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Upregulation of KDM6B in the anterior
cingulate cortex contributes to neonatal
maternal deprivation-induced chronic visceral
pain in mice
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Abstract
Irritable bowel syndrome (IBS) is a prevalent functional gastrointestinal disease characterized by chronic visceral pain with a
complex etiology and challenging treatment. Although accumulating evidence supports the involvement of central nervous
system sensitization in the development of visceral pain, the precise molecular mechanisms remain incompletely understood. In
this study, we highlight the critical regulatory role of lysine-specific demethylase 6B (KDM6B) in the anterior cingulate cortex
(ACC) in chronic visceral pain. To simulate clinical IBS conditions, we utilized the neonatal maternal deprivation (NMD) mouse
model. Our results demonstrated that NMD induced chronic visceral pain and anxiety-like behaviors in mice. Notably, the
protein expression level of KDM6B significantly increased in the ACC of NMD mice, leading to a reduction in the expression
level of H3K27me3. Immunofluorescence staining revealed that KDM6B primarily co-localizes with neurons in the ACC, with
minimal presence in microglia and astrocytes. Injecting GSK-J4 (a KDM6B-specific inhibitor) into ACC of NMDmice, resulted in
a significant alleviation in chronic visceral pain and anxiety-like behaviors, as well as a remarkable reduction in NR2B expression
level. ChIP assay further indicated that KDM6B regulates NR2B expression by influencing the demethylation of H3K27me3. In
summary, our findings underscore the critical role of KDM6B in regulating chronic visceral pain and anxiety-like behaviors in
NMD mice. These insights provide a basis for further understanding the molecular pathways involved in IBS and may pave the
way for targeted therapeutic interventions.
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Introduction

Irritable bowel syndrome (IBS) is a prevalent gastrointestinal
disorder characterized by chronic visceral pain, typically
presenting as abdominal discomfort or pain along with altered
bowel habits.1–3 Globally, IBS affects approximately 11 % of
the population,4–6 with direct economic costs exceeding $ 1
billion in the United States.7,8 The pathogenesis of IBS
centers around abnormalities in visceral sensation, neurologic
processing of pain, gut-brain interactions, and psychosocial
distress.9–11 Despite extensive research, the exact molecular
mechanisms remain incompletely elucidated.12 Previous
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studies have shown that chronic visceral pain in IBS patients
may stem from psychological abnormalities linked to adverse
childhood experiences.10,13 To further explore this, neonatal
maternal deprivation (NMD) serves as a well-established
early life stress model, inducing chronic visceral pain in
adult mice.14,15

The anterior cingulate cortex (ACC), situated in the anterior
part of the cerebral cortex above the corpus callosum, plays a
pivotal role in emotion, attention, memory, and pain
processing.16–18 Recent studies have indicated its association
with comorbidities of pain and mood disorders, including
anxiety and depression.16,19–24 Increasing evidence suggests that
ACC is intimately associated with chronic visceral pain caused
by IBS. In multiple animal models of chronic visceral pain, the
ACC show dramatically activation.25–29 TheACC contributes to
the development of chronic visceral pain by regulating the
function of diverse molecules and neural circuits.14,30–34

In recent years, the role of epigenetics in pain development
has been confirmed, with particular significance in chronic
visceral hypersensitivity.35,36 Study have emphasized that epi-
genetics is a crucial mechanism underlying the generation of
chronic visceral hypersensitivity.37 Previous studies have re-
vealed altered levels of histone methylation, histone acetylation,
and DNA methylation in models of chronic stress-induced
visceral pain,38–42 further suggesting the importance of epige-
netics in visceral hypersensitivity. Lysine-specific demethylase
6B (KDM6B, also known as JMJD3) plays a specific role in
demethylating trimethylated lysine 27 (H3K27me3) of histone
H3, resulting in the upregulation of gene expression.43 KDM6B
is involved in critical cellular processes such as cell differen-
tiation, development, tumorigenesis, inflammatory diseases, and
neurodegenerative disorders.44,45 Despite its known roles, the
contribution of KDM6B to chronic visceral pain has remained
unclear. Recent studies have shown that KDM6B-mediated
demethylation of H3K27me3 contributes to the promotion of
chronic postsurgical pain (CPSP).46 Notably, the inhibitor of
KDM6B, GSK-J4, has shown significant attenuation of neu-
ropathic pain in rats,47–49 evidencing that KDM6B plays a
critical role in the development and maintenance of neuropathic
pain. This compelling evidence leads us to speculate that
KDM6B may play a crucial regulatory role in the development
of chronic visceral pain.

