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BE incidence worldwide, rate of kernicterus still remains 
particularly high in low- and middle-income countries 
(LMIC) due to lack of timely and rapid interventions (6, 
7). Recently, increasing evidence indicates that inflamma-
tion plays a critical role in the neurotoxicity induced by 
unconjugated bilirubin (UCB) [8–10]. Specifically, high 
levels of UCB triggered glial cell reactivity, causing the 
release of pro-inflammatory factors (such as interleukin 
(IL)-1β, tumor necrosis factor alpha (TNF-α), and IL-6) 
in the same way as lipopolysaccharide (LPS) (11, 12). 
Pyroptosis, a highly inflammatory form of programmed 
cell death, is charactered by membrane pore formation, 
osmotic swelling, DNA damage, and the massive release 
of cytoplasmic contents and inflammatory mediators 
[13]. Our previous in vivo and in vitro research confirmed 
that pyroptosis was involved in the process of UCB-
induced neurotoxicity (14, 15). However, the upstream 

Introduction
Neonatal hyperbilirubinemia is a common clinical phe-
nomenon that results from both physiological and patho-
logical causes (1, 2), which is estimated to occur in 60% 
of term and 80% of preterm neonates (3, 4). Bilirubin 
encephalopathy (BE) is defined as the presence of acute 
or chronic neurologic dysfunction associated with severe 
hyperbilirubinemia. Chronic bilirubin encephalopathy, 
also known as kernicterus, is characterized by neuro-
deafness, cerebral palsy and mental retardation [5]. The 
epidemiology of BE varies greatly across regions and 
populations studied. Despite the significant reduction of 
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Abstract
Histone lactylation, a newly glycosis-related histone modification, plays a crucial role in the regulation of gene 
expression in various immune cells. However, the role of histone lactylation in astrocytes remains unclear. Here, 
this study showed that the H3K18 lactylation (H3K18la) levels were upregulated in primary astrocytes under 
unconjugated bilirubin (UCB) stimulation and hippocampus of bilirubin encephalopathy (BE) rats. Inhibition of 
glycolysis decreased H3K18la and attenuated pyroptosis both in vitro and in vivo. CUT& Tag and RNA-seq results 
revealed that H3K18la was enriched at the promoter of nucleotide-binding oligomerization domain 2 (NOD2) and 
promoted its transcription. Moreover, NOD2 boosted the activation of downstream mitogen-activated protein 
kinase (MAPK) and nuclear factor-kappa B (NF-κB) signaling pathways, which exacerbated the neuroinflammation of 
BE. Collectively, this study provides a novel understanding of epigenetic regulation in astrocytes, and interruption 
of the H3K18la/NOD2 axis may represent a novel therapeutic strategy for treating bilirubin encephalopathy.
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regulators of pyroptosis in BE are not well-understood, 
so the potential regulatory mechanisms need to be fur-
ther investigated to develop new therapeutic strategies.

As the most abundant glial cells in the brain, astro-
cytes play a significant role in neuroinflammatory pro-
cess [16–18]. With the development of the new field of 
“immunometabolism”, some existing evidence has already 
verified the interconnections in astrocytes between 
metabolism adaptations and inflammatory responses. 
Among in vivo and in vitro studies, increased glycoly-
sis and lactate release in astrocytes were discovered in 
response to inflammatory insults, and inhibition of gly-
colysis reduced cytokine release and nuclear factor-kappa 
B (NF-κB) activity [19–23], which indicate that intact 
glycolysis is necessary for the full inflammatory of astro-
cytes response to various stimuli. Additionally, lactate, 
the product of aerobic glycolysis, can directly stimulate 
astrocytes to release pro-inflammatory factors, although 
the response was not as strong as that of microglia [24]. 
According to our preliminary research, the pyroptosis 
of astrocytes was implicated in UCB-induced neuroin-
flammatory injury (14, 15), but the metabolic changes of 
astrocytes during this process and its impact on pyrop-
tosis remain unclear. Interestingly, a recent study found 
that lactate levels in various brain areas of newborn rats 

subjected to bilirubin were significantly elevated relative 
to the controls [25]. As the energy regulatory center of 
the brain, astrocytes are typical cells responsible for pro-
cessing glucose through aerobic glycolysis [26], and most 
likely account for the relatively high glycolytic capacity of 
brain tissue (27, 28). Therefore, it is reasonable to assume 
that astrocytes exposed to UCB undergo metabolic 
changes which probably contribute to cell pyroptosis, 
and the underlying mechanisms are unknown.

Chromatin posttranslational modifications (PTMs), 
or epigenetic changes, play essential roles in regulat-
ing cellular plasticity in a heritable, reversible, and fine 
manner [29]. Recent findings have identified a variety 
of cellular metabolites can act as substrates for PTMs, 
leading to diverse types of lysine acetylation modifica-
tions, such as crotonylation, malonylation, succinylation, 
and β-hydroxybutyrylation etc [30]. Lactate, originally 
considered a byproduct of anaerobic metabolism, is 
increasingly being explored as a signaling molecule and 
substrate of PTMs to carry out biological functions. In 
2019, Zhang et al. [31] for the first time discovered a new 
type of histone acylation modification using lactate as a 
substrate, called histone lactylation, that can regulate 
gene expression directly. Subsequently, a growing num-
ber of studies have found that histone lactylation affects 
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gene transcription in various physiological and patholog-
ical processes, including stem cell differentiation, embry-
onic development, inflammation and immune response, 
neoplastic disease and neuropsychiatric disorders, 
among which H3K18 lactylation (H3K18la) is the most 
widely studied [32].

Many studies have reported that H3K18la plays 
pro-inflammatory roles in inflammation and immune 
response. Chu et al. [33] observed that H3K18la levels 
of peripheral blood mononuclear cells in septic shock 
patients were higher than that in non-septic shock 
patients and healthy controls, and H3K18la expression 
levels were positively correlated with sepsis severity 
and prognosis. In Alzheimer’s disease (AD), enhanced 
H3K18la was observed in senescent microglia, which 
dramatically impacted brain aging and AD pathology 
through potentiating NF-κB signaling [34]. In another 
study, H3K18la was demonstrated to induce pyropto-
sis in the oxygen-glucose deprivation/reoxygenation 
(OGD/R) treated N2a cells [35]. Collectively, these stud-
ies indicate that H3K18la plays pivotal roles in modulat-
ing the process of neuroinflammation. However, little is 
known about the potential roles of H3K18la in inflam-
matory activation of astrocytes (e.g., pyroptosis) as well 
as the possible mechanisms involved. Thus, the present 
study aimed to determine whether H3K18la is involved 
in astrocyte pyroptosis and its detailed downstream reg-
ulatory mechanisms.

