibits distinct gender-specific patterns in both prevalence 
and clinical manifestations.26 The male-to-female prevalence ratio ranges from 3:1 to 5:1, yet female appear to be more 
symptomatic.27 While our study exclusively employed male mice, based on the epidemiological research on OSA, it 
ensures the relevance of the experimental results to the majority of affected patients to some extent. Nevertheless, the 
absence of female mice inevitably constrains the generalizability of our findings.

Microglia are mononuclear phagocytes of the CNS,28 which maintains the brain homeostasis.29 They help repair 
OSA-associated structural neuron damage and dysfunction at the cellular level.30 Previous research has demonstrated that 
activated NF-κB signaling exacerbates neuroinflammation and contributes to cognitive dysfunction in OSA patients.31 

Consistent with these findings, our study revealed microglial activation and upregulation of NF-κB following IH 
exposure, along with increased levels of inflammatory mediators such as TNF-α and IL-1β. STAT3, another critical 
transcription factor, also showed increased activation after IH exposure in our study. Beyond its established role in the 
context of oncogenesis,32 STAT3 is increasingly recognized for regulating inflammation, particularly in IL-6 signaling.
33,34 However, its function in OSA remains poorly understood. One study indicated that STAT3 activation in IH rat brains 
impairs learning and memory, but blocking the STAT3 signaling pathway can reverse this damage.35

TNF-α is crucial for initiating acute neuroinflammation,36 while IL-1β, produced by NLRP3, is essential for 
transitioning from acute to chronic neuroinflammation in sepsis-related inflammation.5 Our study observed elevated 
IL-1β levels compared to controls, suggesting a role in the development of OSA-related chronic neuroinflammation, 
warranting further investigation. Astrocytes, or glial cells, also play a significant role in neuroinflammation and may 
contribute to hippocampal neuronal damage induced by IH.37 Their involvement cannot be ruled out in IH-induced 
neuroinflammation.

GM dysbiosis has been observed in several OSA-mimicking animal models.38,39 Contrary to previous reports,38,40 our 
IH mouse model did not show significant differences in the Chao richness, Shannon diversity and Simpson diversity 
between the IH and control groups, aligning with studies in OSA patients.9 However, our taxonomic compositional 
analysis revealed a higher Firmicutes-to-Bacteroidetes (F/B) ratio in the IH group compared to controls. The F/B ratio’s 
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Figure 7 Glyceryl triacetate (GTA) reduces IH-induced hippocampal neuronal death in mice. (A) Nissl staining in the hippocampus showing necrotic cells with strong, 
uniform purple staining. (B) Representative hematoxylin and eosin (H&E) staining images of different hippocampal regions. (C) Immunostaining for microglial Iba-1 in the 
hippocampus with representative images. Scale bars = 500 μm and 100 μm. mRNA levels of TNF-α (D), IL-1β (E), and NLRP3 (F) detected by qRT-PCR in brain tissues. 
(G) Protein levels of TNF-α, IL-1β, and NLRP3 detected by Western blot, with β-actin as a loading control. Quantification of protein levels shown in (H). n = 3 per 
group. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. ns = not significant. p values are based on one-way ANOVA.
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role in neurodegenerative diseases is debated, with some studies showing a decrease in F/B in amyotrophic lateral 
sclerosis (ALS).41 For the GM composition of each group, Muribaculaceae, dominant at the genus level in all groups, 
may serve as biomarkers for cognitive aging.42 Muribaculaceae produces butyric acid through fermentation, which 
decreased after IH exposure in our study. Previous research indicated a correlation between Muribaculaceae and 
inflammatory factors in spinal cord injury studies, though this seems contrary to our findings.43 LEfSe analysis identified 
Desulfovibrio as a marker strain of the IH group. Desulfovibrio abundance is linked to Parkinson’s disease (PD) severity, 
with its metabolites potentially involved in alpha-synuclein aggregation.44 Moreover, studies on IH have shown increased 
Desulfovibrio abundance in GM.38

Alongside changes in GM composition, metabolomic alterations also occur. ACE, the smallest and simplest SCFA, is 
known to elevate brain ACE levels.45 GTA significantly increases ACE levels in the brain16 and compared with direct 
ACE supplementation, it has higher bioavailability and maintains more stable systemic ACE concentrations.46,47 