In this study, we present compelling evidence demonstrating
that KDM6B regulates NR2B expression by modulating the
demethylation of H3K27me3, thereby exerting a regulatory effect
on chronic visceral pain. This insight opens new avenues for the
treatment of chronic visceral pain, potentially contributing to the
development of novel analgesic drugs and therapeutics.

Materials and methods

Animals

Adult male and female C57BL/6 mice were used for breed.
The mice were purchased from Beijing Vital River

Laboratory Animal Technology Co., Ltd. After delivery, the
male pups were selected for induction of chronic visceral
pain. All mice used in the experiments were housed one to
five mice per cage depending on the experimental require-
ments. The animals were provided with free access to
standard mouse feed and water and were kept under a 12 h
light/dark cycle at a constant temperature of 23°C–25°C. All
experimental procedures were approved by The Third Af-
filiated Hospital of Zhengzhou University and adhered to the
guidelines of the International Association for the Study of
Pain.

Chronic visceral pain model

Chronic visceral pain was caused by neonatal maternal
deprivation (NMD), as previously reported.50,51 Briefly,
1 day after birth (P1), mice were placed in a special isolation
box for neonatal maternal deprivation. Each pup occupied a
small compartment in the isolation box.52 The temperature
and humidity of the isolation box were kept consistent with
the feeding environment, and the bottom was covered with
soft cotton to protect the mice from harm. Modeling started at
P1 and ended at P14 with 3 h of maternal deprivation daily.14

The control group received no treatment.

Colorectal distention threshold

Colorectal distention (CRD) is a well-established method for
measuring visceral pain threshold.53 During the procedure,
mice were fully anesthetized with isoflurane. A special 1.5 cm
flexible balloon was then inserted 2 cm into the anus and
secured to the tail with pressure-sensitive tape to prevent
slipping. The mice were placed in a customized transparent
resin box (15 × 3.5 × 4 cm) and allowed to wake up and adapt
for 30 min. Gas was slowly injected into the balloon via a
sphygmomanometer until the mice exhibited visceral pain
behaviors such as abdominal contractions or head raising. At
this point, the gas injection was stopped and the sphygmo-
manometer reading was recorded. Measurements were re-
peated five times per mouse, with each measurement
separated by 3 min to avoid tissue damage. The average of the
five measurements was used to determine the colorectal
distention threshold of the mice. All behaviors experiments
were performed in a double-blinded trials.

Open field test

Open field test (OFT, 45 × 45 × 45 cm, Global Biotech,
China) was employed to assess motor function and anxiety-
like behaviors. All mice were adapted to the experiment
environment for 3 h before the OFT. Each mouse was placed
in the center of the OFT apparatus. The center zone was
defined as a square, 10 cm away from the wall. This study
used the animal behaviors analysis software (ANY-maze,
Stoelting, USA) to record 5 min of data for each mouse in
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this test. The behaviors experiments were conducted as
double-blinded trials.

Elevated zero maze

Elevated zero maze (EZM, Global Biotech, China) was
performed to test anxiety-like behaviors, which comprises a
circular track with a diameter of 50 cm and a width of 5 cm,
divided into two open areas and two closed areas by four
partitions. All mice were adapted to the experiment envi-
ronment for 3 h before the test. Each mouse was placed in the
open area of the EZM apparatus. This study used the animal
behaviors analysis software (ANY-maze, Stoelting, USA) to
record 3 min of data for each mouse in this test. All behaviors
experiments were conducted as double-blinded trials.

Rotarod test

The rotarod test (Global Biotech, China) was utilized to
evaluate the motor function of mice. Before the test, the mice
were allowed to acclimatize to the experimental environment
for 3 h. They were placed on a constantly accelerating
(5∼40 r/min) rotor for 3 min and the dwell time was recorded.
The experiment was repeated 3 times for each mouse, with a
30 min rest between each repetition. All behaviors experi-
ments were conducted as double-blinded trials.

Western blotting

The anterior cingulate cortex (ACC), prefrontal cortex (PFC),
and insular cortex (IC) were isolated after the brain tissue was
stripped and rapidly transferred then to liquid nitrogen. Next,
the samples were homogenized with ice-cold RIPA lysis
buffer (Yeasen, China), protease inhibitor (Selleck, USA),
and phosphatase inhibitor (Selleck, USA). The crude ho-
mogenate was centrifuged at 4°C for 30 min at 12000 r/min/
min, and the supernatants were collected. The protein con-
centration was measured using the BCA method, and the
sample was heated at 95°C for 10 min. The protein samples
were electrophoresed using 4 %-20 % gradient polyacryl-
amide gels (Yeasen, China) at 120 V. Subsequently, the
proteins were transferred to PVDF membranes (Millipore,
USA). The blotting membranes were blocked with 5 % non-
fat milk at room temperature for 1 h and then incubated with
the primary antibody overnight at 4°C. On the following day,
the membranes were incubated with the secondary antibody
at room temperature for 2 h. The proteins on the blotting
membranes were visualized using the ECL Chem-
iluminescence Kit (Epizyme, China). The gray value of the
western blot was quantified using Image Lab (Bio-Rad,
USA). Primary antibodies of anti-GAPDH (1:1000, rabbit,
Cell Signaling Technology, USA), anti-KDM6B (1:1000,
rabbit, Abcam, UK), anti-H3K27me3 (1:1000, mouse, Ab-
cam, UK), anti-H3 (1:1000, rabbit, Abcam, UK) were used.
Secondary antibodies of goat anti-rabbit IgG H&L HRP (1:

10000, Abcam, UK), goat anti-mouse IgG H&L HRP (1:
10000, Thermo Fisher Scientific, USA) were used.

Real-time quantitative PCR (qPCR)

The total RNA in the tissue was extracted according to the
protocol of the RNAsimple Total RNA Kit (TIANGEN,
China). RNA sample of the ACC was reversely transcribed to
cDNA using the T100 Thermal Cycler PCR instrument (Bio-
Rad, USA) according to the cDNA Synthesis kit (Yeasen,
China). Then, the mRNA expressions of genes were detected
by LightCycler 96 (Roche, Switzerland). The data of qPCR
were analyzed using the ΔΔCt method. Tables 1 and 2

Immunofluorescence

Mice were perfused transcardially with 0.9 % saline and 4 %
paraformaldehyde (Biosharp, China), and post-fixed in 4 %
paraformaldehyde for 2 h. Next, brain tissues were dehy-
drated by sucrose solution at a concentration gradient of 10–
30 % followed by embedding using Tissue-Tek O.C.T.
Compound (Sakura, USA). The brains of the mice were sliced
into 20 µm sections using a freezing microtome (Leica,
Germany). After the brain sections were repaired with sodium
citrate at 95°C for 30 min, they were blocked with 10 % goat
serum and 0.3 % Triton X-100 at room temperature for 1 h.
Subsequently, the sections were incubated with the primary
antibody at 4°C overnight. The next day, the brain slices were
cleaned with PBS for 3 times and incubated with the sec-
ondary antibody at room temperature for 1 h. Immunofluo-
rescence images for cell statistics were captured using a
scanning machine (KFBIO, China), while immunofluores-
cence images for display were captured using the laser
confocal microscopy (LSM 900, ZEISS, Germany). Cell
counting was performed using HALO software (lndica Labs,
USA). Primary antibodies of anti-KDM6B (1:200, rabbit,
ABclonal, China), anti-GFAP (1:500, guinea pig, Oasis Bi-
ofarm, China), anti-NeuN (1:500, mouse, Oasis Biofarm,
China), anti-Iba1 (1:500, mouse, Oasis Biofarm, China) were
used. Secondary antibodies of goat anti-guinea pig Alexa
Fluor 647 (1:500, Oasis Biofarm, China), goat anti-mouse
Alexa Fluor 488 (1:500, Thermo Fisher Scientific, USA),
goat anti-rabbit Alexa Fluor 555 (1:500, Thermo Fisher
Scientific, USA) were used.

Table 1. Primer sequences used in qPCR

Gene Primers Sequences (5’-3’)

KDM6B Forward TGAAGAACGTCAAGTCCATTGTG
Reverse TCCCGCTGTACCTGACAGT

NR2B Forward GCCATGAACGAGACTGACCC
Reverse GCTTCCTGGTCCGTGTCATC

GAPDH Forward AGGTCGGTGTGAACGGATTTG
Reverse TGTAGACCATGTAGTTGAGGTCA
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Drug application

DMSO (1 µl) and GSK-J4 (0.005 mg/kg, 0.025 mg/kg,
0.1 mg/kg, 1 µl) were injected into the right ACC (AP:
+1.0 mm, ML: +0.3 mm, DV: �2.5 mm) using stereotaxic.
The animals were deeply anesthetized with 1 % pentobarbital
and firmly fixed to the brain stereotaxic apparatus (RE-
WARD, China) to ensure that the entire skull plane was
horizontal. The skin of the mouse’s head was cut to fully
expose the skull. To align the needle pair of the microinjector
with the location of the bregma point of the mouse, set this
point as the origin using the software. Then, entering the
coordinates of the ACC into the software to move the needle
to ACC region. Subsequently, using the skull drill to make a
small 1 mm diameter hole in this position. The injection
begins at 500 nL/min as the needle enters the ACC through
the hole. After completing the injection, the syringe was left
undisturbed for 5 min.

Chromatin immunoprecipitation (ChIP)-qPCR assay

ChIP-qPCR assay was conducted using a ChIP Kit (Thermo
Fisher Scientific, USA) and followed its protocol. In brief,
ACC was crosslinked with 1 % paraformaldehyde for 15 min
at room temperature, which was terminated by adding 10 %
glycine. DNA within ACC was then digested into 150 bp-
1000 bp fragments using lysate buffer and micrococcal nu-
clease (MNase). H3K27me3 and IgG antibodies were added
to the DNA fragments and incubated at 4°C overnight.
Subsequently, DNA fragments bound by antibodies were
enriched using magnetic beads. The enriched DNAwas then
eluted and used as the sample for subsequent PCR and qPCR
experiments.

Data analysis

All data were presented with mean ± sem, and normality was
checked for all data before comparison. GraphPad Prism 9
(GraphPad Software, USA) was used for statistical analysis
and for revising statistical graphs. This study employed
several statistical tests, including two sample t test, Mann
Whitney test, two-way ANOVA followed by Bonferroni’s
test. Statistical significance was determined at p < .05.

Results

NMD induced chronic visceral pain and
anxiety-like behaviors

The timeline of NMD modeling was shown in Figure 1(a).
Chronic visceral pain was evaluated by CRD and found that
NMD mice exhibit chronic visceral pain at 6w-10w
(Figure 1(b), n = 10, ***p < .001, two-way ANOVA fol-
lowed by Bonferroni’s test). Consistent with previous studies,
NMD successfully induced chronic visceral pain in mice.33,54

Subsequently, the open field test, the elevated zeromaze, and the
rotarod test were performed to assess anxiety-like behaviors.
During the open field test, NMD mice spent less time in the
center zone and more time exploring the corner zone
(Figure 1(c)–(e), n = 18-20, *p < .05, **p < .01, two sample t
test) compared with CON mice. However, there was no sig-
nificant difference in the number of times the two groups ofmice
entered the center zone (Figure 1(f), n = 18-20, two sample t
test). Although there was no significant difference in the total
distance between the two groups, NMD mice were found to be
more active in the open field than CON mice (Figure 1(g) and
(h), n = 18-20, **p < .01, two sample t test). The results of the
elevated zero maze showed that NMD mice spent less time
exploring open zone than CONmice (Figure 1(i) and (j), n = 18-
20, *p < .05, two sample t test). There was no difference in the
distance traveled in the open zone or the number of times entered
the open zone (Figure 1(k) and (l), n = 18-20, two sample t test).
The rotarod test indicated that there was no significant difference
in motor function between the two groups of mice (Figure 1(m),
n = 6, two sample t test). These findings suggest that NMDmice
exhibited persistent and stable chronic visceral pain with
anxiety-like behaviors that did not affect motor function.

KDM6B expression was upregulated in the ACC of
NMD mice, whereas H3K27me3 expression
was decreased

KDM6B mRNA expression in the ACC of NMD mice was
significantly increased compared with CON mice by qPCR
assay (Figure 2(a), n = 5, **p < .01, Mann Whitney test).
Western blotting was performed to detect KDM6B and
H3K27me3 protein level in ACC of 6-week-old NMDmice and

Table 2. Primer sequences used in ChIP-qPCR.