Materials and methods
Animals
Eight-week-old adult Sprague–Dawley (SD) rats (weigh-
ing 250–280  g) were purchased from the Experimental 
Animal Center of Chongqing Medical University. All rats 
were maintained in a light- and temperature-controlled 
specific pathogen-free (SPF) animal facility (23 ± 2  °C, a 
12 h light/dark cycle) with free access to food and water. 
For breeding, one male rat cohabited with three females 
at a ratio of 1:3, and the neonatal rats born from the preg-
nancies were used in subsequent experiments. A total of 
about 220 neonatal rats were used in this study, of which 
72 were used for cellular experiments, 30 for immunohis-
tochemistry (IHC) experiments, 26 for behavioral tests 
and 92 for other in vivo experiments. The animal stud-
ies were conducted in compliance with the Guide for 
the Care and Use of Laboratory Animals of the National 
Institutes of Health.

Primary astrocytes culture and treatment
Astrocytes were harvested from the cerebral cortex of 
1 to 3 days neonatal rats as described previously [36]. 
Briefly, following removal of the meninges and blood 
vessels, the isolated cerebral cortex was digested with 
0.125% trypsin (Sigma-Aldrich, USA) and 0.1  mg/mL 

Deoxyribonuclease I (Sigma-Aldrich, USA) at 37  °C for 
30  min, and terminated with Dulbecco’s modified Eagle 
medium (DMEM, Gibco, USA) containing 10% fetal 
bovine serum (FBS, ExCell, China) and 1% penicillin–
streptomycin. After centrifugation and resuspension, 
the cell suspensions were filtered through a nylon mesh 
(diameter, 70 μm) and cultured in T75 cell culture flasks 
(1 brain per flask). The cells were maintained in a humidi-
fied incubator at 37 ℃ containing 5% CO2. The medium 
changes were performed every three days with DMEM 
complete medium. 

The primary astrocytes were used when more than 
95% of the cells were stained positively for the astrocytic 
marker glial fibrillary acidic protein (GFAP). The biliru-
bin powder (Sigma-Aldric, USA) was pre-dissolved in 
dimethylsulfoxide (DMSO, Sigma-Aldrich, USA) solu-
tion (10 mM/L). The astrocytes in the UCB group were 
treated with 50 µmol/L bilirubin solution in the pres-
ence of 100 µmol/L human serum albumin (HSA, 
Sigma-Aldric, USA), which mimicked the neonatal 
hyperbilirubinemia conditions (37, 38). To avoid photo-
degradation, all experiments with UCB were conducted 
away from light. In addition, the control group received 
equal volumes of DMSO and HSA.

BE model establishment and treatment
As described previously, the rat BE model was estab-
lished by the same method [39]. Briefly, the SD rat pups 
were anesthetized with 1.5–2.0% isoflurane inhalation on 
postnatal day 3, and then a small amount of cerebrospinal 
fluid (CSF) was released from the cisterna magna (CM) 
to prevent intracranial hypertension using a microsy-
ringe. After that, the same amount of bilirubin (10 µg/g 
body weight) or control solution was injected into the 
CM. Bilirubin powder was solubilized in a 0.05 M NaOH 
solution, and the pH of the NaOH solution prepared for 
control solution was adjusted to 8.5 with HCl (0.05 M). 
To inhibit lactate production, sodium oxamate (OX, 
0.5  g/kg body weight) was administered intraperitone-
ally 6  h before UCB injection. For blocking the NOD2 
production, neonatal rats were intraperitoneally injected 
with GSK717 (10 g/kg body weight) one day prior to the 
UCB challenge.

Seahorse analysis
Cellular metabolic changes were determined using a Sea-
horse XFe96 Extracellular Flux Analyzer and a Seahorse 
XF Glycolytic Rate Assay Kit (Agilent, USA) following the 
manufacturer’s instructions. All compounds and materi-
als were sourced from Agilent Technologies. Briefly, pri-
mary cultured astrocytes were seeded at a concentration 
of 2 × 104 cells/well on 96-well Seahorse XF cell culture 
microplates in DMEM complete medium for 3 days. 
Prior to the assay, the cells were washed and incubated 
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in Seahorse XF DMEM medium containing 10 mM glu-
cose, 1 mM pyruvate and 2 mM glutamine for 45 min at 
37 °C without CO2. To evaluate basal and compensatory 
glycolysis, the proton efflux rate (PER) response follow-
ing injections of the electron transport chain inhibitors 
rotenone/antimycin A (ROT/AA) and the glucose analog 
2-DG was measured. The extracellular acidification rate 
(ECAR), PER and glycolytic proton excretion rate (Glyco-
PER) were then calculated using the Seahorse Glycolytic 
Rate Assay Report Generator.

Measurement of lactate levels
After re-suspended with pre-cooled PBS, digested astro-
cytes and isolated hippocampal tissue were sonicated on 
ice at 300  W (on for 5 ~ 7  s, off for 10s) for 4 ~ 5 times, 
and then centrifuged at 13,000  rpm for 10  min at 4  °C. 
The supernatants were collected, and the lactate levels 
were measured using a Lactic Acid assay kit (Nanjing 
Jiancheng Bioengineering Institute, China) based on the 
manufacturer’s instructions.

Western blot
Total protein was extracted from brain tissues and cul-
tured primary astrocytes with RIPA buffer (Beyotime 
Biotechnology, China) containing phosphatase and pro-
tease inhibitors (Beyotime Biotechnology, China). The 
supernatants were collected following sonication and 
centrifugation, and protein concentrations were detected 
with the BCA protein assay kit (Beyotime Biotechnology, 
China). The samples were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
and transferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore, USA). After blocked with 5% 
skim milk for 1 h at room temperature, the PVDF mem-
branes were incubated with primary antibodies overnight 
at 4  °C on a shaker. The following antibodies were used 
in this experiment: H3K18la (1:2000, PTM1406RM, PTM 
BIO, China), the NOD-like receptor family pyrin domain 
containing 3 (NLRP3) (1:500, NBP2-12446, Novus, USA), 
Caspase-1 p20 (1:2000, 22915-1-AP, proteintech, China), 
gasdermin D N-terminal (GSDMD-N) (1:1000, ab219800, 
Abcam, USA), Histone 3 (1:2000, 9715  S, CST, USA), 
β-actin (1:5000, A5441, Sigma-Aldrich, USA), receptor-
interacting protein kinase 2 (RIK2) (1:2000, 15366-1-AP, 
proteintech, China), p-p65 (1:2000, 82335-1-RR, pro-
teintech, China), c-Jun-N-terminal-kinase (JNK) (1:1000, 
R24780, zenbio, China), p-JNK (1:1000, R381100, zenbio, 
China), p-38 (1:2000, 14064-1-AP, proteintech, China), 
p-p38 (1:2000, 28796-1-AP, proteintech, China), extracel-
lular signal-regulated kinase 1/2 (ERK) (1:2000, 11257-1-
AP, proteintech, China) and p-ERK (1:2000, 28733-1-AP, 
proteintech, China), α-tublin (1:5000, ER130905, HUA-
BIO, China), NOD2 (1:2000, 54121, SAB, USA). 
Afterwards, the membranes were incubated with the 

