Fan et al. Stem Cell Research & Therapy ~ (2022) 13:255 Stem Ce” Resea rCh & Thera py
https://doi.org/10.1186/513287-022-02936-7

RESEARCH Open Access

.. )
Glutamate regulates gliosis of BMSCs e

to promote ENS regeneration through a-KG
and H3K9/H3K27 demethylation

Mengke Fan', Huiying Shi', Hailing Yao', Weijun Wang, Yurui Zhang, Chen Jiang and Rong Lin"

Abstract

Background: There is a lack of effective therapies for enteric nervous system (ENS) injury. Our previous study showed
that transplanted bone marrow-derived mesenchymal stem cells (BMSCs) play a “glia-like cells"role in initiating ENS
regeneration in denervated mice. Cellular energy metabolism is an important factor in maintaining the biological
characteristics of stem cells. However, how cellular energy metabolism regulates the fate of BMSCs in the ENS-injured
microenvironment is unclear.

Methods: The biological characteristics, energy metabolism, and histone methylation levels of BMSCs following ENS
injury were determined. Then, glutamate dehydrogenase 1 (Glud1) which catalyzes the oxidative deamination of
glutamate to a-KG was overexpressed (OE) in BMSCs. Further, OE-Glud1 BMSCs were targeted-transplanted into the
ENS injury site of denervated mice to determine their effects on ENS regeneration.

Results: In vitro, in the ENS-injured high-glutamate microenvironment, the ratio of a-ketoglutarate (a-KG) to succi-
nate (P<0.05), the histone demethylation level (P<0.05), the protein expression of glial cell markers (P<0.05), and the
gene expression of Glud1 (P<0.05) were significantly increased. And the binding of H3K9me3 to the GFAP, S100B, and
GDNF promoter was enhanced (P < 0.05). Moreover, a-KG treatment increased the monomethylation and decreased
the trimethylation on H3K9 (P<0.01) and H3K27 (P<0.05) in BMSCs and significantly upregulated the protein expres-
sion of glial cell markers (P<0.01), which was reversed by the a-KG competitive inhibitor D-2-hydroxyglutarate
(P<0.05). Besides, overexpression of Glud1 in BMSCs exhibited increases in monomethylation and decreases in tri-
methylation on H3K9 (P<0.05) and H3K27 (P<0.05), and upregulated protein expression of glial cell markers (P<0.01).
In vivo, BMSCs overexpressing Glud1 had a strong promotion effect on ENS regeneration in denervated mice through
H3K9/H3K27 demethylation (P<0.05), and upregulating the expression of glial cell protein (P<0.05).

Conclusions: BMSCs overexpressing Glud1 promote the expression of glial cell markers and ENS remodeling in den-
ervated mice through regulating intracellular a-KG and H3K9/H3K27 demethylation.

Keywords: Bone marrow-derived mesenchymal stem cells (BMSCs), a-ketoglutarate (a-KG), Glud1 (glutamate
dehydrogenase 1), Histone methylation

Background

Gastrointestinal motility disorders are important diges-
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work recent years [1]. Enteric nervous system (ENS) injury is
*Correspondence: selinalin35@hotmail.com the important pathogenic factor [2]. According to previ-
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Huazhong University of Science and Technology, Wuhan 430022, China is difficult [3]. There is a lack of effective treatment for
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ENS regeneration. However, bone marrow-derived mes-
enchymal stem cells (BMSCs) show promising potential
to repair damaged nerves in multiple nerve injury mod-
els [4, 5]. Our previous studies showed that BMSCs could
survive in the gastrointestinal microenvironment and
promote ENS regeneration and functional repair follow-
ing ENS injury [6, 7].

Cellular energy metabolism is an important factor in
maintaining the biological characteristics of stem cells.
The tricarboxylic acid (TCA) cycle plays a key role in
cell metabolism and is closely associated with various
diseases [8, 9]. Glutamate is an essential substance in
TCA and provides energy for cell growth. Glutamate can
regulate neurogenesis, neurite outgrowth, and neuron
survival in the nervous system [10, 11]. In addition, glu-
tamate can be dehydrogenated to a-ketoglutarate (a-KG)
in glial cells during TCA energy metabolism [12]. Carey
et al. reported that intracellular a-KG maintains the
pluripotency of embryonic stem cells (ESCs) [13]. In the
absence of exogenous glutamine, naive ESCs cells exhib-
ited an elevated a-KG-to-succinate ratio promoting his-
tone demethylation.

Histone demethylase uses o-KG as a co-substrate to
remove methyl groups on histones. Histone modification
has been reported to affect stem cell biological processes
such as differentiation and aging [14]. Transcriptomics
studies showed that histone demethylases were closely
related to the self-renewal of ESCs [15]. In addition, other
studies showed that histone methylation could affect
neurogenesis and differentiation [16, 17]. During neural
development, the H3K27 demethylase can activate spe-
cific components affecting normal brain development in
zebrafish [18]. Fiszbein et al. reported that regulating the
efficiency of H3K9 histone methylation can affect neu-
ronal differentiation [19]. However, how histone meth-
ylation regulates the fate of BMSCs in the ENS-injured
microenvironment is unclear.

Our previous study showed that the transplanted
BMSC:s play a “glia-like cells” role to initiate nerve regen-
eration in ENS injury. Studies have shown that histone
methylation plays an important role in the maintenance
of glial cell phenotype. Glial fibrillary acidic protein
(GFAP) is expressed by glial cells, which plays a signifi-
cant role in maintaining the structure and function of
glial cells and repairing nervous system damage [20, 21].
The level of histones methylation can affect the binding
of GFAP regulator STAT/CBP to the promoter region,
thereby affecting the expression of GFAP [22, 23]. In
addition, a change in the methylation level of the GFAP
promoter could also affect GFAP expression [24]. How-
ever, further research is needed to determine how cellular
energy metabolism regulates the glial cell characteristics
of BMSCs.
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This study aimed to explore how cellular energy metab-
olism regulates the fate of BMSCs to promote ENS regen-
eration in the ENS injury microenvironment and thus
further promote ENS remodeling.

Methods

Animals

Eight-week-old wild-type C57BL/6 male mice (2242 g)
were purchased from Beijing Huafukang Biosciences
Co., Ltd. They were housed under a specific pathogen-
free (SPF) laboratory with free access to food and water.
All experimental procedures were performed in accord-
ance with the Animal Ethics Committee of Tongji Medi-
cal College of Huazhong University of Science and
Technology.

BMSCs culture and treatment

Bone marrow-derived mesenchymal stem cells (BMSCs)
were isolated as previously described [6]. They were cul-
tured in low-glucose Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) at 37°C in 5% CO,. When the cell confluence
reached 80%, glutamate (Glu, Sigma, 2 mM), dimethyl-
alpha-KG (DM-a-KG, Sigma, 4 mM), dimethyl succinate
(DM-Suc, Topscience, 4 mM), or D-2-hydroxyglutarate
(D-2HG, Cayman, 2 mM) was added to the medium
[25]. The cells were harvested for various assays after
incubation.

Lentivirus transfection

Lentiviral vectors (Genomeditech, Shanghai, China)
expressing glutamate dehydrogenase 1 (Gludl)-specific
RNA, including Glud1-knockdown (KD), Glud1-overex-
pression (OE), and Glud1-negative control (NC), express-
ing green fluorescent protein (GFP) were constructed.
Recombinant lentiviruses were added at a cell density of
60%. The supernatant was discarded 24 h after infection
and replaced with a complete fresh medium. A micro-
scope was used to observe the cells and predict transfec-
tion efficiency.

Grouping and BMSCs transplantation

The mice were randomly divided into four groups (n=6
per group): (1) control group, (2) benzalkonium chlo-
ride (BAC) group, (3) BAC mice injected with BMSCs-
NC group (BAC+BMSCs-NC); (4). BAC mice injected
with BMSCs-OE group (BAC+BMSCs-OE). The gastric
denervation model was constructed using 0.05% BAC
(Merck, CAS: 63449-41-2). A midline incision was made
on the mice. Thereafter, a 1-cm segment of the gastric
tissue was wrapped with gauze and soaked in BAC for
15 min. However, saline was used for the control groups.
Transplantation of the BMSCs was done 3 days after
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the denervation model was successfully established. The
BMSCs were transplanted into denervated gastric sero-
sal surfaces using a 22-gauge needle. The BMSCs were
preconditioned using neurotrophic factors: glial cell
line-derived neurotrophic factor (GDNF), basic fibro-
blast growth factor (b-FGF), and epidermal growth factor
(EGF) (10 ng/ml) for 10 days before the transplantation.
All mice were killed 4 weeks after injection with the
BMSCs. The tissues were then collected and analyzed.

Cell proliferation and migration

Cells (1 x 10%/ml) were incubated in PBS containing
CFSE (10 uM) at 37 °C for 10 min. The reaction was then
quenched with DMEM. After washing with PBS three
times, the fluorescence of the cells in each group was
determined using flow cytometry. Transwell assay (pore
size, 8 um; Corning Inc., Corning, NY, USA) was used for
cell migration assay. A total of 1 x 10° cells were seeded
on the upper chamber. Following incubation for 24 h,
the Transwell migration system was stained with crys-
tal violet and observed under a microscope (Olympus
Corporation).

Detection of the metabolites

Glutamate (Jiancheng, Nanjing, China), a-KG (BioVision,
USA), and succinate (BioVision, USA) were quantified
using commercial kits. Targeted metabolic assays were
performed according to the protocols.

RNA extraction and real-time quantitative PCR (qPCR)
Total RNA was extracted using TRIzol reagent (Vazyme)
in accordance with the protocol and transcribed into
c¢DNA with a cDNA synthesis kit (Takara Bio). Real-time
RT-PCR was performed with StepOne Real-Time PCR
system (Applied Biosystems) and normalized to GAPDH
using the /A/\Ct method. The primers sequences are
listed in Additional file 1: Table S1.
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Chromatin immunoprecipitation assays

Chromatin  immunoprecipitation ~ (ChIP)  assays
(LOT:26156, Thermo) were conducted according to the
manufacturer’s instructions. Antibody against H3K9me3
was obtained from CST. ChIP-DNA was amplified by
qPCR using SYBR Green PCR Master Mix (Takara Bio).
Results were normalized to input DNA, and the primers
are listed in Additional file 1: Table S1.

Enzyme-linked immunosorbent assay (ELISA)

The supernatant from BMSCs in different groups was
collected and centrifuged at 2000 x g for 20 min. The
secretion level of GDNF and S100B was measured using
ELISA kits (Cloud-Clone Corp., USA) according to the
manufacturer’s instructions.

Protein preparation and western blot analysis

The total proteins and nuclear proteins were extracted
from the cells or tissue samples using a radioimmuno-
precipitation assay (RIPA) buffer supplemented with
phenylmethylsulfonyl fluoride (PMSEF). Protein concen-
tration was determined using bicinchoninic acid (BCA)
protein assay kit (Vazyme, China). The proteins were
then separated using SDS-PAGE and then electro-trans-
ferred to polyvinylidene difluoride (PVDF) membranes.
After soaking in 10% skimmed milk powder for 1 h, the
membranes were incubated overnight at 4 °C with spe-
cific antibodies: GFAP (ABclonal, Wuhan, China), GDNF
(Abcam, Cambridge, UK), S100B (Abcam, Cambridge,
UK), GAPDH (Antgene, Wuhan, China), H3K9mel
(A2358, ABclonal), H3K9me3 (A2360, ABclonal),
H3K27mel (A2361, ABclonal), H3K27me3 (A2363,
ABclonal), and H3 (A2348, ABclonal). Thereafter, the
membranes were incubated at room temperature with
HRP-labeled secondary antibodies for 1 h. The intensities
of the protein bands were determined using a chemilumi-
nescence (ECL) kit (Vazyme).

(See figure on next page.)

*P<0.05,**P<0.01

Fig. 1 The expression of characteristic glial cell proteins, cell migration, intracellular a-KG, and histone demethylation of BMSCs were increased

in homoglutamate microenvironment. Glutamate (2 mM) was incubated with BMSCs for 24 h. A and B Representative immunoblot bands

and histogram of relative expression for the GFAP (Control vs. Glu: 1 vs. 1.63+0.23, P<0.05), ST00B (Control vs. Glu: 1 vs. 1.3240.03, P<0.01),

and GDNF (Control vs. Glu:1 vs. 1.64 £0.22, P<0.05) proteins. GAPDH was used as a loading control. C and D Transwell migration experiment

of BMSCs and statistical analysis (Control vs. Glu: 140+ 20.3 vs. 256 £ 27.4, P<0.01). E The transcripts of Glud1 were determined by a reverse
transcription-polymerase chain reaction (RT-PCR) assay (Control vs. Glu: 1.0 £0.18 vs. 1.5+ 0.22, P<0.05). F-H The intracellular a-KG (Control vs.
Glu: 3.3440.18 nmol vs. 438 £0.37 nmol, P<0.01), succinate (Control vs. Glu: 24.7 £ 2.6 nmol vs. 18.7 =23 nmol, P<0.05), concentration and a-kg/
succinate ratio (Control vs. Glu: 0.13£0.01 vs. 0.24 £ 0.05, P<0.01) of BMSCs. I and J Representative immunoblot bands and histogram of relative
expression for the H3K9me3 (Control vs. Glu: 1 vs. 042 £0.09, P<0.01), H3K9me1 (Control vs. Glu: 1 vs. 1.904+0.37, P<0.05), H3K27me3 (Control vs.
Glu: 1vs.0.60+0.17, P<0.05), and H3K27me1 (Control vs. Glu: 1 vs. 1.7+ 0.14, P<0.01) proteins. H3 was used as a loading control. Glu: glutamate;
0-KG: alpha-ketoglutarate; Glud1: glutamate dehydrogenase 1. These results are representative of at least three times independent experiments.
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Immunofluorescence

For the myenteric plexus, fresh gastric tissues were placed
in pre-cooled phosphate-buffered saline (PBS) solution.
Thereafter, the mucosa and muscularis tissues were sepa-
rated and fixed in 4% paraformaldehyde for 10 min. The

paraffin-embedded gastric tissue sections were dewaxed
and hydrated and subjected to antigen retrieval. The tis-
sues were incubated with donkey serum containing 0.3%
Triton X-100 at 4 °C overnight for blocking of nonspecific
binding. Subsequently, the tissue sections were incubated
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overnight at 4 °C with the specific primary antibodies:
GFAP (ABclonal, Wuhan, China), HuC/D (Abcam, Cam-
bridge, UK), S100B (Abcam, Cambridge, UK), B-Tubulin
(ABclonal, Wuhan, China) H3K9mel (A2358, ABclonal),
H3K9me3 (A2360, ABclonal), H3K27mel (A2361,
ABclonal), and H3K27me3 (A2363, ABclonal). After
washing three times with PBS, the preparations were then
stained with the secondary antibody and incubated for 2 h
at room temperature. The cell nuclei were stained with
4/,6-diamidine-2'-phenylindole dihydrochloride (DAPI)
for 20 min. The specimens were observed using a confocal
laser scanning microscope (Olympus, Tokyo, Japan).

Statistical analysis

Statistical analysis was conducted using SPSS version
20.0 (IBM Corp.). Further, GraphPad prism software 7.0
(GraphPad Software, Inc.) and Image J software were used
to plot the graphs. All experimental data were presented
as the mean= SD. Unpaired Student’s t test was used for
comparison between two groups. One-way analysis of
variance (ANOVA) was used for comparisons between
multiple groups. A P value<0.05 was considered statisti-
cally significant.

Results

The expression of characteristic glial cell proteins, cell
migration, intracellular a-KG and histone demethylation
level of BMSCs were increased in the ENS-injured
high-glutamate microenvironment

In vivo, the glutamate levels of gastric tissue in ENS
injury groups (BAC model) showed an approximately
1.8-fold increase compared with the control groups
(P<0.01, Additional file 2: Fig. S1). Different concen-
trations of glutamate were incubated with BMSCs for
24 or 48 h to explore the effect of glutamate on the bio-
logical characteristics of BMSCs (Additional file 2: Fig.
S2A-D). The results showed that the protein expres-
sion of glial cell characteristic markers (GFAP/GDNEF/
S100B) was significantly upregulated in the glutamate-
exposed group (2 mM, 24 h) compared with controls
(Fig. 1A, B, P<0.05). In addition, the migration ability
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of BMSCs was significantly increased after glutamate
intervention (Fig. 1C, D, P<0.01). And the mesenchy-
mal genes (Snail and Twist) and cell migration-related
genes (CXCR4) of BMSCs were activated exposed to
glutamate (P<0.05, Additional file 2: Fig. S4). Besides,
the y-aminobutyric acid receptors (GABARA) of BMSCs
were activated exposed to glutamate (P<0.05, Additional
file 2: Fig. S3). However, there were no significant differ-
ences in cell proliferation ability between the control and
glutamate-exposed groups (Additional file 2: Fig. S2E,
E, P>0.05). These results showed that the expression of
characteristic glial cell proteins for BMSCs was signifi-
cantly upregulated in the ENS-injured high-glutamate
microenvironment.

Glutamate is a key substrate of the TCA cycle.
Therefore, the TCA energy metabolism of BMSCs in
the homoglutamate microenvironment was analyzed.
The results showed that intracellular a-KG content
and the ratio of a-KG/succinate of BMSCs were sig-
nificantly increased (P<0.01, Fig. 1F, H), and intracel-
lular succinate was decreased in glutamate-exposed
groups (P<0.05, Fig. 1G). Glutamate dehydrogenase
1 (Gludl) is key in glutamate metabolism and cata-
lyzes the oxidative deamination of glutamate to a-KG.
Besides, the mRNA expression of Gludl for BMSCs
was significantly upregulated in glutamate-exposed
groups (P<0.05, Fig. 1E). Histone demethylase relies
on o-KG as a co-substrate of demethylation. Thus,
we further analyzed the effect of the high-glutamate
microenvironment on the histone methylation level
of the BMSCs. The result indicated that there was
an increased expression in monomethylation and
decreased expression in trimethylation on H3K9 and
H3K27 (P<0.05, Fig. 11, J) in glutamate-exposed group.

The metabolism changes of BMSCs affect the expression

of characteristic glial cell proteins and histone
demethylation level

The BMSCs were incubated with DM-a-KG or DM-
succinate to further evaluate the role of the TCA

(See figure on next page.)

Fig. 2 o-KG increases the expression of characteristic glial cell proteins and demethylation of BMSCs; succinate inhibits the expression of

characteristic glial cell proteins and demethylation of BMSCs. DM-a-KG (4 mM) or DM-succinate (4 mM) were incubated with BMSCs for 24 h. A

and B Representative immunoblot bands and histogram of relative expression for the GFAP (Control:1, a-KG: 1.42 £0.09, Suc:0.68 £0.15), ST00B
(Control:1, 0-KG: 1.61 £0.13, Suc:0.34 £0.11), and GDNF (Control:1, a-KG: 1.31 £0.08, Suc:0.73 £ 0.12) proteins. GAPDH was used as a loading control.
C and D Representative immunoblot bands and histogram of relative expression for the H3K9me3(Control:1, a-KG: 0.1540.02, Suc:1.42+0.11),
H3K9me1(Control:1, a-KG: 1.36 £0.05, Suc:0.61 £ 0.05), H3K27me3 (Control:1, a-KG: 0.27 £ 0.06, Suc:1.3+0.13), and H3K27me1 (Control:1, a-KG:
1.45+0.23, Suc:0.63 +0.09) proteins. H3 was used as a loading control. E-H Representative immunofluorescence images for H3K9me3 (red),
H3K9me1 (red), H3K27me3 (green), and H3K27me1 (green) of BMSCs in each group, the nuclei were labeled with DAPI (blue). Con: control; a-KG:
alpha-ketoglutarate; Suc: succinate. These results are representative of at least three times independent experiments. *P < 0.05, **P < 0.01
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Fig. 3 Increased binding of H3K9me3 to the GFAP, S100B, and GDNF promoter in the hyperglutamate environment. Histone demethylase inhibitor
D-2HG downregulates the expression of characteristic glial cell proteins for BMSCs. A-C Association of H3K9me3 with GFAP, S100B, and GDNF was
assessed by chromatin immunoprecipitation (ChiP) assays. DNA was immunoprecipitated with the specific antibody H3K9me3. Bars represent

the relative levels of the PCR product of the GDNF (Control vs. Glu: 1£0.10 vs. 1.81£0.34, P<0.05), S100B (Control vs. Glu: 1 +0.05 vs. 1.62£0.27,
P<0.05) and GFAP (Control vs. Glu: 1£0.17 vs. 1.54 £0.21, P< 0.05) promoter region’s association with H3K9me3. Non-immunized serum (IgG)

was used as a control. Each gPCR assay was repeated two times. Values are the mean £ SD from three technical replicates. BMSCs were incubated
with D-2HG (2 mM) or Glu (2 mM) for 24 h. D and E Representative immunoblot bands and histogram of relative expression for the H3K9me3
(Control:1, Glu: 0.31+0.04, D-2HG: 1.62 +0.18, Glu+ D-2HG: 1.76 £0.18), H3K9me1 (Control:1, Glu: 1.71 £ 0.34, D-2HG: 0.56 +0.19, Glu + D-2HG:
0.2840.10), H3K27me3 (Control:1, Glu: 0.50+0.06, D-2HG: 1.67 £ 0.13, Glu+ D-2HG: 1.79£0.17), and H3K27me1 (Control:1, Glu: 1.95+0.19, D-2HG:
0.6640.09, Glu+ D-2HG: 0.56 £ 0.08) proteins. H3 was used as a loading control. F and G Representative immunoblot bands and histogram of
relative expression for the GFAP (Control:1, Glu: 1.39+0.11, D-2HG: 0.62 £ 0.05, Glu + D-2HG: 0.69 £ 0.08), S100B (Control:1, Glu:1.38 £0.19, D-2HG:
0.76 £0.11, Glu+ D-2HG: 0.66 - 0.12), and GDNF (Control:1, Glu: 149+ 0.23, D-2HG: 0.59 £ 0.05, Glu 4+ D-2HG: 0.50 £ 0.16) proteins. GAPDH was
used as a loading control. Glu: glutamate; D-2HG: D-2-hydroxyglutaric acid; ChIP: chromatin immunoprecipitation. These results are representative
of at least three times independent experiments. *P < 0.05, **P <0.01
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circulating energy metabolism in BMSCs during ENS
regeneration. The western blotting results showed
that the protein expression level of glial cells char-
acteristic markers (GFAP/S100B/GDNF) was sig-
nificantly unregulated in the o-KG-exposed group
(P<0.01) and downregulated in the succinate-exposed
group (P<0.05) when compared with the control
group (Fig. 2A, B). Moreover, a-KG intervention
increased the monomethylation and decreased the tri-
methylation on H3K9 (P<0.01) and H3K27 (P<0.05)
in BMSCs, which was reversed by the succinate
(H3K9: P<0.01; H3K27: P<0.05) (Fig. 2C, D). The
immunofluorescence assay showed similar results to
the western blot analysis (Fig. 2E-H). All these results
indicated that the change of TCA cycle energy metab-
olism (a-KG/succinate) can affect the expression of
characteristic glial cell protein and histone demethyla-
tion level of BMSCs.

H3K9me3 associates with the gene promoter regions

of GFAP, S100B, and GDNF. Histone demethylase inhibitor
D-2HG alters the protein expression of glial cell marker

for BMSCs

Association of H3K9me3 with GFAP, S100B, and
GDNF was assessed by chromatin immunoprecipita-
tion (ChIP) assays. ChIP assays showed that the asso-
ciation of these genes with H3K9me3 was significantly
enhanced upon addition of glutamate (Fig. 3A-C).
These data suggested that the glutamate metabolism
can regulate the binding of H3K9me3 with GFAP,
S100B, and GDNE. D-2-hydroxyglutarate (D-2HG),
a competitive inhibitor of a-KG, can be used as an
inhibitor of histone demethylation [26]. In this study,
BMSCs were treated with D-2HG to determine the
role of histone methylation in the protein expression
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of glial cell markers. The result showed that the treat-
ment of D-2HG significantly upregulated the protein
expressions in trimethylation and downregulate the
protein expressions in monomethylation on H3K9
and H3K27 (P<0.05, Fig. 3D, E). Moreover, the pro-
tein expressions of GFAP, S100B, and GDNF were
downregulated in D-2HG-exposed group (P<0.05,
Fig. 3F, G). Besides, the intracellular a-KG/succinate
of BMSCs following D-2HG treatment was measured.
The results showed that the intracellular a-KG content
and the ratio of a-KG/succinate of BMSCs were signif-
icantly increased upon addition of glutamate (P <0.05).
However, the addition of D-2HG reversed this change
(P<0.05, Additional file 2: Fig. S5). These results sug-
gest that the binding of H3K9me3 to the GFAP, S100B,
and GDNF promoter was significantly enhanced upon
addition of glutamate, and inhibition of histone dem-
ethylation in BMSCs can alter the expression of char-
acteristic glial cell protein.

Overexpression of glutamate dehydrogenase 1

(glud1) in BMSCs promotes histone demethylation

and upregulates the protein expression of the glial cell
markers

Glutamate dehydrogenase 1 (Gludl) is key in gluta-
mate metabolism and catalyzes the oxidative deami-
nation of glutamate to a-KG [27]. Therefore, BMSCs
(Glud1-KD) and BMSCs (Glud1-OE) were constructed
to determine the role of energy metabolism in BMSCs
during ENS regeneration (Additional file 2: Fig. S6A).
The protein expression of Gludl was downregulated
in BMSCs (Glud1-KD) (P<0.01, Additional file 2: Fig.
S6B) and upregulated (P<0.01, Additional file 2: Fig-
ure S6C) in BMSCs (Glud1-OE) when compared with
BMSCs (Glud1-NC). The intracellular a-KG, succinate

(See figure on next page.)

Fig.4 The expression of the characteristic glial cell proteins and histone demethylation was significantly increased in the BMSCs (OE-Glud1)

than the BMSCs (NC-Glud1). A-C The intracellular a-KG (NC: 3.4 0.9 nmol, NC+ Glu: 4.9 4 0.9 nmol, OF: 6.0+ 1.3 nmol, OF +Glu: 7.4 £ 1.2 nmol),
succinate (NC: 23.24+2.6 nmol, NC+Glu: 164 +2.2 nmol, OE: 16.6 £ 3.0 nmol, OE + Glu: 15.6 £ 3.0 nmol) concentration and a-kg/succinate ratio
(NC:0.15£0.05, NC+ Glu: 0.30 £0.06, OE: 0.37 +0.09, OE 4 Glu: 0.49+0.12) of BMSCs in different groups. D and E Representative immunoblot
bands and histogram of relative expression of for the GFAP (NC: 1, NC+ Glu: 1.40+£0.08, OF: 1.55+0.14, OE + Glu: 1.8940.09), ST00B (NC: 1,
NC+Glu: 208 +0.27, OE: 2.31 +0.27, OE +Glu: 3.67 £0.62), and GDNF (NC: 1, NC 4+ Glu: 1.6940.06, OE: 1.75+0.17, OE + Glu: 2.26 +0.16) in each
group. GAPDH was used as a loading control. F-G Representative immunoblot bands and histogram of relative expression of for the H3K9me3
(NC: 1,NC+Glu: 054 £0.13, OE: 0.57 £ 0.14, OE 4 Glu: 0.17 £ 0.07), H3K9me1 (NC: 1, NC+Glu: 2.10£0.14, OE: 1.73 £0.24, OE 4+ Glu: 2.73 +£0.38),
H3K27me3 (NC: 1, NC+Glu: 0.5540.09, OF: 0.48 +0.09, OE + Glu: 0.23 +0.07), and H3K27me1(NC: 1, NC+ Glu: 2.0940.33, OF: 2.24 £0.41, OE 4 Glu:
3.9340.54) in each group. H3 was used as a loading control. H-1The ELISA level of GDNF (NC: 270 438.98 pg/ml, NC+ Glu: 349 4 13.33 pg/m|,
OE: 363.68 £ 36.4 pg/ml, OE + Glu:448.91 + 13.54 pg/ml) and ST100B (NC: 41.05 £ 9.05 pg/ml, NC+ Glu: 83.34 £ 6.29 pg/ml, OE: 91.87 £4.47 pg/
ml, OE+Glu: 111.56£9.77 pg/ml) in the culture medium samples of BMSCs in different groups. J The transcripts of Glud1 (NC: 1£0.13, NC+Glu:
1.394+0.15,OE: 3.52+0.77, OE + Glu: 3.71 £ 0.48) were determined by a RT-PCR assay. Glu: glutamate; Glud1: glutamate dehydrogenase 1; OE:
overexpression; NC: negative control. These results are representative of at least three times independent experiments. *P < 0.05, **P<0.01, NS: no
significance
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concentration, and «-kg/succinate ratio of BMSCs in
different groups were measured. The result indicated
that the intracellular a-KG content and the ratio of
a-KG/succinate were significantly increased for OE-
Gludl BMSCs (P<0.01, Fig. 4A-C) and decreased
for KD-Glud1l BMSCs (P<0.01, Additional file 2: Fig.
S6D-F) compared with NC-Gludl BMSCs. Moreo-
ver, the expression of glial cell proteins and the his-
tone methylation level of BMSCs were evaluated.
The result showed that knockdown of Gludl down-
regulated the expression of glial cell proteins (GFAP,
P<0.01; S100B, P<0.01; GDNF, P<0.01, Additional
file 2: Fig. S6G, H). However, overexpression of Glud1
was shown to upregulate the expression of glial mark-
ers (P<0.05, Fig. 4D, E) by increasing monomethyla-
tion and decreasing trimethylation on H3K9 (P<0.05,
Fig. 4F, G) and H3K27 (P<0.05, Fig. 4F, G). Besides,
the ELISA results are consistent with the Western blot
results (Fig. 4H, I), indicated that BMSCs treated with
glutamate or overexpression of Gludlsecrete more
GDNF (P <0.05) and S100B (P<0.0001). And there was
no significant difference in the mRNA expression level
of Gludl between OE-Gludl BMSCs and OE-Gludl
BMSCs+ Glu groups (P>0.05, Fig. 4]). In addition,
the genes associated with glial (GFAP: P<0.05; GDNEF:
P <0.05; S100B: P<0.05), neurotrophic factor (BDNF:
P<0.05, Additional file 2: Fig. S7), and oxidative stress
(COX5a: P<0.05, SOD2: P<0.05, Additional file 2: Fig.
S8) were activated in glutamate-exposed groups and in
OE-Gludl BMSCs groups.

Overexpression of Glud1 in BMSCs can significantly
promote ENS regeneration in denervated mice

The ENS-denervation model (BAC model) was used
to determine whether the transplantation of OE-gludl
BMSCs could improve ENS regeneration. Results of the
immunofluorescence assay of the transverse gastric sec-
tions and the myenteric plexus showed that the glial cells
(GFAP/S100B, P<0.01, Fig. 5G, I) and neuronal cells
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(HuC/D/B-Tubulin, P<0.01, Fig. 5H, J) were significantly
decreased in the BAC group compared with the control.
Besides, regeneration of neurons and glial cells could be
detected in the BMSCs transplantation group (Figs. 5, 6).
In particular, there is a significantly increase in the num-
ber of regenerated neurons (HuC/D/p-Tubulin, P<0.05,
Fig. 5H, J) and glial cells (GFAP/S100B, P<0.05, Fig. 5G,
I) in the OE-gludl BMSCs transplantation group com-
pared with the NC-glud1 BMSCs transplantation group.
In addition, immunofluorescence assay of the gastric
myenteric plexus showed that the ENS network in the
BAC+BMSCs (OE-gludl) group arranged more regular
than the BAC+BMSCs (NC-gludl) group (Fig. 6A-F).
Protein expression of GFAP/S100B/B-Tubulin was signif-
icantly upregulated in the BMSCs (OE-glud1) transplan-
tation group than the BMSCs (NC-glud1) transplantation
group (P<0.05, Fig. 6G, H). Besides, BMSCs (OE-glud1)
can significantly promote the repair of the ENS damaged
microenvironment, including reducing the concentra-
tion of glutamate (P<0.05, Additional file 2: Fig. S1B) and
downregulating the levels of inflammatory factors (TNEF-
a: P<0.05, IL-6: P<0.0001, Additional file 2: Fig. SIC-E).
These results suggest that BMSCs overexpressing Glud1
had a strong promotion effect on ENS regeneration in
denervated mice.

BMSCs (OE-Glud1) can significantly promote ENS
regeneration by upregulating glial cell protein expression
and histone demethylation level

To further verify the mechanism that BMSCs promot-
ing ENS regeneration in the ENS-injured microenvi-
ronment, immunofluorescence assay of the transverse
gastric sections was performed to trace GFP-labeled
BMSCs (GFP-BMSCs) in the myenteric plexus. The
results of immunofluorescence double staining co-
localization showed that the expression of glial cell
characteristic markers (GFAP/S100B) for BMSCs (OE-
Glud1) was higher than BMSCs (NC-Gludl) (Fig. 7A-
D). In addition, immunostaining of GFP-BMSCs in

(See figure on next page.)

Fig. 5 Effect of OE-glud1 BMSCs on the ENS regeneration in the BAC mice. A Representative immunofluorescence images in transverse sections
of gastric tissue sections of GFAP (red) in each group. B Representative immunofluorescence images in transverse sections of gastric tissue
sections of HUC/D (green) in each group. C Representative immunofluorescence images of GFAP (red) and HuC/D (green) in each group, the
nuclei (blue). D Representative immunofluorescence images in transverse sections of gastric tissue sections of S100B (red) in each group. E

Representative immunofluorescence images in transverse sections of gastric tissue sections of B-Tubulin (green) in each group. F Representative
immunofluorescence images of ST00B (red) and 3-Tubulin (green) in each group, the nuclei (blue). G-J The statistics result of GFAP/HUC/D/S1008/
B-Tubulin positive staining ratio to entire gastric mucosa sections in each group. Control: the control C57 mice; BAC: benzalkonium chloride-treated
mice; BAC 4+ BMSCs (NC-Glud1): BAC mice transplanted with BMSCs-NC; BAC 4+ BMSCs (OE-Glud1): BAC mice transplanted with BMSCs-OE. Results
were expressed as mean =+ SD (n=5 per group). *P<0.05, **P<0.01
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combination with histone-methylated protein showed
increased expression of H3K9mel and H3K27mel and
decreased expression of H3K9me3 and H3K27me3 in
BMSCs (OE-Gludl) group compared with the BMSCs
(NC-Glud1l) group (Fig. 7E-L). These results indicated
that BMSCs overexpressing Glud1 had a strong promo-
tion effect on ENS regeneration in denervated mice by
increasing monomethylation and decreasing trimeth-
ylation on H3K9 and H3K27, and upregulating glial cell
protein expression.

Discussion
Previous studies showed that transplantation of BMSCs
was effective in the treatment of gastrointestinal motility
disorders [6, 7]. However, how cellular energy metabo-
lism regulates the fate of BMSCs in the ENS-injured
high-glutamate microenvironment is unclear. To the best
of our knowledge, this study was the first to demonstrate
that the glial cell characteristics protein of BMSCs were
significantly upregulated in high-glutamate microenvi-
ronment. And BMSCs overexpressing Gludl can effec-
tively promote the regeneration of enteric neurons and
the remodeling of ENS by increasing histone demethyla-
tion and upregulating the expression of glial cell protein.
This study showed significantly increased gluta-
mate concentration in the ENS injury microenviron-
ment, consistent with previous research [28]. Excessive
glutamate may lead to neuronal injuries and neu-
rodegeneration [29]. Researches have reported that
mesenchymal stem cells (MSCs) can mediate protec-
tion in neurons by regulating energy metabolism (high
glutamate) [30, 31]. However, only a few studies have
investigated the effects of glutamate on the biologi-
cal characteristics of the BMSCs. This study showed
that the expression of glial cell characteristic proteins
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(GFAP/GDNEF/S100B) in BMSCs was significantly
upregulated in homoglutamate microenvironment. It
is reported that gene activation and protein expres-
sion of GFAP play an important role in astroglia cell
repair following central nervous system dysfunction
and degeneration [32]. Glial cell-derived neurotrophic
factor (GDNF) and S100B are mainly secreted by glial
cells and are important for the survival, maintenance,
and regeneration of specific neuronal populations [33].
In this study, the increased expression of characteris-
tic glial cell proteins of BMSCs in the homoglutamate
microenvironment was shown to be the basis for pro-
moting ENS regeneration.

Glutamate has been shown to be converted to a-KG
in the TCA cycle. a-KG is a substrate of dioxygenases
that participates in cell methylation and various cell
activities [34]. For example, Kang et al. reported that
a-KG regulates the differentiation and function of
brown fat cells by regulating histone methylation [35].
Besides, Hwang et al. reported that a-KG maintains
the pluripotency and self-renewal ability of embry-
onic stem cells by regulating histone methylation lev-
els [36]. In the present study, increased a-KG levels in
the BMSCs were shown to reduce trimethylation of
H3K9 and H3K27. Histone methylation plays a regu-
latory role in animal development [37]. Studies have
shown that H3K9 and H3K27 histone methylation is
closely related to neurodevelopmental disorders [38].
Lin et al. reported that the histone H3 lysine 9 dem-
ethylase KDM3A facilitates accessibility of the Xeno-
pus Neurog2 chromatin during neuronal transcription
[16]. This study showed that inhibition of histone
demethylation in BMSCs could downregulate the pro-
tein expression of characteristic glial cell marker.

(See figure on next page.)

no significance

Fig. 6 Effect of OE-glud1 BMSCs on the ENS regeneration in the BAC mice. A Representative immunofluorescence images in gastric myenteric
plexus of GFAP (red) in each group. B Representative immunofluorescence images in gastric myenteric plexus of HuC/D (green) in each

group. C Representative immunofluorescence images of GFAP (red) and HuC/D (green) in each group, the nuclei (blue). D Representative
immunofluorescence images in gastric myenteric plexus of ST00B (red) in each group. E Representative immunofluorescence images in gastric
myenteric plexus of B-Tubulin (green) in each group. F Representative immunofluorescence images of S1008B (red) and 3-Tubulin (green) in each
group, the nuclei (blue). G The protein expression of GFAP (Con:1, BAC: 0.17 £0.08, BAC 4+ BMSCs-NC: 043 £ 0.10, BAC + BMSCs-OE: 0.88 £0.12)/
HuC/D (Con: 1, BAC: 0.20+£0.08, BAC + BMSCs-NC: 0.54 4 0.08, BAC + BMSCs-OE: 0.76 £ 0.10)/S1008B (Con: 1, BAC: 0.21 £0.12, BAC4 BMSCs-NC:
04140.10, BAC+ BMSCs-OE: 0.77 £ 0.10)/B3-Tubulin (Con: 1, BAC: 0.05 +0.02, BAC + BMSCs-NC: 0.37 0.09, BAC + BMSCs-OE: 0.7040.07) in the
gastric tissues was examined by immunoblotting. H The statistics results of GFAP/HuC/D/S100B/B-Tubulin protein expression in the gastric tissues.
Control: the control C57 mice; BAC: benzalkonium chloride-treated mice; BAC 4+ BMSCs (NC-Glud1): BAC mice transplanted with BMSCs-NC;
BAC 4 BMSCs (OE-Glud1): BAC mice transplanted with BMSCs-OE. Results were expressed as mean = SD (n =4 per group). *P<0.05, **P<0.01, NS:
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Glutamate dehydrogenase 1 (Gludl) is a key enzyme
in glutaminolysis that converts glutamate to a-KG. It is
reported that Glud1 degradation can decrease the activ-
ity of a-KG-dependent lysine demethylases (KDMs).
Reduced KDM activity further leads to increased his-
tone H3 lysine 9 and 27 methylation to support cell
survival [39]. According to this study, the overexpres-
sion of Gludl in BMSCs increased monomethylation
and decreased trimethylation on H3K9 and H3K27
to upregulate the expression of characteristic glial cell
proteins.

Glia cells constitute at least half of the mammalian
nervous system cells. They are crucial regulators of
the nervous system and control the development, plas-
ticity, and diseases of the nervous system. An impor-
tant role is to respond to nerve damage, a complex
change known as reactive gliosis. Another function is
to serve as stem cells, to promote nerve regeneration
in normal and disease [40]. Glial cells secrete vari-
ous neurotrophic factors, such as GDNF. Soret et al.
reported that GDNF induced enteric neurogenesis and
improved the structure and function of the colon in
Hirschsprung disease mouse models [41]. In addition,
previous studies have also shown that high-frequency
electroacupuncture at ST-36 acupoints promotes the
regeneration of enteric neurons in diabetic rats by
promoting secretion of GDNF [42]. In this study, over-
expression of Glud1 in BMSCs upregulated the expres-
sion of the glial cell markers (GFAP) and neurotrophic
factors (GDNF).

BMSCs show the ability for self-renewal and differ-
entiation into various cell types. In addition, BMSCs
secrete growth factors and anti-apoptotic factors,
which have the potential for tissue repair and regener-
ation [43]. For example, transplantation of BMSCs was
shown to promote remyelination and regeneration
of damaged central axons in hemisections and cross
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sections of spinal cord injury models [44]. Besides,
the brain-derived neurotrophic factor (BDNF) and
GDNF produced by the transplanted BMSCs could
synergistically promote peripheral nerve repair [45].
For gastrointestinal motility disorders, Mazzanti et al.
reported that the transplantation of BMSCs improved
the contractility of the LES sphincter, thus prevent-
ing gastro-esophageal reflux [46]. Further, previous
studies also demonstrated that the transplantation of
BMSCs promoted the regeneration of gastric nerves
in denervated mice and the ENS remodeling in dia-
betic mice [6, 7]. In this study, regenerated neurons
and glial cells can be detected in the BAC group after
transplantation of BMSCs, consistent with previous
studies. In addition, the ENS network was significantly
improved in the BMSCs (OE-gludl) transplantation
group compared with the BMSCs (NC-glud1). These
findings suggest that BMSCs (OE-gludl) promoted
the conversion of glutamate to a-KG in the ENS injury
microenvironment, upregulated histone demethyla-
tion, and the differentiation of BMSCs. Further, the
“Glial-like” BMSCs (OE-gludl) secreted more GDNF
and S100B to support neuronal growth and promote
ENS remodeling.

Conclusions

In conclusion, this study demonstrated that BMSCs
overexpressing Gludl significantly promote the ENS
regeneration by increasing histone demethylation on
H3K9 and H3K27 and upregulating the expression of
glial cell protein in ENS injury high-glutamate microen-
vironment. Genomic modification of BMSCs promotes
ENS remodeling and provides a basis for developing
highly effective therapies for managing gastrointestinal
neuropathy.

(See figure on next page.)

D-2-hydroxyglutarate

Fig. 7 BMSCs (OE-Glud1) expressing higher glial cell characteristics markers and histone demethylation level than BMSCs (NC-Glud1) to promote
ENS regeneration. A-D GFP-labeled BMSCs-NC/BMSCs-OE (green) and GFAP/S100B (red) were jointly immunostained in the transverse sections of
gastric, the nuclei were labeled with DAPI (blue). E-L GFP-labeled BMSCs-NC/BMSCs-OE (green) and H3K9me1/H3K9me3/H3K27me1/H3K27me3
(red) were jointly immunostained in the transverse sections of gastric, the nuclei were labeled with DAPI (blue). M The cartoon of the mechanism
that BMSCs promoting ENS regeneration. Glud1 hydrolysis metabolite glutamate affects a-KG, which further affects H3K9me3 and H3K27me3 levels
and the expression of GFAP, S100B, and GDNF, which alters the BMSCs' glial cell properties. These results are representative of at least three times
independent experiments. BAC + BMSCs (NC-Glud1): BAC mice transplanted with BMSCs-NC; BAC 4+ BMSCs (OE-Glud1): BAC mice transplanted
with BMSCs-OE. ENS: enteric nervous system; Glud1: glutamate dehydrogenase 1; TCA: tricarboxylic acid; a-KG: alpha-ketoglutarate, D-2HG:
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a-Ketoglutarate; Suc: Succinate; D-2HG: D-2-hydroxyglutarate; Glud1: Gluta-
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GDNF: Glial cell line-derived neurotrophic factor; GAPDH: Glyceraldehyde-
3-phosphate dehydrogenase; RT-PCR: Reverse transcription-polymerase chain
reaction; ChIP: Chromatin immunoprecipitation.
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Additional file 1: Table S1. Primers used for gRT-PCR and ChIP-gPCR.

Additional file 2: Fig. S1. The relative glutamate concentration, the
expression levels of inflammatory cytokines (IL-13/TNF-a/IL-6) and
anti-inflammatory cytokines (IL-13/IL-10/IL-4) of gastric tissue in different
groups of mice. A and B Mouse stomach tissue presents a high-glutamate
microenvironment after nerve injury, and BMSCs transplantation reduced
the glutamate concentration. C-H The transcripts of inflammatory and
anti-inflammatory cytokines were determined by RT-PCR assay. The inflam-
matory cytokines (TNF-a/IL-6) and anti-inflammatory (IL-13/IL.-10/IL-4) were
increased in ENS injury mice compared with control, and BMSCs transplan-
tation reduced the level of inflammatory cytokines (TNF-o/IL-6), increased
the level of anti-inflammatory (IL-13). BAC: benzalkonium chloride-treated
mice; BAC+ BMSCs (NC-Glud1): BAC mice transplanted with BMSCs-NGC;
BAC+ BMSCs (OE-Glud1): BAC mice transplanted with BMSCs-OFE; ENS:
enteric nervous system. Results were expressed as mean 4 SD. *P<0.05,
*P<0.01,***P<0.0001, NS: no significance. Fig. S2. Glutamate increases
the expression of glial cell characteristic protein for BMSCs. Different
concentrations of glutamate (0, 0.2 mM, 0.5 mM, T mM, 2 mM, 4 mM) were
incubated with BMSCs for 24 or 48 h. A-D Representative immunoblot
bands and histogram of relative expression for the GFAP and GDNF proteins.
GAPDH was used as a loading control. E and F Fluorescent label-CFSE
proliferation detection of BMSCs and statistical analysis. Glu: Glutamate; CFSE:
carboxyfluorescein diacetate succinimidyl ester. These results are representa-
tive of at least three times independent experiments. *P<0.05, **P<0.01, NS:
no significance. Fig. S3. The GABA receptors of BMSCs is activated under
glutamate intervention. A and B The transcripts of GABARA and GABARB
genes of BMSCs treated with glutamate were determined by a RT-PCR assay,
and the GABARA genes of BMSCs is activated with glutamate interven-

tion. **P<0.001, NS: no significance. Fig. S4. The mesenchymal genes of
BMSCs is activated under glutamate intervention. A and B The transcripts

of mesenchymal genes (Snail and Twist) in BMSCs treated with glutamate
were determined by a RT-PCR assay. C-E The transcripts of genes involved in
cell migration (MMP2, MMP9 and CXCR4) of BMSCs treated with glutamate
were determined by a RT-PCR assay, and CXCR 4 of BMSCs is activated under
glutamate intervention (P <0.05). *P<0.05, **P<0.01, ***P<0.0001, NS: no
significance. Fig. 5. The intracellular a-KG, succinate concentration and
a-kg/succinate ratio of BMSCs. BMSCs were incubated with D-2HG (2 mM) or
Glu 2 mM) for 24 h. The intracellular a-KG content and the ratio of a-KG/suc-
cinate of BMSCs were significantly increased under glutamate intervention,
and D-2HG reversed this change. Glu: Glutamate; D-2HG: D-2-hydroxyglutaric
acid. These results are representative of at least three times independent
experiments. *P<0.05, **P<0.01, ***P<0.001, NS: no significance. Fig. S6.
Knockdown of Glud1 derived from the BMSCs could resulted in decreased
expression of the characteristic glial cell proteins. A Transfection of recombi-
nant lentiviral vectors into BMSCs and resultant changes in Glud1 expression.
Fluorescence microscope patterns of BMSCs-NC, BMSCs-KD and BMSCs-OE.
B and C Representative immunoblot bands and histogram of relative expres-
sion Glud1 protein in BMSCs-NC, BMSCs-KD and BMSCs-OE. D-F The intracel-
lular a-KG, succinate concentration and a-kg/succinate ratio of BMSCs. The
intracellular a-KG content and the ratio of a-KG/succinate of BMSCs were
significantly increased under glutamate intervention, and knockdown of
Glud1 derived from the BMSCs reversed this change. G and H Representa-
tive immunoblot bands and histogram of relative expression of for the GFAP,
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S100B, and GDNF in each group. GAPDH was used as a loading control.

Glu: Glutamate; Glud1: Glutamate Dehydrogenase 1; OE: overexpression;

KD: knockdown; NC: negative control. These results are representative of at
least three times independent experiments. *P< 0.05, **P<0.01, ***P<0.001,
***¥%p<0,0001, NS: no significance. Fig. S7. The genes associated with glial
cell properties of BMSCs is activated under glutamate intervention and in
OE-Glud1 BMSCs. A and B The transcripts of neuronal genes (PGP9.5 and
B-tubulin) of BMSCs in different groups were determined by a RT-PCR assay.
C-EThe transcripts of glial related genes (GFAP, GDNF, S100B) of BMSCs in
different groups were determined by a RT-PCR assay. F and G The transcripts
of neurotrophic factor genes (BDNF, NGF) of BMSCs in different groups were
determined by a RT-PCR assay. H The transcripts of cell proliferation-related
genes (PCNA) of BMSCs in different groups were determined by a RT-PCR
assay. I The transcripts of cell apoptosis related genes (Caspase-1) of BMSCs in
different groups were determined by a RT-PCR assay. *P<0.05, **P<0.01, NS:
no significance. Fig. $8. The genes associated with oxidative stress of BMSCs
is activated under glutamate intervention and in OE-Glud1 BMSCs. A-CThe
transcripts of oxidative stress related genes (COX5a, SOD2, GPX4) in BMSCs
treated with glutamate were determined by a RT-PCR assay. COX5a/SOD2 of
BMSCs is activated under glutamate intervention and in OE-Glud1 BMSCs.
¥P<0.05,*P<0.01, NS: no significance.

Acknowledgements
The authors wish to thank all study participants, researchers, technicians, and
administrative staff who contributed to this study.

Author contributions

*FM, SH, and YH contributed equally to this work. F-MK, S-HY, and Y-HL
designed the project, analyzed and interpreted the data, drafted and edited
the manuscript. F-MK, S-HY, Y-HL, W-WJ, Z-YR, and J-C performed the experi-
ments, collected and analyzed the data. L-R contributed to project design,
supervision, and manuscript revision. All authors read and approved the final
manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(Nos. 81974068 and 81770539). The funders had no role in the design of the
study, data collection and analysis, interpretation of data, and in writing the
manuscript.

Availability of data and materials

The raw data generated and analyzed in the current study are not publicly
available but are available from the corresponding author on reasonable
request.

Declarations

Ethical approval and consent to participate
This study was approved by the Ethics Committee of Tongji Medical College,
Huazhong University of Science and Technology (IORG No: IORG0003571).

Consent for publication
All authors agree for publication.

Competing interests
No conflict of interests exists.

Received: 17 November 2021 Accepted: 19 May 2022
Published online: 17 June 2022

References

1. Keller J, Bassotti G, Clarke J, Dinning P, Fox M, Grover M, et al. Expert
consensus document: advances in the diagnosis and classification of
gastric and intestinal motility disorders. Nat Rev Gastroenterol Hepatol.
2018;15(5):291-308.

2. Grundy D, Schemann M. Enteric nervous system. Curr Opin Gastroenterol.
2005;21(2):176-82.


https://doi.org/10.1186/s13287-022-02936-7
https://doi.org/10.1186/s13287-022-02936-7

Fan et al. Stem Cell Research & Therapy (2022) 13:255

20.

21.

22.

23.

24.

25.

Obermayr F, Seitz G. Recent developments in cell-based ENS regenera-
tion: a short review. Innov Surg Sci. 2018;3(2):93-9.

Han JW, Choi D, Lee MY, Huh YH, Yoon YS. Bone marrow-derived mesen-
chymal stem cells improve diabetic neuropathy by direct modulation of
both angiogenesis and myelination in peripheral nerves. Cell Transplant.
2016;25(2):313-26.

Zhang LX, Yin YM, Zhang ZQ, Deng LX. Grafted bone marrow stromal
cells: a contributor to glial repair after spinal cord injury. Neuroscientist.
2015;21(3):277-89.

ShiH, Jiang C, Yao H, Zhang Y, Zhang Q, Hou X, et al. CD44 fucosylation
on bone marrow-derived mesenchymal stem cells enhances homing
and promotes enteric nervous system remodeling in diabetic mice. Cell
Biosci. 2021;11(1):118.

Lin R, Ding Z, Ma H, Shi H, Gao Y, Qian W, et al. In vitro conditioned bone
marrow-derived mesenchymal stem cells promote de novo functional
enteric nerve regeneration, but not through direct-transdifferentiation.
Stem Cells. 2015;33(12):3545-57.

Dai W, Jiang L. Dysregulated mitochondrial dynamics and metabolism in
obesity, diabetes, and cancer. Front Endocrinol (Lausanne). 2019;10:570.
Gibson GE, Starkov A, Blass JP, Ratan RR, Beal MF. Cause and consequence:
mitochondrial dysfunction initiates and propagates neuronal dysfunc-
tion, neuronal death and behavioral abnormalities in age-associated
neurodegenerative diseases. Biochim Biophys Acta. 2010;1802(1):122-34.
Curthoys NP, Watford M. Regulation of glutaminase activity and glu-
tamine metabolism. Annu Rev Nutr. 1995;15:133-59.

. Shaked |, Ben-Dror |, Vardimon L. Glutamine synthetase enhances the

clearance of extracellular glutamate by the neural retina. J Neurochem.
2002;83(3):574-80.

Nagao H, Nishizawa H, Bamba T, Nakayama Y, Isozumi N, Nagamori S,
et al. Increased dynamics of tricarboxylic acid cycle and glutamate syn-
thesis in obese adipose tissue: in vivo metabolic turnover analysis. J Biol
Chem. 2017;292(11):4469-83.

. Carey BW, Finley LW, Cross JR, Allis CD, Thompson CB. Intracellular

a-ketoglutarate maintains the pluripotency of embryonic stem cells.
Nature. 2015;518(7539):413-6.

Ren J,Huang D, Li R, Wang W, Zhou C. Control of mesenchymal stem cell
biology by histone modifications. Cell Biosci. 2020;10:11.

Das PP, Shao Z, Beyaz S, Apostolou E, Pinello L, De Los AA, et al. Distinct
and combinatorial functions of Jmjd2b/Kdm4b and Jmjd2c/Kdmé4c in
mouse embryonic stem cell identity. Mol Cell. 2014;53(1):32-48.

Lin H, Zhu X, Chen G, Song L, Gao L, Khand AA, et al. KDM3A-mediated
demethylation of histone H3 lysine 9 facilitates the chromatin binding of
Neurog2 during neurogenesis. Development. 2017;144(20):3674-85.
Haag D, Mack N, Benites Goncalves da Silva P, Statz B, Clark J, Tanabe

K, et al. H3.3-K27M drives neural stem cell-specific gliomagenesis in a
human iPSC-derived model. Cancer Cell. 2021;39(3):407-22.

Tsukada Y, Ishitani T, Nakayama KI. KDM7 is a dual demethylase for histone
H3 Lys 9 and Lys 27 and functions in brain development. Genes Dev.
2010;24(5):432-7.

Fiszbein A, Giono LE, Quaglino A, Berardino BG, Sigaut L, von Bilderling
C, et al. Alternative splicing of G9a regulates neuronal differentiation. Cell
Rep. 2016;14(12):2797-808.

Olabarria M, Goldman JE. Disorders of astrocytes: alexander disease as a
model. Annu Rev Pathol. 2017;12:131-52.

Hol EM, Pekny M. Glial fibrillary acidic protein (GFAP) and the astrocyte
intermediate filament system in diseases of the central nervous system.
Curr Opin Cell Biol. 2015;32:121-30.

Song MR, Ghosh A. FGF2-induced chromatin remodeling regulates CNTF-
mediated gene expression and astrocyte differentiation. Nat Neurosci.
2004;7(3):229-35.

Cascante A, Klum S, Biswas M, Antolin-Fontes B, Barnabé-Heider F,
Hermanson O. Gene-specific methylation control of H3K9 and H3K36 on
neurotrophic BDNF versus astroglial GFAP genes by KDM4A/C regulates
neural stem cell differentiation. J Mol Biol. 2014;426(20):3467-77.
Restrepo A, Smith CA, Agnihotri S, Shekarforoush M, Kongkham PN, Seol
HJ, et al. Epigenetic regulation of glial fibrillary acidic protein by DNA
methylation in human malignant gliomas. Neuro Oncol. 2011;13(1):42-50.
Chung C, Sweha SR, Pratt D, Tamrazi B, Panwalkar P, Banda A, et al. Inte-
grated metabolic and epigenomic reprograming by H3K27M mutations
in diffuse intrinsic pontine gliomas. Cancer Cell. 2020;38(3):334-49.e9.

Page 17 of 17

26. Chang S,Yim S, Park H. The cancer driver genes IDH1/2, JARID1C/KDMS5C,
and UTX/KDMG6A: crosstalk between histone demethylation and hypoxic
reprogramming in cancer metabolism. Exp Mol Med. 2019;51(6):1-17.

27. Plaitakis A, Zaganas |, Spanaki C. Deregulation of glutamate dehydroge-
nase in human neurologic disorders. J Neurosci Res. 2013;91(8):1007-17.

28. Huo TG, LiWK, Zhang YH, Yuan J, Gao LY, Yuan Y, et al. Excitotoxicity
induced by realgar in the rat hippocampus: the involvement of learning
memory injury, dysfunction of glutamate metabolism and NMDA recep-
tors. Mol Neurobiol. 2015;51(3):980-94.

29. