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Abstract
Background  Microglial polarization and the subsequent neuroinflammatory response and oxidative stress are 
contributing factors for traumatic brain injury (TBI) plus hemorrhagic shock (HS) induced brain injury. In the present 
work, we have explored whether Lysine (K)-specific demethylase 4 A (KDM4A) modulates microglia M1 polarization in 
the TBI and HS mice.

Results  Male C57BL/6J mice were used to investigate the microglia polarization in the TBI + HS model in vivo. 
Lipopolysaccharide (LPS)-induced BV2 cells were used to examine the mechanism of KDM4A in regulating microglia 
polarization in vitro. We found that TBI + HS resulted in neuronal loss and microglia M1 polarization in vivo, reflected 
by the increased level of Iba1, tumor necrosis factor (TNF)-α, interleukin (IL)-1β, malondialdehyde (MDA) and the 
decreased level of reduced glutathione (GSH). Additionally, KDM4A was upregulated in response to TBI + HS and 
microglia were among the cell types showing the increased level of KDM4A. Similar to the results in vivo, KDM4A 
also highly expressed in LPS-induced BV2 cells. LPS-induced BV2 cells exhibited enhanced microglia M1 polarization, 
and enhanced level of pro-inflammatory cytokines, oxidative stress and reactive oxygen species (ROS), while this 
enhancement was abolished by the suppression of KDM4A.

Conclusion  Accordingly, our findings indicated that KDM4A was upregulated in response to TBI + HS and microglia 
were among the cell types showing the increased level of KDM4A. The important role of KDM4A in TBI + HS-induced 
inflammatory response and oxidative stress was at least partially realized through regulating microglia M1 
polarization.
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Background
Traumatic brain injury (TBI) refers to changes in brain 
function or other evidence of brain pathology caused 
by external forces. Despite some advances in treatment, 
TBI remains a leading cause of death and morbidity [1]. 
TBI has a complex pathogenesis, and the degree of brain 
damage depends not only on the primary degree, but also 
on the severity of secondary damage caused by hypoxia, 
hypotension, and other injuries [2, 3]. Given the associ-
ated mechanisms of injury, the occurrence of TBI is often 
accompanied by hemorrhagic shock (HS) [4]. Studies 
have shown that HS can double the morbidity and mor-
tality associated with TBI [5, 6]. After TBI, HS caused by 
massive blood loss is also seemed as the important risk 
factor for systemic inflammation, barrier disruption and 
multiple organ failure leading to death [7–9]. In case 
of HS, brain could increase the rate of cerebral oxygen 
extraction and cardiac output from internal organs to 
protected body from shock-induced hypoxia and reper-
fusion injury. At the beginning, these changes could 
protect brain, while, the ischemia in other organs and 
the secretion of proinflammatory mediators will leads 
to the secondary injury [10]. When massive blood loss 
or shock persists for too long without adequate resus-
citation, these compensatory mechanisms begin to fail, 
leading to cellular metabolic disorders, inflammatory cell 
activation, and neuronal cell death in the brain, which 
seriously affects the prognosis of patients [11]. In par-
ticular, inflammation and oxidative stress seemed as the 
most common and important cellular events following 
TBI + HS [12]. Therefore, it is of great interest to inves-
tigate the underlying mechanisms of injury that occurred 
in TBI and HS.

Lysine (K)-specific demethylase 4  A (KDM4A, also 
known as JMJD2A, JHDM3A, and KIA0677) is a mem-
ber of the Jumonji domain 2 (JMJD2) families [13, 14]. 
Through KDM4A activity, H3K9me3 demethylation 
promotes an open chromatin state, contributing to the 
transcription activation of promoter regions [15, 16]. At 
present, researches on KDM4A mainly focus on tran-
scriptional regulation, which can either stimulate or 
inhibit gene transcription. Study showed that KDM4A 
could regulate the expression of pro-inflammatory fac-
tors and participate in the occurrence of diabetic vascular 
complications [17]. Besides that, KDM4A inhibition has 
been proved represses neuroinflammation and improves 
functional recovery in ischemic stroke [18]. It was also 
found that the expression of KDM4A was significantly 
increased in lipopolysaccharide (LPS)-induced microg-
lia [19], and downregulation of KDM4A could inhibit 
M1 polarization of macrophages [20]. Microglia as the 
principal resident macrophages of the brain and spinal 
cord comprise 5–12% of brain cells and act as primary 
effector cells. These cells play an important role in the 