appropriate horseradish peroxidase-labelled secondary 
antibodies (1:5000, ZB-2305/ZB-2301, ZSGB-Bio, China) 
at room temperature for 1  h. Finally, the protein bands 
were visualized with the Bio-Rad ChemiDoc MP Imaging 
System and quantified with ImageJ software.

Cell counting kit-8 (CCK8) assay
Cell viability was assessed using Cell Counting Kit-8 
(APExBIO, USA) according to the manufacturer’s 
instructions. Primary astrocytes were plated in 96-well 
plates at 3 × 104 cells/well density, and CCK-8 solution 
was added into each well after indicated treatment, fol-
lowed by incubation for indicated periods of time at 
37  °C. Cell survival rate was finally determined by mea-
suring the absorbance at 450  nm with a microplate 
reader.

Immunofluorescence (IF) and H&E staining
The brains of rats were isolated after transcardial perfu-
sion, and then fixed with 4% paraformaldehyde (PFA) at 
4  °C overnight. Dehydration was performed with 30% 
sucrose at 4  °C for about 2 days. After embedded in an 
optimal cutting temperature compound (Sakura Finetek, 
Japan), the brain tissues were sliced into 30-µm sections 
for IF.

The brain slices and the cell-climbing sheets were 
washed with PBS prior to fixation with PFA at room tem-
perature. Subsequently, the brain sections were repaired 
with trisodium citrate and the cover slides were per-
meabilized with 0.1% Triton X 100, followed by BSA to 
seal them. The samples were incubated with primary 
antibody against GFAP (1: 200, 13–0300, ThermoFisher, 
USA), H3K18la (1:200, PTM1406RM, PTM BIO, China) 
and NOD2 (1: 500, 54121, SAB, USA) at 4 °C overnight, 
and then incubated with corresponding fluorochrome-
labeled secondary antibodies for 1 h in the dark at room 
temperature. After stained with DAPI, the samples were 
mounted with an anti-fluorescence quenched sealer. 
Images were captured using A1R Confocal Laser Scan-
ning Microscope (Nikon, Japan).

For H&E staining, the brain tissues were sectioned into 
4  μm-slices after dehydration and paraffin embedding. 
Next, H&E staining was carried out in accordance with 
routine procedures. Light microscopy (Nikon) was used 
to visualize the histopathological changes of the hippo-
campus and cortex.

Enzyme-linked immunosorbent assay (ELISA)
The levels of IL-1β were tested in culture supernatants of 
primary astrocytes and hippocampus tissues of BE rats 
by ELISA kits (4  A Biotec, China) as instructed by the 
manufacturers. A BioTek microplate reader was used to 
measure samples’ absorbance at a wave length of 450 nm.
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Real‑time quantitative polymerase chain reaction 
(RT-qPCR)
Total RNA was extracted from primary astrocytes and 
the hippocampus tissues using the SteadyPure RNA 
Extraction Kit (Accurate Biology, China), and reverse-
transcribed to complementary DNA with the Prime-
Script RT reagent Kit (Takara, Japan). Then, qPCR was 
carried out utilizing QuantiNova SYBR Green PCR 
reagents (Qiagen, Germany) as per the manufacturer’s 
guidelines on the Bio-Rad CFX96 Real-Time PCR Detec-
tion System. β-Actin was used as the internal control for 
normalizing the expression of target genes, and the 2−
ΔΔCt   relative quantification method was used for data 
analysis. The primer sequences used are shown in Addi-
tional file 1: Table S1.

RNA extraction, library construction, and illumina 
sequencing
Total RNA was extracted from cultured primary astro-
cytes using TRIzol reagent (Invitrogen, USA). The 
purity and concentration of RNA were evaluated by a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, 
USA), and the integrity of the RNA was confirmed by 
the 2100 Bioanalyzer (Agilent Technologies, USA). Next, 
the libraries were prepared using VAHTS Universal V6 
RNA-seq Library Prep Kit, and sequenced using Illumina 
Novaseq 6000 platform (OE Biotech Co., Ltd., Shanghai, 
China). The mRNA levels were normalized by the frag-
ments per kilobase of exon model per million mapped 
reads (FPKM).

CUT&Tag assays and CUT&Tag qPCR
The CUT&Tag assay was conducted using the Hyperac-
tive™ In-Situ ChIP Library Prep Kit for Illumina (Vazyme 
Biotech, China) in accordance with the manufacturer’s 
instructions. After being washed with PBS, cultured pri-
mary astrocytes were incubated with ConA Beads, pri-
mary antibody against H3K18la, secondary antibody and 
the Hyperactive pA-Tn5 Transposase in order and then 
fragmented. The fragmented DNA was then isolated, 
amplified, and purified for sequencing and qPCR assays. 
For CUT&Tag sequencing, the libraries were sequenced 
on an Illumina NovaSeq6000 platform (OE Biotech Co., 
Ltd., Shanghai, China). The clean reads were obtained 
after removing adapter sequences and low-quality reads 
with Fastp software, and mapped to the rat reference 
genome using Bowtie2. Peak calling was performed with 
SEACR software and annotated using CHIPseeker soft-
ware. IGV software was used to visualize peak distribu-
tions along genomic regions of interested genes. The 
DNA purified from CUT&Tag assay was quantified by 
qPCR to identify the expression levels of H3K18la-bound 
genes. The primer sequences employed are displayed in 
Additional file 1: Table S2.