Therefore, this study used GTA gavage to increase the level of ACE in mice brains. One study indicated that OSA 
significantly reduces ACE concentrations in the cecum, but not propionate or butyrate,48 highlighting ACE’s role in 
SCFA-mediated OSA-related diseases. We found that GTA supplementation reduced IH-induced neuroinflammation, as 
evidenced by decreased mRNA and protein levels of TNF-α and fewer Iba1-positive and ROS-positive cells in the 
hippocampus and BV2 cells, respectively. These findings support the anti-inflammatory effects of ACE observed in 
previous studies49 and inflammatory bowel disease.50,51 Acetate combines with GPR43 to alleviate perioperative 
neurocognitive disorders in aged mice.52 In our study, GTA improved cognitive function, as indicated by increased 
spontaneous response alternation in the Y maze, more time spent in the target quadrant, and reduced escape latency in the 
MWM test. GTA shows human safety and an ameliorative effect on cognitive impairment related to OSA, suggesting that 
it may have clinical application value in the treatment of OSA.

Current research on acetate’s anti-inflammatory effects often focuses on epigenetic regulation, particularly histone 
hyperacetylation.53,54 For example, ACE supplementation in a rat model of LPS-induced neuroinflammation reversed 
decreased H3K9 acetylation and normalized IL-1β levels, reducing neuroglial activation.55 Our study was the first to 
identify high SETDB1 expression in BV2 microglia cells treated with IH, with ACE reversing this elevation. Inhibiting 
SETDB1 through inhibitors or siRNA resulted in a significant reduction in inflammatory factors. While previous studies 
have linked SETDB1 to inflammation inhibition in peripheral tissues,56 our findings suggest that SETDB1’s role in the 
central nervous system differs. We provide new evidence that GTA alleviates IH-induced neuroinflammation by reducing 
SETDB1 expression. In vitro studies demonstrated that direct ACE exposure significantly downregulated SETDB1 
expression, indicating its capacity to directly inhibit SETDB1. Consistent with this, in vivo studies revealed that GTA, an 
ACE prodrug, similarly suppressed SETDB1. For ACE can alter gut microbiota composition,57 the potential involvement 
of gut microbiota changes in ACE-mediated SETDB1 regulation remains to be clarified in future. Additionally, we found 
that SETDB1 inhibition in BV2 cells decreased the expression of transcription factors NF-κB p65 and STAT3. Thus, 
ACE’s mechanism for alleviating IH-induced central nervous system inflammation may involve modulation of the 
SETDB1-NF-κB/STAT3 signaling pathway. Notably, the effect of SETDB1 in microglia is completely opposite to that 
in macrophages with regard to inflammatory responses.13 In macrophage-specific SETDB1 knockout mice, the absence 
of SETDB1 did not alter NF-κB p65 expression in peritoneal macrophages but increased its recruitment to pro- 
inflammatory factor promoters.13 This discrepancy may arise from differences in models and immune cell types.

Limitations
This study was limited by its exclusive use of male mice, incomplete CNS cell type coverage, modest sample sizes in 
some cases, and lack of in vivo SETDB1 functional validation. Future work will validate SETDB1’s role in vivo using 
conditional knockout models and increase the sample sizes. At the same time, we will incorporate both sexes, examine 
additional CNS cell types to perfect the mechanistic study of the ACE-SETDB1 pathway. Subsequent studies will 
employ precise quantitative methods to characterize neuronal injury.
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Conclusions
To our knowledge, our study provides the first evidence of SETDB1’s role in enhancing microglial inflammatory 
responses, which is in stark contrast to its function in macrophages. Furthermore, our findings highlight SETDB1’s 
critical involvement in ACE’s suppression of CNS inflammation. Additionally, our findings reveal that ACE may 
alleviate IH-induced cognitive dysfunction by inhibiting SETDB1, which in turn reduces the activation of STAT3 and 
NF-κB. These novel insights contribute to a deeper understanding of OSA-related cognitive dysfunction and ACE 
supplementation represents a potential nutritional therapeutic strategy for mitigating cognitive dysfunction associated 
with OSA.
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