brain’s innate immunity, neuronal homeostasis, and 
neuro inflammatory pathologies [21, 22]. Microglia could 
be rapidly activated by infection, inflammation or brain 
injury, and the M1-like phenotype of microglia has been 
shown to be associated with neuroinflammation in neu-
rodegenerative diseases [23]. However, the function of 
KDM4A in microglial M1 polarization in TBI caused HS 
has not been addressed.

Accordingly, in this work, we implied that KDM4A 
may play a key role in microglia M1 polarization in the 
TBI + HS induced brain injury.

Results
TBI + HS accelerated microglia M1 polarization and 
aggravated the microglia-mediated inflammatory 
response and oxidative stress
At first, we observed the neurons in the cerebral cortex 
surrounding the injury site. The images of complete mice 
brain sections with Nissl-staining at different Bregma 
levels were provided as the Fig.  1A. Compared with 
the sham, TBI + HS mice exhibited obviously lesions in 
images. After that, the images were enlarged to explore 
the neuronal damage in ischemic penumbra area of mice. 
As shown in Fig. 1B, the neurons were clear and intact in 
the sham mice. By contrast, damaged neurons displayed 
irregular cell bodies, shrinkage, and hyperchromatic 
nuclei in significantly greater numbers in TBI + HS mice. 
Neuron-specific marker NeuN (green) and TUNEL (red) 
double immunofluorescent staining was used to detect 
the injury of neurons after TBI + HS. As in Fig. 1C, com-
pared with the sham, an enhanced number of TUNEL 
positive cells were shown in TBI + HS mice. This result 
was similar with our Nissl-staining images, showing that 
TBI + HS caused neurons damage in the cerebral cortex 
of mice.

Considering that TBI and HS often led to biochemical, 
cellular, and physiological changes like inflammation and 
generation of oxidative stress, we measured the content 
of tumor necrosis factor (TNF)-α, interleukin (IL)-1β, 
malondialdehyde (MDA) and reduced glutathione (GSH) 
in different groups of mice by corresponding detection 
kits. As shown in Fig.  1D and E, TBI + HS mice have a 
higher content of TNF-α and IL-1β than the sham mice, 
indicating that TBI + HS promotes the expression of pro-
inflammatory factors. Similarly, the results in Fig. 1F and 
G indicated that TBI + HS mice have a relatively higher 
content of MDA and lower content of GSH, which means 
that TBI + HS exacerbated the oxidative stress in brain 
injured mice.

Besides that, microglia could become rapidly activated 
in response to brain injury, to specifically evaluate the 
effect of TBI + HS on the M1 polarization state, a proin-
flammatory phenotype of microglia, CD16/32 was co-
labeled with the microglia marker Iba1 in the cerebral 
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Fig. 1  TBI + HS accelerated microglia M1 polarization and aggravated the microglia-mediated inflammatory response and oxidative stress. (A). The lesions 
in the brain sections of the sham and TBI + HS mice was measured by Nissl-staining. (B). Enlargement Nissl staining images of neuronal loss in the ischemic 
penumbra area (the red box area in A) of sham and TBI + HS mice. (C). The images of double immunofluorescent staining for NeuN (green) and TUNEL 
(red) in sham and TBI + HS mice. (D-G). The content of TNF-α, IL-1β, MDA and GSH in sham and TBI + HS mice were measured by detection kits (n = 6). 
Unpaired t-test was used to analyze data. (H). The images of double immunofluorescent staining for CD16/32 (green) and Iba1 (red) in sham and TBI + HS 
mice. Blue fluorescence represented DAPI. Data were collected from three independent experiments and expressed as mean ± SD.
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cortex tissues of mice, respectively. Compared with 
the sham, an enhanced level of Iba1 (red) was shown in 
TBI + HS mice, which means the activation of microglia. 
CD16/32 (green) as the marker of M1 type microglia also 
showed an increased level after TBI + HS (Fig.  1H). The 
merged images showed that the number of CD16/32 and 
Iba1 double-positive cells was increased and displayed a 
clear co-localization in the ischemic penumbra area of 
mice after TBI + HS. This finding indicated that TBI + HS 
accelerated microglia M1 polarization in mice.