Si-RNAs and plasmids transfection
Small interfering RNAs (si-RNAs) were purchased from 
D-Nano Therapeutics (Beijing, China). PcDNA3.1-NOD2 
overexpression plasmid and pcDNA3.1-NC vector were 
constructed by GENE CREATE Bioengineering Co., Ltd 
(Wuhan, China). Plasmids were extracted by TIANprep 
Rapid Mini Plasmid Kit (TIANGEN, China). Si-RNAs (50 
nM/L/well) and plasmids DNA (control or NOD2 plas-
mid, 3  µg/well) were transfected into cultured primary 
astrocytes in 6-well plates using CALNP RNAi in vitro 
transfection reagent (D-Nano Therapeutics, China) and 
Polyethylenimine linear (PEI) (APExBIO, USA), respec-
tively. For transfection involving both si-RNAs and plas-
mids, the cells were transfected with plasmids for 6  h 
before transfection with si-RNAs. After 48  h, the cells 
were collected for further experiments. To exclude cellu-
lar genetic alterations induced by transfection reagent or 
stimulation by si-RNA sequences, si-NC (50 nM/L/well) 
was transfected as a negative control which consisted of 
a segment of nonsense sequence. The sequences of si-
RNAs are listed in Additional file 1: Table S3.

Morris water maze
The Morris water maze test was assessed at the age of 
28 days. Before experiments, the rats were acclimated 
for 30  min in the experimental environment. The Mor-
ris water maze test was used to evaluate the rats’ spa-
tial learning and memory abilities. A black circular pool 
(150  cm diameter, 550  cm high) was divided in four 
imaginary quadrants with four equidistant graphics on 
the pool’s inner wall, and the water temperature was 
maintained at 25 ± 1  °C. A platform was put inside the 
target quadrant of this pool 1.0 cm below the water sur-
face. During the five subsequent days, the rats were given 
four trials each day with at least 30 min interval between 
training sessions. For each training trial, rats were put 
into the pool in different quadrants for a maximum time 
of 60 s. Rats were permitted to stay on the platform for 
10  s once they found it in 60  s. Otherwise, they were 
guided onto the platform and stayed there for 10  s. On 
the sixth day, the platform was removed from the pool 
and rats were given a 60-sec free swim. In each trial, time 
spent in the targeted quadrant and number of platform 
crossings were recorded by the ANY-maze software.

Statistical analysis
Data analysis and graph construction were performed 
using GraphPad Prism 9.0. Data were obtained from at 
least three independent biological replicate experiments. 
The continuous variables were presented as mean ± stan-
dard deviation (SD) after being tested for normality. Stu-
dent’s t-tests were used to analyze statistical differences 
between two experimental groups, and one-way analy-
sis of variance (ANOVA) followed by Tukey’s multiple 
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comparisons test was used for multiple groups. The cat-
egorical data were analyzed by χ2 test. P < 0.05 was con-
sidered statistically significant.

Results
UCB increased lactate and H3K18la levels in primary 
cultured astrocytes, and hippocampus of BE rats
GFAP staining revealed that the purity of primary cul-
tured astrocytes was more than 95%, allowing them to be 
used for the following experiments (Fig.  1A). To assess 
the metabolic switch, the time-dependent changes of lac-
tate and H3K18la levels in primary cultured astrocytes 
exposed to UCB and hippocampus of BE rats were ini-
tially examined. The colorimetric assay indicated that the 
lactate levels in UCB-treated primary cultured astrocytes 
were elevated as early as 1 h, peaked at 6 h and remained 
high until 24 h (Fig. 1B) compared with controls. Intrigu-
ingly, western blotting analysis showed a significant 
increase in the levels of H3K18la from 3 to 12  h after 
UCB administration, with the largest increase occurring 
at 6 h, which correlated with changes in lactate levels in 
astrocytes (Fig.  1C). GlycoPER, which reflected glyco-
lytic flux was further investigated to validate metabolic 
changes of UCB-treated primary astrocytes using a Sea-
horse XFe96. As shown in Fig. 1D-E, astrocytes exposed 

to UCB for 6 h displayed higher levels of basic and com-
pensatory glycolysis than the controls.

Compared with age-matched control rats, BE model 
rats showed higher lactate levels in hippocampus from 
post-modeling 1 to 7 days and reached their peak on 
day 5 (Fig. 1F). In line with the lactate levels, the relative 
expression of H3K18la was gradually increased in hip-
pocampus regions of BE rats, and reached its greatest 
level on the 5th day after UCB injection (Fig. 1G). These 
findings are correlated with our previous reports that BE 
rats showed the most obvious pyroptosis on post-model-
ing day 7, which implies that H3K18la may regulate the 
expression of pyroptosis-associated proteins [15]. Con-
sidering the central role of hippocampus in learning and 
memory, subsequent experiments focused on this area. 
Based on these results, it can be concluded that lactate 
and H3K18la levels of astrocytes are increased in the 
context of BE.

Inhibition of H3K18la suppressed UCB-induced pyroptosis 
in primary cultured astrocytes, and hippocampus of BE rats
To evaluate whether H3K18la inhibition attenuated 
pyroptosis in astrocytes, a glycolysis inhibitor (OX) was 
adopted to reduce lactate production and H3K18la as 
previously reported [40]. In primary cultured astrocytes, 
the CCK8 assay was employed to assess the cell viability 

Fig. 1  H3K18la is elevated in UCB-exposed primary astrocytes and hippocampus tissues of BE rats. (A) Immunofluorescence staining image for GFAP 
(green). (B) The time-dependent changes of intracellular lactate levels in primary astrocytes at 0, 1, 3, 6, 12 and 24-h after UCB intervention. (C) Western 
blot analysis of H3K18la levels in primary astrocytes at 0, 1, 3, 6, 12 and 24-h after UCB stimulation. (D-E) ECAR and glycoPER of primary astrocytes with 
or without UCB challenge at 6 h followed by injections of Rot/AA (0.5 µM), and 2-DG (50 mM). (F) The time-dependent changes of lactate levels in hip-
pocampus tissues of BE rats at 1, 3, 5, and 7-day post-modeling. (G) Western blot analysis of H3K18la levels in hippocampus tissues of BE rats at 1, 3, 5, and 
7-day post-modeling; C, Control group, U, UCB group. Data are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001, ns, no significance
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after pre-treatment with OX for 2  h, followed by co-
incubation with UCB for 6 h. The results showed that 5 
mM/L OX significantly reduced the cell survival rate in 
combination with UCB (Additional file 1: Fig. S1a), thus, 
lower doses were chosen in the following study. Notably, 
OX reduced intracellular lactate and H3K18la levels in 
primary cultured astrocytes in a dose-dependent manner 
(Additional file 1: Fig. S1b). Immunofluorescent staining 
further confirmed that 2.5 mM/L OX, acting as a lactate 
dehydrogenase inhibitor A (LDHA) inhibitor, reduced 
H3K18la in primary cultured astrocytes treated with 
UCB (Additional file 1: Fig. S1c). ELISA revealed that 
OX (2.5 mM/L) inhibited the UCB-induced expression 
of inflammatory factor IL-1β (Additional file 1: Fig. S1d), 
and WB demonstrated the reduced pyroptosis-associated 

proteins Caspase-1 p20, GSDMD-N and NLRP3 in pri-
mary cultured astrocytes (Additional file 1: Fig. S1e). 
Since OX may exert additional effects apart from inhib-
iting lactate production and lactylation, LDHA was 
further knocked down to inhibit H3K18la. After add-
ing the si-LDHA and transfection reagent, RT-qPCR 
at 24 h and WB at 48 h confirmed that LDHA was suc-
cessfully knocked down (Additional file 1: Fig. S1f-g). 
As expected, si-LDHA significantly impaired lactate 
production and histone lactylation (Fig. 2A, B, UCB + si-
LDHA vs. UCB + NC, P = 0.0308 for intracellular lactate; 
P = 0.0298 for H3K18la), and triggered a significant inhi-
bition of cellular pyroptosis (Fig. 2C, D, UCB + si-LDHA 
vs. UCB + NC, P = 0.0042 for Caspase-1 p20; P = 0.0101 
for GSDMD-N; P = 0.0299 for NLRP3). Next, sodium 

Fig. 2  Knock-down of LDHA reduces H3K18la levels and inhibites pyroptosis in primary astrocytes. (A) Intracellular lactate and H3K18la levels in UCB-in-
duced astrocytes after transfection with si-NC or si-LDHA. (B) Immunofluorescence co-staining for H3K18la (red) and GFAP (green) in UCB-induced astro-
cytes after transfection with si-NC or si-LDHA. Scale bars: 100 μm. (C) RT-qPCR and ELISA analysis of IL-1β in UCB-exposed astrocytes after transfection with 
si-NC or si-LDHA. (D) Western blot analysis of Caspase-1 p20, GSDMD-N and NLRP3 levels in UCB-exposed astrocytes after transfection with si-NC or si-
LDHA. Data are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, ns, no significance
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lactate was applied to raise the level of histone lacty-
lation in primary cultured astrocytes 1  h before UCB 
stimulation. It was found that 30 mM/L sodium lactate 
significantly reduced cell survival rate in UCB-exposed 
astrocytes (Additional file 1: Fig. S2a), thus, lower doses 
were utilized for the following study to increased intra-
cellular lactate and H3K18la levels (Additional file 1: Fig. 
S2b). However, it was found that sodium lactate did not 
further enhance the levels of inflammatory factors and 
proteins related to pyroptosis (Additional file 1: Fig. S2c, 
d), suggesting that the increased pyroptosis induced by 
H3K18la may reach the maximum level.

As observed in in vitro experiments, OX significantly 
decreased the levels of lactate and H3K18la on the 5th 
day following UCB injection (Additional file 1: Fig. S3a, 
b), as well as the pyroptosis indicators on the 7th day in 
hippocampus tissues of BE rats (Additional file 1: Fig. 
S3c, d). Taken together, these findings indicate that inhi-
bition of H3K18la alleviates UCB-induced pyroptosis in 
primary cultured astrocytes and hippocampus tissues of 
BE rats.

Identification of potential downstream targets of H3K18la
To investigate the potential regulatory role of H3K18la 
in gene expression, genome-wide CUT&Tag analy-
sis in primary cultured astrocytes subjected to UCB 
was performed. The data revealed that H3K18la was 
enriched in promoter regions (Fig.  3A, Additional file 
1: Fig. S4a). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis identified that genes’ promoters bound 
by H3K18la were enriched in nervous system, immune 
system; infectious disease; and carbohydrate and glycan 
biosynthesis metabolism (Additional file 1: Fig. S4b), 
suggesting a regulatory effect of H3K18la in neuroin-
flammation. In addition, the top 20 KEGG pathways 
included mitogen-activated protein kinase (MAPK) and 
phosphatidyl-inositol 3-kinase/serine-threonine kinase 
(PI3K/AKT) signaling pathways that play critical roles 
in inflammation (Fig.  3B). Intriguingly, RNA sequenc-
ing (RNA-seq) data indicated that the top 20 KEGG 
analysis of upregulated genes in UCB-exposed primary 
astrocytes compared with controls was enriched in TNF 
signaling pathway, NF-κB signaling pathway, IL-17 sig-
naling pathway, NOD-like receptor signaling pathway, 
Toll-like receptor signaling pathway, JAK-STAT signal-
ing pathway and C-type lectin receptor signaling pathway 
(Fig. 3C). Moreover, the top 20 KEGG analysis of down-
regulated genes in LDHA-deficient primary astrocytes 
under UCB intervention was enriched in infectious dis-
ease and pro-inflammatory immune signaling pathways, 
especially Toll-like receptor signaling pathway and NOD-
like receptor signaling pathway (Fig.  3D). By comparing 
RNA-seq data described above, only Toll-like receptor 
signaling pathway and NOD-like receptor signaling 

pathway levels were increased under UCB stimulation, 
and simultaneously decreased after LDHA knockdown 
in UCB-treated astrocytes, which suggests that H3K18la 
may regulate pyroptosis of astrocytes through these two 
signaling pathways. Since NOD-like receptor signaling 
pathway altered more significantly than Toll-like recep-
tor signaling pathway, genes associated with this pathway 
were chosen as our focus. In addition, the gene expres-
sion of Caspase-1 p20, GSDMD-N, NLRP3 and IL-1β of 
NOD-like receptor signaling pathway in primary astro-
cytes exposed to UCB was reduced following LDHA 
knockdown, which was consistent with our preliminary 
findings mentioned above (Additional file 1: Table S4). 
Next, by combining CUT&Tag data with RNA-seq data 
of the transcriptome of UCB-exposed primary astrocytes 
undergoing LDA knockdown or not and the transcrip-
tome of control and UCB-treated primary astrocytes, 
16 H3K18la-binding genes with significantly reduced 
mRNA levels in UCB-exposed astrocytes experiencing 
LDHA interference and also highly expressed in UCB-
subjected astrocytes were identified (Fig. 3E, Additional 
file 1: Table S5). All genes associated with the NOD-like 
receptor signaling pathway were obtained from the Gen-
eCards database, and it was found that, among the 16 
candidate genes, only NOD2 is a member of NOD-like 
receptor signaling pathway; accordingly, we decided to 
focus on it.

A genomic snapshot revealed a significant enrichment 
of the H3K18la signal at the NOD2 promoter (Fig.  3F). 
CUT&Tag qPCR also indicated that H3K18la enriched 
in NOD2 promoter regions was increased in primary 
astrocytes treated with UCB compared with controls 
(P = 0.0048), and by knocking down LDHA, this enrich-
ment was reduced (Fig.  3G, P = 0.0395). In line with 
expectations, mRNA (Fig.  3H) and protein (Fig.  3I, J) 
levels of NOD2 were significantly increased in primary 
astrocytes after UCB intervention and decreased after 
transfection with si-LDHA. Collectively, these data sug-
gest that the transcription of NOD2 is positively regu-
lated by H3K18la.

H3K18la promotes pyroptosis in primary cultured 
astrocytes exposed to UCB through NOD2/MAPK and 
NOD2/NF-κB signaling pathways
To identify the effect of NOD2 on UCB-induced pyrop-
tosis, NOD2 was knocked down in primary cultured 
astrocytes which was verified by RT-qPCR and WB 
(Additional file 1: Fig. S4c, d). It was observed that 
NOD2 knockdown inhibited pyroptosis in primary astro-
cytes subjected to UCB (Fig.  4A, B, UCB + si-NOD2 vs. 
UCB + NC, P = 0.0251 for Caspase-1 p20; P = 0.0004 
for GSDMD-N; P = 0.0071 for NLRP3), which indi-
cates that NOD2 plays a facilitating role in pyroptosis 
of UCB-exposed astrocytes. After overexpressing NOD2 



Page 9 of 16Li et al. Journal of Neuroinflammation           (2025) 22:76 

in primary astrocytes (Additional file 1: Fig. S4e, f ), the 
anti-pyroptosis effects of LDHA knockdown were par-
tially compromised (Fig. 4C, D, P = 0.0083 for Caspase-1 
p20; P < 0.0001 for GSDMD-N; P = 0.0132 for NLRP3). 
Altogether, these results suggest that H3K18la promotes 
pyroptosis partially through NOD2 in UCB-exposed pri-
mary astrocytes.

NOD2 signals are transduced by activating the NF-κB 
and the MAPK phosphorylation cascades through the 

involvement of RIK2, which can ultimately increase 
pyroptotic proteins and chemokines expression (41, 42). 
Thus, NOD2/RIK2 axis, together with its well-established 
downstream pathways NF-κB and MAPK, were identified 
as the signaling cascades to be investigated subsequently. 
WB showed that both si-LDHA and si-NOD2 suppressed 
the increase of RIK2 and p-p65 expression induced by 
UCB in primary astrocytes, as well as the phosphory-
lation of JNK, ERK, and p-38 (Fig.  4E). Furthermore, 

Fig. 3  H3K18la activates transcription of NOD2. (A) The genomic distribution of H3K18la sites. (B) KEGG analysis of H3K18la peaks. (C) KEGG analysis of 
upregulated genes in UCB-treated primary astrocytes compared with controls (q < 0.05, FC > 1.5). (D) KEGG analysis of downregulated genes after LDHA 
knockdown in UCB-treated primary astrocytes (q < 0.05, FC > 2). (E) Bioinformatics analysis filtered NOD2 as a downstream target of H3K18la. (F) IGV tracks 
for NOD2 from CUT& Tag analysis. (G) CUT&Tag-qPCR assay of H3K18la peaks bound to NOD2. (H) RT-qPCR analysis of NOD2 in UCB-exposed astrocytes 
after being transfected with si-NC or si-LDHA. (I-J) Western blot analysis of NOD2 and immunofluorescence co-staining for NOD2 (red) and GFAP (green) 
in UCB-exposed astrocytes after transfection with si-NC or si-LDHA. Scale bars: 50–100 μm. Data are presented as the mean ± SD from three independent 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, ns, no significance
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LDHA knockdown-induced MAPK and NF-κB pathways 
suppression could be rescued by gain of NOD2 (Addi-
tional file 1: Fig. S4g). Altogether, these results imply that 
H3K18la/NOD2/MAPK and H3K18la/NOD2/NF-κB 
axes contribute to UCB-induced pyroptosis in primary 
astrocytes.

H3K18la/NOD2 signaling axis aggravates pyroptosis in 
hippocampus of BE rats by upregulating MAPK and NF-κB 
signaling pathways
To further evaluate expression level of NOD2 and the 
effects of H3K18la/NOD2 axis as well as its downstream 
pathways on pyroptosis of hippocampus tissues, BE 

model rats were established and hippocampus homog-
enates were extracted on the 7th day. WB and immuno-
fluorescent staining showed an increased expression of 
NOD2 after UCB injection (UCB vs. control, P = 0.0009 
for immunofluorescent staining; P = 0.0141 for WB), 
whereas its expression was largely diminished by OX 
treatment simultaneously (Fig. 5A, B, UCB + OX vs. UCB, 
P = 0.0012 for immunofluorescent staining; P = 0.0118 
for WB). Since the in vivo experiments in the first two 
parts of the results revealed that H3K18la level was 
elevated under UCB injection and OX treatment inhib-
ited H3K18la level, it can be concluded that H3K18la 
plays a potential role in promoting NOD2 expression in 

Fig. 4  H3K18la promotes pyroptosis in primary astrocytes through NOD2/MAPK and NOD2/NF-κB signalling pathways. (A) RT-qPCR and ELISA analysis 
of IL-1β in UCB-exposed astrocytes with or without NOD2 knockdown. (B) Western blot analysis of Caspase-1 p20, GSDMD-N and NLRP3 levels in UCB-
exposed astrocytes with or without NOD2 knockdown. (C) RT-qPCR and ELISA analysis of IL-1β in primary UCB-exposed astrocytes with or without NOD2 
overexpression after transfected with si-LDHA. (D) Western blot analysis of Caspase-1 p20, GSDMD-N and NLRP3 levels in primary UCB-exposed astrocytes 
with or without NOD2 overexpression after LDHA knockdown. (E) Western blot analysis of RIK2, p-p65, p-JNK, JNK, p-ERK, ERK, p-p38 and p-38 levels in 
UCB-exposed astrocytes after LDHA or NOD2 knockdown. Data are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001, ns, no significance

 



Page 11 of 16Li et al. Journal of Neuroinflammation           (2025) 22:76 

hippocampus tissues of BE rats. Next, GSK717, a selec-
tive NOD2 inhibitor, was employed to probe into the 
potential role of NOD2 in pyroptosis of hippocampus tis-
sues of BE rats. RT-qPCR, ELISA and WB results showed 
that the expression of pyroptosis-related components 
(IL-1β, GSDMD-N, Caspase-1 p20 and NLRP3) induced 
by UCB exposure were partially reduced by GSK717 
administration (Fig.  5C, D). Furthermore, protein lev-
els of MAPK and NF-κB pathways were downregulated 
by LDHA inhibitor (OX) as well as NOD2 inhibitor 
(GSK717) (Fig.  5E). In summary, these findings support 
that H3K18la/NOD2/MAPK and H3K18la/NOD2/

NF-κB axes are involved in pyroptosis of hippocampus in 
BE rats.

Inhibition of H3K18la alleviates neuronal injury and 
improves long-term neurological functions of BE rats
To assess the neuroprotective effects of inhibiting 
H3K18la on UCB-induced neuronal damage, H&E stain-
ing was performed on brain sections of BE rats 7 days 
after modeling. In the control group, the DG region of 
the hippocampus and cortex showed intact neurons, with 
lightly stained cytoplasm and large vesicular nuclei. In 
contrast, the UCB group displayed a marked increase in 

Fig. 5  H3K18la/NOD2 signaling axis aggravates pyroptosis in hippocampus of BE rats by upregulating MAPK and NF-κB signaling pathways. (A) Immuno-
fluorescence co-staining for NOD2 (red) and GFAP (green) in the hippocampal DG region of BE rats after OX intervention. Scale bars: 100 μm. (B) Western 
blot analysis of NOD2 in the hippocampus of BE rats after OX intervention. (C) RT-qPCR and ELISA analysis of IL-1β in hippocampus tissues of BE rats after 
GSK717 treatment. (D) Western blot analysis of Caspase-1 p20, GSDMD-N and NLRP3 levels in hippocampus tissues of BE rats after GSK717 treatment. (E) 
Western blot analysis of RIK2, p-p65, p-JNK, JNK, p-ERK, ERK, p-p38 and p-38 levels in hippocampus tissues of BE rats after OX or GSK717 administration. 
Data are presented as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, ns, no significance
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necrotic neurons characterized by nuclear pyknosis and 
shrunken neuronal bodies. Importantly, treatment with 
OX rescued neuronal damage of the hippocampus and 
cortex induced by UCB (Fig. 6A).

In order to demonstrate whether OX administration 
alleviated the spatial learning and memory performance 
of BE rats, the Morris water maze test (MWM) was con-
ducted on 28-day-old model rats. In the training trials, 
the UCB group had significantly longer escape latency 
on days 2–5 compared with the control group, while 
OX treatment attenuated this cognitive impairment, as 
evidenced by shorter escape latency on day 3 to day 5 of 
MWM training (Fig.  6B). In the probe trial, all the rats 
showed similar swim distance and swim speed in the test 
(Fig. 6C). The UCB group exhibited decreased frequency 
of platform crossings (P = 0.0087) and proportions of 
time spent in the safety quadrant (P = 0.0068) compared 
to the control group, while BE rats treated with OX 
showed a significant increase in both indices compared 
to the UCB group (Fig.  6D, E, P = 0.0130 for platform 
crossings; P = 0.0006 for time spent in the safety quad-
rant). These findings indicate that inhibition of H3K18la 

can be understood as a potential strategy for improving 
neurological function in BE.

Discussion
As the most abundant and diverse types of glial cells, 
astrocytes are essential for developing neuronal net-
works, maintaining homeostasis and modulating the 
immune responses of the central nervous system (CNS) 
(43, 44). An increasing number of studies have shown 
that astrocytes possess distinct histone modifications 
that underlie their acquisition of identity and plasticity, 
contributing to development of neurological disorders 
[45–47]; for example, a newly discovered memory astro-
cyte subset controlled by histone acetylation promotes 
CNS pathology [46]. Recently, a new type of histone 
modification, called histone lactylation, was identified 
[31], but its role in astrocytes has not been thoroughly 
studied. Since astrocytes show a high preference for lac-
tate-directed glycolysis which is similar to the metabolic 
process in proliferating cancer cells [48], this research 
explored the underlying role of histone lactylation in 
astrocytic immune response. The present study identi-
fied that astrocytes under UCB stimulation presented 

Fig. 6  Inhibition of H3K18la by OX alleviates neuronal injury and improves spatial learning and memory in BE rats. (A) H&E staining showing morphologic 
alteration of neurons in the brain cortex and hippocampal DG region on post-modeling day 7. Scale bars: 25 μm. (B) Latency to find the platform during 
the training days of the MWM test. (C) Swimming speed among all groups during the probe testing of the MWM test on day 6. (D) The crossing times 
during the probe trial of the MWM test on day 6. (E) Time spent in the target quadrant during the probe trial of the MWM test on day 6. (F) Representative 
swimming paths of model rats during the probe trial in the MWM test. Data are presented as the mean ± SD from six independent experiments. *P < 0.05, 
**P < 0.01, and ***P < 0.001, ns, no significance
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with elevated levels of lactate and H3K18la, and inhibi-
tion of histone lactylation efficiently attenuated UCB-
induced pyroptosis in vivo and in vitro. In the epigenetic 
mechanism, elevated H3K18la promoted the expression 
of NOD2 and its downstream pathways of MAPK and 
NF-κB, thereby aggravating neuroinflammation, neuro-
nal injury and neurological function impairment of BE 
rats.

The innate immune response serves as the body’s first 
line of defense against endogenous stress and pathogens, 
and this rapid and non-specific response depends upon 
recognition by pathogen recognition receptors (PRRs) 
[49]. As a family of intracellular PRRs, NLRs are divided 
into four subfamilies: NLRA, NLRB, NLRC and NLRP. 
NOD1 and NOD2 receptors, which are both NLRC pro-
teins, were the first identified NLRs and were initially 
found to recognize specific structures within bacterial 
peptidoglycan [50, 51]. However, increasing evidence 
suggests that NOD1 and NOD2, besides the recogni-
tion of pathogen-associated molecular patterns (PAMPs), 
can also participate in recognition of damage-associated 
molecular patterns (DAMPs) including environmental 
signals and endogenous byproducts of cellular damage, 
resulting in subsequent activation of NF-κB and MAPK 
phosphorylation cascades [42]. For instance, a recent 
study showed that Decabromodiphenyl ethane (DBDPE), 
a widespread pollutant in the environment, activated the 
NLRP3 inflammasome in human aortic endothelial cells 
by upregulating the NOD2/RIK2/NF-κB signaling path-
way [52]. Keestra-Gounder et al. [53]. discovered that 
endoplasmic reticulum (ER) stress inducers triggered 
production of the pro-inflammatory cytokine IL-6 in a 
NOD1/2-dependent fashion, which implies that NOD1 
and NOD2 signaling pathways link ER stress with inflam-
mation. Furthermore, in vivo and in vitro observations 
indicate that the known inflammatory signaling path-
ways of NF-κB and MAPK activation are critical com-
mon events among detrimental responses of astrocytes 
[44], and were proved to be activated by UCB [37, 54–
55]. Consistent with the findings mentioned above, this 
study demonstrated that UCB as a sterile inflammatory 
stimulus activated the expression of NOD2 in a pepti-
doglycan-independent way, and upregulated inflamma-
tory responses of astrocytes via both NF-κB and MAPK 
pathways.

In the present, there is still controversy over whether 
lactylation plays a pro-inflammatory or anti-inflamma-
tory role in immune cells. Since Zhao et al. [31] discov-
ered that elevated lysine lactylation (Kla) is related to 
transition of macrophage from inflammatory (M1) to 
reparatory state (M2), which is characterized by high 
levels of arginase1 (Arg1), subsequent studies have also 
reached similar conclusions in dextran sulfate sodium 
(DSS)-induced colitis, sepsis, myocardial infarction 

and various tumors [32, 56]. However, Dichtl et al. [57] 
questioned the association of increased lactylation with 
anti-inflammatory genes expression in macrophage as 
described by Zhang and others. According to them, 
LPS-induced Arg1 was reliant on interleukin 6 (IL-6) sig-
nal transduction without Kla involved, while lactylation 
was positively correlated with different modes of mac-
rophages death in PANoptosis. In addition, some other 
research indicated that lactate-derived lactylation plays 
a pro-inflammatory role in sepsis, lung fibrosis and sep-
sis-associated lung injury etc [32, 58]. As shown above, 
the role of lactylation in inflammatory response of mac-
rophages remains inconclusive, and further studies are 
required. As for neuropsychiatric disorders, a majority 
of evidence identified that increased lactylation drives 
pro-inflammatory cell activation and neuroinflammation 
including AD [34, 59], Schizophrenia [60] and Parkinson’s 
disease [61]. In agreement with the previous findings 
regarding the nervous system, the current work observed 
that enhanced H3K18la level caused by lactate accumu-
lation in UCB-exposed astrocytes triggered amplified 
inflammatory signaling cascades which resulted in pyrop-
tosis, thereby contributing to the development of BE. In 
contrast, a recently reported study found that decreased 
H4K8la level exacerbated astrocyte reactivity after sub-
arachnoid hemorrhage in mice, suggesting an inhibitory 
effect of lactylation on astrocyte inflammatory responses 
[62]. Differences in lysine lactylation sites and disease 
models may explain the different findings between this 
study and ours. Moreover, this study used only male mice 
and did not investigate the specific mechanism by which 
lactylation modulates astrocyte polarization; so the find-
ings in this study need to be further validated.

Lactate derived from astrocytic glycolysis has a dou-
ble-edged effect on the regulation of nervous system 
function, which may be due to the activation of different 
signaling pathways, different intervention durations and 
dose-related effects of lactate. According to the known 
astrocyte–neuron lactate shuttle (ANLS) model and 
subsequent relevant studies, it is believed that lactate 
is transferred from astrocytes to neurons to fulfill the 
neuronal energetic needs, as well as provide signals that 
modulate neuronal functions including plasticity, excit-
ability and memory consolidation [63]. However, there is 
also a large body of research reporting that lactate is det-
rimental for CNS disorders including ischemia, traumatic 
brain injury, psychiatric disorders and neurodegenera-
tive diseases [63–66]. In addition, a recent meta-analysis 
from 281 human datasets revealed that gene expression 
alterations associated with decreased pH are over-rep-
resented in 11 brain diseases, and astrocytes express the 
most acidity-related genes in type-specific analyses [67]. 
Consistent with the findings mentioned above, this pres-
ent study found that enhanced lactate level caused by 
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UCB-exposed primary astrocytes exacerbated neuroin-
flammation through epigenetic mechanism. According to 
clinical observations, bilirubin neurotoxicity can be exac-
erbated by comorbidities with acidosis in neonates [68]. 
Current hypotheses for this clinical phenomenon include 
that acidosis increases blood-brain barrier permeability 
and elevates the susceptibility to bilirubin-induced toxic-
ity in neurons [69], but whether lactylation derived from 
lactate in astrocytes is also part of the underlying mecha-
nism remains to be further investigated. Taken together, 
it is reasonable to speculate that the elevated lactate and 
histone lactylation caused by glycolysis of UCB-exposed 
astrocytes play a detrimental role in the context of BE.

The study, however, has some limitations that cannot 
be ignored. Firstly, previous studies have reported that 
NOD2 can be regulated by DNA methylation and histone 
acetylation [70, 71], while the interaction or competition 
between the 2 epigenetic modifications and histone lacty-
lation was not explored in the current study and requires 
further investigation. Secondly, communication with 
CNS-resident and CNS-recruited cells is critical to the 
modulation of astrocytic homeostatic functions and dis-
ease-associated responses, which were not investigated 
in the present research. Thus, it would be intriguing to 
examine how enhanced lactate and histone lactylation 
levels in astrocytes impact surrounding cells, especially 
microglia and neurons, and whether this lactate-depen-
dent histone modification contributes to the synergistic 
cytotoxicity to neurons in neonates experiencing hyper-
bilirubinemia concurrent with acidosis.

Conclusions
In summary, the current study demonstrates a novel 
molecular mechanism in which H3K18la/NOD2 axis 
modulates UCB-induced neuroinflammation. Find-
ings in this study will provide an important complement 
to metabolic-epigenetic understandings in astrocytes. 
Therefore, inhibition of glycolysis in astrocytes may be a 
potential therapeutic strategy for the treatment of neuro-
inflammation-related diseases.
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