Gene No. Primers Sequences (5’-3’)

NR2B promoter P1 Forward CATAACGCAGATGGCTCAGG
Reverse TCTCGTGCGTAGATCATCCC

P2 Forward GCGCAACCTCACTTTGTCTC
Reverse ACGACACACAGAGGAGAACAC

P3 Forward TTCCTGGTGCTGACTGGACTA
Reverse ATGGCAGTAAAACAACGGGC

P4 Forward AGGGGAGTGGTTTCAGTGTC
Reverse TGGCAGCAAGAAGGAATAGCA
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CONmice. The statistical results indicated that the protein level
of KDM6B was significantly upregulated in the ACC of NMD
mice compared to CONmice (Figure 2(b) and (c), n = 6, ***p <
.001, two sample t test), while the corresponding protein ex-
pression of H3K27me3 was significantly decreased (Figure 2(b)

and (d), n = 6, **p < .01, two sample t test). Importantly, to
assess the specificity of the upregulation of KDM6B and
H3K27me3 expression in the ACC region, we performed the
same operation in the PFC and IC regions. There was no
significant difference in the PFC (Figure 2(e)–(g), n = 6, two

Figure 1. NMD induced chronic visceral pain and anxiety-like behaviors in mice. (a) Timeline of NMDmodeling process. (b) CRD threshold
of CON and NMDmice at 6-10 weeks of age. (n = 10, ***p < .001, two-way ANOVA followed by Bonferroni’s test). (c) Heat maps of CON
andNMDmice in the 5 min open field tests were detected by ANY-maze (the red square represents the center zone). (d)-(h) Analysis of time
in center zone of total time (d), time in corner zone of total time (e), number of entries to center zone (f), active time of total time (g), total
distance (h) of CON andNMDmice in the open field test (n = 18-20, *p < .05, **p < .01, two sample t test). (i) Heat maps of CON andNMD
mice in the 3 min elevated zero maze tests were detected by ANY-maze. (j-l) Analysis of time in open zone of total time (j), distance in open
zone (k), number of entries to open zone (l) of CON and NMDmice in the elevated zero maze test (n = 18-20, *p < .05, two sample t test). (m)
Analysis of latency to fall of CON and NMD mice in the rotarod test (n = 6, two sample t test).
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sample t test) and IC (Figure 2(h)–(j), n = 6, two sample t test).
These findings show that protein levels and mRNA expression
of KDM6B were significantly upregulated in the ACC of NMD
mice but did not affect expression in the IC and PFC regions,
suggesting that the increased expression of KDM6B in NMD
mice is specific to certain regions.

KDM6B was primarily expressed in ACC neurons

To determine the distribution of KDM6B in the ACC, we per-
formed immunofluorescence staining on brain coronal sections

fromCONmice andNMDmice (Figure 3(a)). The results revealed
a significantly higher percentage of KDM6B positive cells in the
ACC of NMD mice compared to CON mice (Figure 3(b), n = 4,
***p < .001, two sample t test). Quantitative analysis showed that
the percentage of KDM6B localization with NeuN (a marker of
neurons), GFAP (a marker of astrocytes), and Iba1 (a marker of
microglia) was 58.87 %, 3.52 %, and 3.74 % in CON mice, and
65.95 %, 3.24 %, and 1.94 % in NMD mice. KDM6B was
predominately co-localized with NeuN, and only a small number
of KDM6B was co-labeled with GFAP and Iba1 in ACC of CON
and NMD mice (Figure 3(c), n = 4, *p < .05, two sample t test).

Figure 2. NMD induced upregulation of KDM6B and downregulation of H3K27me3 in the ACC of mice. (a) Quantification of KDM6B
mRNA expression in the ACC of CON and NMD mice (n = 5, **p < .01, Mann Whitney test). (b) Representative western blotting of
KDM6B, GAPDH, H3K27me3, and H3 in the ACC of CON and NMD mice. (c)-(d) Quantification of KDM6B (c) and H3K27me3 (d)
expression in the ACC of CON and NMD mice (n = 6, **p < .01, ***p < .001, two sample t test). (e) Representative western blotting of
KDM6B, GAPDH, H3K27me3, and H3 in PFC of CON and NMD mice. (f)-(g) Quantification of KDM6B (f) and H3K27me3 (g) expression
in PFC of CON and NMDmice (n = 6, two sample t test). (h) Representative western blotting of KDM6B, GAPDH, H3K27me3, and H3 in IC
of CON and NMDmice. (i)-(j) Quantification of KDM6B (i) and H3K27me3 (j) expression in IC of CON and NMD mice (n = 6, two sample t
test).
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Injection of GSK-J4 in ACC alleviated chronic visceral
pain and upregulated H3K27me3 expression in
NMD mice