KDM4A was upregulated in the activated microglia of 
TBI + HS mice
Then, we measured the expression level of KDM4A 
in brain tissues. As shown in Fig.  2A and B, both 
mRNA and protein levels of KDM4A were significantly 
increased in TBI + HS mice as compared to the sham 
one. Since KDM4A has been reported to be upregulated 
in microglia [19], we further investigated the cellular 
localization and expression of KDM4A in the cerebral 
cortex tissues after TBI + HS, using double immunofluo-
rescent staining of KDM4A and microglial marker Iba1. 

As demonstrated in Fig.  2C, the green light of KDM4A 
was greatly enhanced after TBI + HS, and the red light 
of Iba1 was also increased. The merged images showed 
that KDM4A was upregulated in the activated microglia 
in the TBI + HS mice. This finding indicated that KDM4A 
was upregulated in response to TBI + HS and microglia 
were among the cell types showing the increased level of 
KDM4A.

KDM4A was upregulated in LPS-induced BV2 cells
Previous studies have linked LPS-induced activation of 
microglia and the production of pro-inflammatory fac-
tors and oxidative stress to brain damage and neuron 
degeneration [24, 25]. When BV2 cells are stimulated by 
LPS, microglia served as tissue-resident macrophages 
in the brain, and release M1 phenotype pro-inflamma-
tory cytokines. Thus, we used LPS-induced BV2 cells to 
explore the potential regulatory mechanism of KMD4A 
on TBI + HS caused inflammation and oxidative stress in 
vitro.

To investigate the pro-inflammatory responses in LPS-
induced BV2 cells, we measured the content of TNF-α 

Fig. 2  KDM4A was upregulated in the activated microglia of TBI + HS mice. (A-B). The mRNA and protein level of KDM4A in the mice cerebral cortex tis-
sues were accessed by qRT-PCR and western blot (n = 6). Unpaired t-test was used to analyze data. (C). The images of double immunofluorescent staining 
for KDM4A (green) and Iba1 (red) in sham and TBI + HS mice. Blue fluorescence represented DAPI. Data were collected from three independent experi-
ments and expressed as mean ± SD. Full-length blots are presented in Supplementary Figure S1
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ad IL-1β in Fig.  3A and B. We found that the levels of 
proinflammatory cytokines were many-fold upregu-
lated in LPS-induced BV2 cells, especially in the cells 
incubated for 4  h. Furthermore, the content of MDA 
and GSH showed a different result in LPS-induced cells, 
with increased content of MDA and a decreased content 
of GSH (Fig. 3C and D). Then, we analyzed the levels of 
KDM4A mRNA and protein in the LPS-induced BV2 
cells. As shown in Fig.  3E and F, both KDM4A mRNA 
and protein levels were significantly increased in LPS-
induced BV2 cells when compared with the control. Col-
lectively, these results were the same as the results in 
vivo, and 4 h was selected as the optimized LPS stimula-
tion time for further experiment.

KDM4A involved in the inflammation and oxidative stress 
in LPS-induced BV2 cells
To further determine the role of KDM4A in TBI, KDM4A 
was knockdown in BV2 cells, and the efficiency was con-
firmed by qRT-PCR and western blot in Fig.  4A. Based 
on this, we knockdown KDM4A in LPS-induced BV2 
cells and the efficiency was confirmed in Fig.  4B. Then, 

we measured the content of TNF-α, IL-1β, MDA and 
GSH. As shown in Fig. 4C-F, LPS-induced inflammatory 
and oxidative stress reactions were both counteracted by 
the suppression of KDM4A. The level of reactive oxy-
gen species (ROS) in LPS-induced BV2 cells was tested 
in Fig.  4G. Consistent with MDA, the level of ROS was 
aggravated in LPS-induced BV2 cells, while the suppres-
sion of KDM4A abolished this enhancement. These find-
ings reflected that KDM4A involved in the inflammation 
and oxidative stress in LPS-induced BV2 cells.

Suppressed KDM4A abolished microglia M1 polarization in 
LPS-induced BV2 cells
To confirm the involvement of KDM4A in M1 microglia 
polarization of LPS-induced BV2 cells, we further ana-
lyzed the expression level of inducible nitric oxide syn-
thase (iNOS), cyclooxygenase-2 (COX-2) and CD16/32, 
the markers of microglia M1 polarization. As shown in 
Fig.  5A and B, both mRNA and protein levels of iNOS 
and COX-2 were significantly increased in LPS-induced 
BV2 cells as compared to the control, while on the con-
trary, suppressed KDM4A alleviated the enhanced level 

Fig. 3  KDM4A was upregulated in LPS-induced BV2 cells. (A-D). The content of TNF-α, IL-1β, MDA and GSH in LPS-induced BV2 cells was measured by 
detection kits (n = 3). (E-F). The mRNA and protein level of KDM4A in LPS-induced BV2 cells was accessed by qRT-PCR and western blot (n = 3). One-way 
analysis of variance (ANOVA) and Dunnett’s multiple comparisons test were used to analyze data. Data were collected from three independent experi-
ments and expressed as mean ± SD. Full-length blots are presented in Supplementary Figure S2
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of iNOS and COX-2 in cells. The double immunofluo-
rescence images of KDM4A and CD16/32 in Fig. 5C also 
drew the same conclusion. The images showed that LPS 
stimulation enhanced the expression level of CD16/32 
and KDM4A in BV2 cells. However, this enhanced trend 
was abolished by KDM4A knockdown, reflected by the 
decreased level of CD16/32 and KDM4A.

Discussion
TBI and HS are often concomitantly occurred in clini-
cal patients because of the multiple injuries [26]. The 
patients are faced with worse outcomes and increased 
morbidity when TBI occurs in conjunction with HS 
[27–29]. In traumatic settings, when HS and TBI are 
found in combination, the likelihood of early death is 
approximately 80% [30]. Therefore, we explored the role 

of KDM4A in the TBI + HS combined model induced 
brain injury. In TBI + HS caused brain injury, inflamma-
tion and oxidative stress are considered to be the most 
important pathbiological features [12, 31]. In the pres-
ent study, we found that TBI + HS resulted in enhanced 
microglia M1 polarization. KDM4A was upregulated in 
response to TBI + HS and microglia were among the cell 
types showing the increased level of KDM4A. Inhibi-
tion of KDM4A alleviated the inflammation and oxida-
tive stress, which was related with microglia activation. 
Accordingly, our findings indicated that the enhanced 
level of KDM4A was involved in the TBI + HS induced 
inflammatory response and oxidative stress. Our results 
show that KDM4A plays an important role in TBI + HS-
induced brain injury, which is at least partly achieved by 
activation of the microglia (Fig. 6).

Fig. 4  KDM4A involved in the inflammation and oxidative stress in LPS-induced BV2 cells. (A). The mRNA and protein expression levels of KDM4A in 
KDM4A down-regulated BV2 cells (n = 3). (B). The mRNA and protein expression levels of KDM4A in KDM4A down-regulated LPS-induced BV2 cells (n = 3). 
(C-F). The content of TNF-α, IL-1β, MDA and GSH in KDM4A inhibited LPS-induced BV2 cells were measured by detection kits (n = 3). ANOVA and Tukey’s 
multiple comparisons test were used to analyze data. (G). ROS level in KDM4A down-regulated LPS-induced BV2 cells. Data were collected from three 
independent experiments and expressed as mean ± SD. Full-length blots are presented in Supplementary Figure S3
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In this work, we used male mice to construct a 
TBI + HS model in vivo. Studies showed that, after TBI, 
more severe impairments was found in males than in 
females [32, 33], which may due to the protective effect 
of female sex hormones, estrogen, and progesterone 
[34, 35]. More importantly, in this work, we mainly 
explored the function role of KDM4A in TBI + HS 
caused microglia activation. A study reported that after 

brain injury, male mice have a faster and more robust 
microglia activation and peripheral macrophage recruit-
ment compared to females [36, 37]. Therefore, based on 
these findings, we chose male mice as the subject for in 
vivo study. The Nissl staining results proved that, com-
pared with the sham, TBI + HS aggravated the neuronal 
loss in mice. We further measured the expression level 
of inflammatory and oxidative stress related factors in 

Fig. 5  Suppressed KDM4A abolished microglia M1 polarization in LPS-induced BV2 cells. (A-B). The mRNA and protein expression levels of iNOS and 
COX-2 in KDM4A down-regulated BV2 cells (n = 3). ANOVA and Tukey’s multiple comparisons test were used to analyze data. (C). Images of double immu-
nofluorescent staining for KDM4A (red) and CD16/32 (green) in KDM4A inhibited LPS-induced BV2 cells. Blue fluorescence represented DAPI. Data were 
collected from three independent experiments and expressed as mean ± SD. Full-length blots are presented in Supplementary Figure S4
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TBI + HS mice. Studies proved that the massive produc-
tion of free radicals can cause lipid peroxidation, protein 
degradation and genotoxicity, resulting in cell and tis-
sue damage [6]. Additionally, the enhanced antioxidant 
response and decreased inflammation have been proved 
could alleviate the brain damage [38–40]. Similar to the 
previous researches, TBI + HS mice displayed enhanced 
level of TNF-α, IL-1β and MDA, inhibited level of GSH. 
This finding indicated that TBI + HS caused an enhanced 
inflammatory response and oxidative stress in mice. After 
TBI, microglia was quickly activated and released various 
inflammatory mediators, including TNF-α, IL-1B, IL6, 
NO and ROS, which have been proved to be related in 
some neurodegenerative diseases [41, 42]. Based on this, 
we measured the expression level of Iba1 and CD16/32, 
the marker of microglia M1 polarization, in the TBI + HS 
mice. The images reflected that the percentage of 
CD16/32 and Iba1 double-positive M1-like cells was sig-
nificantly increased in the cerebral cortex tissues of mice 
after TBI + HS. These results confirmed that microglia 
were activated after TBI + HS.

Since KDM4A has been reported to be upregulated 
in microglia [19]. Also, microglia as the most important 
resident immune cells in the central nervous system plays 
an important role in TBI caused injury [43, 44]. There-
fore, we examined the expression of KDM4A in microg-
lia by double immunofluorescent staining and the result 
showed that KDM4A was enhanced in activated microg-
lia. In order to explore the potential relationship of 
KDM4A and microglia activation in vitro, LPS-induced 

BV2 cells was used in this work for further exploration. 
We found that the level of pro-inflammatory factors was 
many-fold upregulated in LPS-induced BV2 cells. Simi-
larly, a study also showed that LPS could induce signifi-
cant increases in the level of TNF-α, IL-6, and MCP-1 in 
mice [45]. Studies have confirmed that free radicals were 
elevated after TBI and HS, which could cause lipid per-
oxidation [46, 47]. In our research, the content of MDA 
and GSH showed an opposite result in LPS-induced cells. 
As an index of lipid peroxidation, MDA level increase, 
whereas there is a decrease in the anti-oxidant GSH. 
However, silenced KDM4A showed a completely differ-
ent trends in cells, a decreased level of proinflammatory 
factors and MDA, an enhanced level of GSH. Besides 
that, the accumulation of ROS could change the expres-
sion of apoptosis genes and inflammatory mediators 
from low expression to high expression, thereby induc-
ing apoptosis [48]. In our results, LPS-induced cells 
exhibited a high level of ROS, while, KDM4A inhibition 
decreased the level of ROS. To confirm the involvement 
of KDM4A in M1 microglia polarization, we further ana-
lyzed the expression level of the markers of M1 polariza-
tion. Enzymes such as COX-2 and iNOS are reported to 
be involved in excessive production of proinflammatory 
mediators [51]. We found that both mRNA and protein 
levels of iNOS and COX-2 were significantly increased in 
LPS-induced BV2 cells, while on the contrary, suppressed 
KDM4A alleviated the enhanced level. LPS stimulation 
enhanced the green fluorescence of CD16/32 in LPS-
induced BV2 cells. However, the enhanced fluorescence 

Fig. 6  The simple scheme indicated that TBI + HS resulted in enhanced microglia M1 polarization. KDM4A was upregulated in response to TBI + HS and 
microglia were among the cell types showing the increased level of KDM4A. Inhibition of KDM4A alleviated the inflammation and oxidative stress, which 
was related with microglia activation. Accordingly, our findings indicated that the important role of KDM4A in TBI + HS induced inflammatory response 
and oxidative stress was at least partially realized through microglia M1 polarization
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intensity was abolished by KDM4A knockdown. There-
fore, these results may imply that the LPS-activated M1 
microglia polarization was seriously blunted by repres-
sion KDM4A in BV2 cells.

In addition, our study also found that there was a cer-
tain basal expression of KDM4A in the brain tissue of the 
sham mice, suggesting that KDM4A may also play a role 
in maintaining normal brain function. Besides that, it is 
worth noticed that the expression of KDM4A was not 
only increased in microglia in the brain tissue of TBI + HS 
mice, but also seemed to be abnormally increased in 
other cells. Studies reported that the other cells in the 
brain, such as astrocytes and neurons, also play an 
important role in TBI + HS induced brain injury [49, 50]. 
KDM4A has been shown to be related with the differenti-
ation of neural stem cells into astrocytes [51]. Therefore, 
we cannot rule out that KDM4A may play a more impor-
tant role in TBI + HS by affecting these cells, which is 
considered as the limitation of this study. In future work, 
we will further investigate whether KDM4A participates 
in TBI + HS induced brain injury by affecting other cells.

In summary, in this work, we found that KDM4A 
played an important role in TBI + HS mice. KDM4A 
was upregulated in response to TBI + HS and microglia 
were among the cell types showing the increased level 
of KDM4A. Activated microglia has been proved exerts 
neurotoxic effects by producing and releasing ROS, 
inflammatory cytokines, which consequently triggers oxi-
dative stress and severe inflammation [52]. Accordingly, 
we suspected that KDM4A was involved in TBI + HS 
induced inflammatory response and oxidative stress via 
affecting microglia M1 polarization. However, the spe-
cific mechanism still needs more study to confirm. And 
this will also be an important point in our further study.

Conclusion
In summary, this work demonstrated that KDM4A was 
upregulated in response to TBI + HS and microglia 
were among the cell types showing the increased level 
of KDM4A. Further studies confirmed that the role of 
KDM4A in TBI + HS induced inflammatory response and 
oxidative stress was partly realized by regulating the M1 
polarization of microglia.

Methods

Mice TBI and HS model
Male C57BL/6J mice (12–15 weeks old) used in this study 
were randomly divided into two groups, sham (n = 18) 
and TBI + HS (n = 18). Mice were maintained on 12  h 
light/dark cycle with temperature of 22℃, with accessed 
food and water for a week.

The mice model of combined TBI plus HS was pro-
duced by a mild-to-moderate controlled cortical impact, 

followed by a pressure controlled HS [53–56]. Inguinal 
cut-down and insertion of double-side femoral arterial 
catheters were accomplished under conditions following 
the anesthesia. After placement of the mouse in a ste-
reotaxic frame, a 5-mm craniotomy was performed over 
the left parietotemporal cortex with a cranial drill, and 
the bone flap was removed. Then, a 3-mm flat-tip impac-
tor was deployed at a velocity of 5 m/sec and a depth of 
1 mm. After that, the wound was quickly cleaned to con-
trol bleeding, dental cement was used to fill the wound, 
and the skin of the head was sutured. After TBI, mice 
remained a target mean arterial blood pressure (MAP) 
of 25–27 mm Hg (HS phase) for a total of 35 min. After 
completion of the HS phase, a 90-min prehospital phase 
was initiated and 20 mL/kg of lactated Ringer’s (LR) 
was rapidly infused. Additional aliquots of 10 mL/kg 
were infused as needed to achieve a MAP of 70 mm Hg. 
After the hospital phase, intubation was removed, vas-
cular was ligated, and mice were disinfected and sutured 
before being returned to their cages. The mice were sac-
rificed 24 h after recovery, and the cerebral cortex tissue 
around the injury was taken for subsequent experimental 
detection.

Nissl staining
Paraffin-embedded tissues were cut into 5 μm thick sec-
tions and sequentially stained with xylene (1330-20-7, 
Aladdin, China), anhydrous ethanol (10,009,218, Sino-
pharm Chemical Reagent Co., Ltd, China), 95%, 85%, and 
75% alcohol, and distilled water. The sections were then 
stained with 0.5% cresol purple (71,044,080, Sinopharm 
Chemical Reagent Co., Ltd, China) for 10  min. Subse-
quently, the sections were rinsed with distilled water 
and differentiated with 0.25% glacial acetic acid ethanol 
solution (FX11610, Tianjin Kemiou Chemical Reagent, 
China). Next, the sections were washed with anhydrous 
ethanol twice (with 5  min for each time), followed by 
washing with xylene twice (with 10  min for each time). 
Finally, the sections were observed and captured by a 
microscope.

Enzyme-linked immunosorbent assay (ELISA) and other 
detection kits
Sample tissues were weighted and diluted with nine-fold 
normal saline, followed by mechanical homogenization 
for 10 min. The protein concentration was measured by 
a BCA Protein Assay Kit (P0011, Beyotime, China). Cells 
were collected and centrifuged for further detection. The 
content of TNF-α and IL-1β were separately tested by 
the mouse TNF-a ELISA kit (EK282, MULTI SCIENCES, 
China) and mouse IL-1β ELISA kit (EK201B, MULTI 
SCIENCES, China) according to the manufacture’s 
instruction. The content of malondialdehyde (MDA) and 
reduced glutathione (GSH) were separately tested by 
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the MDA assay kit (A003-1, Nanjing Jiancheng Biotech, 
China) and Reduced GSH assay kit (A006-2, Nanjing 
Jiancheng Biotech, China) according to the manufacture’s 
instruction.

Immunofluorescence staining
Paraffin-embedded tissues were cut into 5 μm thick sec-
tions and sequentially stained with xylene (Aladdin, 
China), 95%, 85%, and 75% alcohol, and distilled water. 
The brain sections with antigen retrieval were treated 
with 1% BSA (A602440-0050, Sangon Biotech, China) 
for 15  min at room temperature and then incubated 
with primary antibodies against CD16/32 (1:50, Pro-
teintech Cat# 65057-1-Ig, RRID: AB_2918365, China), 
Iba1 (1:100, Abcam Cat# ab178847, RRID: AB_2832244 
USA), KDM4A (1:200, 6E10G4, NOVUS, USA) over-
night at 4℃. The slides were incubated with correspond-
ing secondary antibodies (1:200), FITC labeled goat anti 
mouse (Abcam Cat# ab6785, RRID: AB_955241, UK) or 
Cy3 labeled goat anti rabbit (Thermo Fisher Scientific 
Cat# A27039, RRID: AB_2536100, USA) IgG for 90 min. 
Then, the slides were washed in phosphate buffered 
saline and counterstained with 4, 6-diamidino-2-phe-
nylindole (DAPI, D106471, Aladdin, China). Cells were 
fixed with 4% paraformaldehyde (80,096,618, Sinopharm 
Chemical Reagent Co., Ltd, China) solution for 15 min at 
room temperature. Cell permeabilization was achieved 
by administration of 0.1% Triton X-100 (ST795, Beyo-
time, China) solution for 30  min. Subsequently, cover 
slips were blocked with a 1% BSA solution for 15 min and 
then incubated with anti CD16/32 antibody overnight at 
4℃. Then cover slips were incubated with a FITC labeled 
goat anti mouse antibody for 1 h and mounted with DAPI 
solution. Fluorescence was captured on a DP73 micro-
scope system (BX53, OLYMPUS, Japan).

Cell culture and transfection
Mouse microglia cells BV2 (RRID: CVCL_0182, iCELL, 
China) was cultured in DMEM medium (G4510, Ser-
vice Biotech, China) supplemented with 10% fetal calf 
serum (11,011 − 8611, Tianhang Biotech, China) at 
37℃ with 5% CO2 atmosphere. For preparation, lipo-
fectamine 3000 (L3000015, Invitrogen, USA) was used 
to achieve KDM4A inhibition according to the manu-
facture’s instruction. In some section, cells were treated 
with 10 ng/mL LPS (L8880, Solarbio, China) for further 
investigation.

Quantitative real time PCR (qRT-PCR)
TRIpure (RP1001, BioTeke, China) was adopted to extract 
total RNA from tissues and cells and RNA purity was 
assessed using spectrophotometer (Nano 2000, Thermo, 
USA). BeyoRT II M-MLV reverse transcriptase (D7160L, 
Beyotime, China) used in this part to synthesis cDNA. 

The SYBR GREEN (SY1020, Solarbio, China) and 2×Taq 
PCR MasterMix (PC1150, Solarbio, China) reagents were 
employed for qPCR analysis and the results were ana-
lyzed by an ExicyclerTM 96 fluorescence quantitative 
instrument (BIONEER, Korea). β-actin was the internal 
control. The 2−ΔΔCT method was adopted to quantify the 
results. The primer sequences were as follows: KDM4A 
forward: 5’ CGCCAATAGCGACAAGTA 3’, and reverse: 
5’ TGCCGAAGTAAAGGTAGGG 3’; COX-2 forward: 
5’ AAAACCTCGTCCAGATGCTA 3’, and reverse: 3’ 
TTGAGGAGAACAGATGGGAT 5’; iNOS forward: 
5’ TTGGAGCGAGTTGTGGATTG 3’, and reverse: 5’ 
GTGAGGGCTTGGCTGAGTGA 3’.

Western blot analysis
Tissues or cells were cultured in lysis buffer (P0013, 
Beyotime, China) with phenylmethanesulfonyl fluoride 
(PMSF, ST506, Beyotime, China) for 5  min. Then the 
lysates were centrifuged for 5 min at 4℃ and the protein 
concentration was detected by using the BCA protein 
assay kit (P0011, Beyotime, China). After that, the pro-
teins were electrophoresed in sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE, P0015, 
Beyotime, China) for separation and transferred onto 
the polyvinylidene fluoride membrane (IPVH00010, Mil-
lipore, China). The membranes were blocked with 5% 
skim milk powder (Yili, China) and then incubated with 
primary antibodies against KDM4A (ABclonal Cat# 
A7953, RRID: AB_2770069, China), iNOS (ABclonal 
Cat# A0312, RRID: AB_2757120, China), COX-2 
(ABclonal Cat# A3560, RRID: AB_2922972, China), or 
β-actin (Santa Cruz Biotechnology Cat# sc-47,778, RRID: 
AB_626632, USA) at 4℃ overnight. After washing, the 
membrane was cultured with horseradish peroxidase-
conjugated (HRP) goat anti rabbit antibody (1:5000, Bey-
otime Cat# A0208, RRID: AB_2892644, China) at room 
temperature for 45  min. Finally, the signals were esti-
mated by enhanced chemiluminescence reagent (ECL, 
P0018, Beyotime, China) as suggested. The results were 
analyzed by Gel-Pro-Analyzer.

ROS detection
ROS was measured by ROS detection kit (BB-47,051, 
Bestbio, China) and the procedures were according to 
manufacturer’s instructions. The neurons were incubated 
with ROS probe for 30  min at 37℃. Following three 
washes with PBS for 5 min, the cells were photographed 
under a BX53 fluorescence microscope (OLYMPUS, 
Japan).

Statistical analysis
All statistical analyses were conducted via GraphPad 
Prism software (GraphPad, Inc., La Jolla, CA, USA). The 
data were collected from three independent experiments 



Page 11 of 12Cai et al. BMC Neuroscience           (2023) 24:17 

and indicated as the mean ± standard deviation (SD). 
Normality was evaluated by Shapiro-Wilk’s test and the 
homogeneity of variances was tested by F test or Brown-
Forsythe test. For comparison between two groups, 
unpaired t test with or without Welch’s correction was 
employed according to the homoscedasticity of vari-
ances. For comparisons among multiple groups, one-way 
analysis of variance (ANOVA) was applied for the data 
with normality and homogeneity, Kruskal-Wallis’s test 
was applied for non-normality. P value less than 0.05 was 
accepted as statistically significant.
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