To investigate the role of KDM6B in the regulation of chronic
visceral pain in NMDmice, GSK-J4 was injected into the ACC
(Figure 4(a)). Following a single injection of GSK-J4, there was
no change in the CRD threshold injected with 0.005 mg/kg
GSK-J4. However, the CRD threshold injected with 0.025 mg/
kg GSK-J4 and 0.1 mg/kg GSK-J4 were significantly elevated
1-4 h post-injection compared to mice injected with DMSO
(Figure 4(b), n = 5, ***p < .001, ###p < .001, two-way ANOVA
followed by Bonferroni’s test). Considering the toxicity and
potency of GSK-J4, we used 0.025 mg/kg for 5 consecutive
days of injection and found that the CRD threshold in NMD
mice were significantly elevated 1-6 h after the last injection,
without affecting CON mice (Figure 4(c), n = 6 per group,
***p < .001, two-way ANOVA followed by Bonferroni’s test).

Subsequently, western blotting showed that the H3K27me3
expression was upregulated (Figure 4(d) and (e), n = 6, *p < .05,
two sample t test) in the ACC of NMD mice after GSK-J4
injection. These data suggest that injection of GSK-J4 into the
ACC upregulated H3K27me3 expression and alleviated chronic
visceral pain of NMD mice.

Injection of GSK-J4 in ACC alleviated anxiety-like
behaviors in NMD mice

To investigate the role ofKDM6B in the regulation of anxiety-like
behaviors inNMDandCONmice.NMDandCONmice injected
with 0.025 mg/kg GSK-J4 were subjected to the open field test,
elevated zero maze test, and rotarod test. In the open field test, the
results indicate that GSK-J4 mice in the NMD group spent
significantly more time in the center zone and less time in the
corner zone compared with the DMSO mice, without affecting

Figure 3. KDM6B was predominantly expressed in neurons in the ACC, and NMD increased KDM6B-positive neurons in the ACC. (a)
Representative immunofluorescence images of KDM6Bwith NeuN, Iba1, and GFAP (Bar = 100 µm). The enlarged pictures in the right panel
were to show the co-localization of KDM6B (red) with NeuN (green), Iba1 (green), and GFAP (green) (Bar = 20 µm). The yellow staining
indicates co-localization. (b) Analysis of KDM6B positive cells in the ACC of CON and NMD mice (n = 4, ***p < .001, two sample t test). (c)
Analysis of co-localization ratio of KDM6B with NeuN, Iba1, and GFAP (n = 4, *p < .05, two sample t test).

Yi et al. 7



CON mice (Figure 5(a)–(c), n = 6 per group, **p < .01, ***p <
.001, two sample t test). GSK-J4mice also entered the center zone
significantlymore thanDMSOmice (Figure 5(d), n=6per group,
**p < .01, two sample t test), indicating that GSK-J4 mice had
more desire to explore. However, GSK-J4 injection had no effect
on active time and total distance in the open field in NMD and
CONmice (Figure 5(e)–(f), n = 6 per group, two sample t test). In
the elevated zero maze, GSK-J4 mice in the NMD group spent
significantly more time exploring open zone compared to DMSO
mice, without altering CON mice (Figure 5(g)–(h), n = 6 per
group, *p < .05, two sample t test). However, injection of GSK-J4
unaffected the distance traveled and the number of entries into the
open area in NMD and CON mice (Figure 5(i)–(j), n = 6 per
group, two sample t test). Furthermore, the data of the rotarod test
showed unaltered the latency to fall of NMD and CON mice
(Figure 5(k), n = 6 per group, Mann Whitney test). These results
suggest that injection of GSK-J4 into the ACC alleviated anxiety-
like behaviors in NMD mice, while unaffecting CON mice.

KDM6B upregulated NR2B expression by
demethylating H3K27me3 in the NR2B promoter
region in ACC

To determine the mechanism by which KDM6B regulates
chronic visceral pain in NMD mice, the ChIP sequencing

database was consulted and identified NR2B may be a po-
tential target for KDM6B. We employed qPCR and western
blotting to assess the expression of NR2B mRNA and protein
expression in CON, NMD, DMSO, and GSK-J4 four groups.
Our findings revealed a significantly elevated expression of
NR2B mRNA (Figure 6(a), n = 3, **p < .01, two sample t
test) and protein (Figure 6(b) and (c), n = 6, *p < .05, two
sample t test) in NMD mice compared to CON mice.
However, administration of GSK-J4 resulted in a significant
reduction in NR2B mRNA (Figure 6(d), n = 3, *p < .05, two
sample t test) and protein (Figure 6(e) and (f), n = 6, **p < .01,
Mann Whitney test) expression among NMD mice. The
interaction mechanism between KDM6B and NR2B was
further investigated through ChIP analysis. The NR2B pro-
moter region, located 2000 bp upstream of the transcription
start site of the NR2B gene, was selected for analysis
(Figure 6(g)). The same samples were used to detect four
primers by PCR, and P2 was found to have the best am-
plification effect (Figure 6(h)). ChIP was performed to extract
DNA fragments bound to H3K27me3 in ACC from CON,
NMD, DMSO, and GSK-J4 groups. Subsequently, these four
samples were subjected to PCR (Figure 6(i)) and qPCR
analyses using the P2 primer. The results showed that the
NR2B promoter binding to H3K27me3 in ACC of NMD
mice was significantly lower than that of CON mice
(Figure 6(j), n = 4, **p < .01, two sample t test). Compared

Figure 4. Injection of GSK-J4 in the ACC alleviated chronic visceral pain in NMD mice. (a) Schematic diagram of injecting GSK-J4 into the
ACC of NMD mice. (b) CRD threshold of NMD mice at different time points after single injections of DMSO and different concentrations
(0.005 mg/kg, 0.025 mg/kg, 0.1 mg/kg) of GSK-J4 (n = 5, ***p < .001, ###p < .001, * Indicates the significance of group 0.025 mg/kg compared to
group DMSO, # Indicates the significance of group 0.1 mg/kg compared to group DMSO, two-way ANOVA followed by Bonferroni’s test). (c)
CRD threshold of NMD and CON mice at different time points after receiving an injection of 0.025 mg/kg GSK-J4 for 5 days (n = 6, ***p <
.001, two-way ANOVA followed by Bonferroni’s test). (d) Representative western blotting of H3K27me3 and H3 in the ACC of DMSO and
GSK-J4 mice. (e) Quantification of H3K27me3 expression level in the ACC of DMSO and GSK-J4 mice (n = 6, *p < .05, two sample t test).
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with DMSO-injected NMD mice, NMD mice injected with
GSK-J4 had significantly increased NR2B promoters that
bind to H3K27me3 in ACC (Figure 6(k), n = 4, **p < .01, two
sample t test). These results suggest that upregulation of
KDM6B protein levels in ACC led to a decrease in
H3K27me3 bound to the NR2B promoter region, thereby
increasing NR2B transcription. This process might contribute
to chronic visceral pain and anxiety-like behaviors in NMD
mice.

Discussion

Irritable bowel syndrome (IBS) stands as one of the most
common gastrointestinal issues faced by physicians.55 Cur-
rently, there is a lack of clear and effective treatments for
IBS.56 Elucidating the underlying molecular mechanisms of
central sensitization of chronic visceral pain in patients with
IBS is a considerable challenge and a critical process in the
development of clinical therapies. In the present study, we

Figure 5. Injection of GSK-J4 in the ACC alleviated anxiety-like behaviors in NMDmice. (a) Heat maps of NMD and CONmice injected with
DMSO and GSK-J4 in the 5 min open field tests were detected by ANY-maze (the red square represents the center zone). (b)-(f) Analysis of
time in center zone of total time (b), time in corner zone of total time (c), number of entries to center zone (d), active time of total time (e),
total distance (f) of NMD and CON mice injected with DMSO and GSK-J4 in the open field test (n = 6, **p < .01, ***p < .001, two sample t
test). (g) Heat maps of NMD and CONmice injected with DMSO and GSK-J4 in the 3 min elevated zero maze tests were detected by ANY-
maze. (h)-(j) Analysis of time in open zone of total time (h), distance in open zone (i), number of entries to open zone (j) of NMD and CON
mice injected with DMSO and GSK-J4 in the elevated zero maze test (n = 6, *p < .05, two sample t test). (k) Analysis of latency to fall of NMD
and CON mice injected with DMSO and GSK-J4 in the rotarod test (n = 6, Mann Whitney test).
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offer robust evidence highlighting the critical role of KDM6B
in the processing of chronic visceral pain. Increasing evi-
dence supports the role of epigenetics in modulating the
development of chronic visceral pain. Previous studies have
found demethylation of the p2x7r gene in the spinal cord of
neonatal colonic inflammation (NCI) rats, contributing to the
development of chronic visceral pain.42 Similar findings were
observed in the brain, where the stress model rats showed a
significant reduction in H3K9 acetylation at the

glucocorticoid receptor (GR) promoter in the amygdala.57,58

These studies indicated that epigenetics plays a significant
role in chronic visceral pain. However, this has not been
reported to occur in the cerebral cortex. Our study identifies
for the first time an epigenetic regulatory event in the ACC in
chronic visceral pain, which is the demethylation of
H3K27me3 mediated by KDM6B. Our data reveals that
inhibiting KDM6B with GSK-J4 in the ACC of NMD mice
elevated H3K27me3 expression and alleviated chronic

Figure 6. KDM6B increased the expression of NR2B by promoting H3K27me3 demethylation in the NR2B promoter region in ACC, which
was reversed by GSK-J4. (a) Quantification of NR2B mRNA expression in the ACC of CON and NMDmice (n = 3, **p < .01, two sample t
test). (b) Representative western blotting of NR2B, GAPDH in the ACC of CON andNMDmice. (c) Quantification of NR2B expression level
in the ACC of CON and NMD mice (n = 6, *p < .05, two sample t test). (d) Quantification of NR2B mRNA expression in the ACC of DMSO
and GSK-J4 mice (n = 3, *p < .05, two sample t test). (e) Representative western blotting of NR2B, GAPDH in the ACC of DMSO and GSK-
J4 mice. (f) Quantification of NR2B expression level in the ACC of DMSO and GSK-J4 mice (n = 6, **p < .01, Mann Whitney test). (g) Four
primer pairs were designed by selecting DNA fragments from the NR2B promoter region. (h) Representative PCR image showed the products
amplified by all primers (P1 to P4) for the NR2B promoter gene when DNA fragments of input, IgG, and H3K27me3 were used. (i)
Representative PCR image showed the products amplified by P2 primer using input, IgG, and H3K27me3 samples from CON, NMD, DMSO,
and GSK-J4 mice. (j) Quantification of relative fold enrichment in the ACC of CON and NMD mice (n = 4, **p < .01, two sample t test). (k)
Quantification of relative fold enrichment in the ACC of DMSO and GSK-J4 mice (n = 4, **p < .01, two sample t test).
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visceral pain. This demonstrates that KDM6B-mediated
H3K27me3 demethylation is essential for the development
of chronic visceral pain. This result is supported by previous
study in which H3K27me3 expression was significantly in-
creased in the cerebral cortex after systemic injection of
cannabidiol in rats.59 In addition, drugs were injected only
into the unilateral ACC in this study. Previous studies have
shown that unilateral ACC injection of drugs can relieve
chronic visceral pain and cause less harm to animals.29,60 This
was confirmed by our results.

Notably, we found that KDM6B expression was specifi-
cally upregulated in the ACC, which was not observed in PFC
and IC. This suggests that ACC may have a possible specific
role in chronic visceral pain and anxiety-like behaviors co-
morbidities and may be a potentially critical target for
treatment. Similar results have been found in previous
studies, where ACC plays an important role in the devel-
opment of chronic visceral pain and anxiety-like
behaviors.34,61 Crucially, our findings indicate that
KDM6B plays a regulatory role in the expression of NR2B, a
crucial subunit of the NMDA receptor involved in processes
such as learning, pain perception, and emotion processing.62

In this study, we demonstrate that KDM6B reduces the en-
richment of H3K27me3 in the NR2B promoter region in the
ACC of NMDmice, resulting in increased NR2B expression,
which was reversed after injection of GSK-J4. This suggests
that NR2B acts as a downstream of KDM6B, perhaps un-
derpinning its role in regulating chronic visceral pain. Al-
though in the present study we did not inhibit NR2B and
assess its effect on chronic visceral pain, previous studies
have demonstrated this.33,63 In addition, our results are
supported by a previous study that shown increased en-
richment of H3K27me3 at the NR2B promoter region in the
prefrontal cortex of schizophrenia (SCZ) rats.64

It is important to note that we only included male mice in
this study, due to the fact that the physiological cycle of
female mice and their estrogen affects the assessment of
visceral pain behavior, which in turn perhaps leads to inac-
curate data.65,66 We will include female mice in future studies
to obtain more generalized results.

In summary, our study demonstrates that KDM6B me-
diates the demethylation of H3K27me3 within the ACC,
thereby regulating the expression of NR2B involved in the
development of chronic visceral pain and anxiety-like be-
haviors. These findings unveil a novel pathway of ACC in the
regulation of chronic visceral pain, offering a potential new
target for the treatment of IBS patients suffering from chronic
visceral pain.
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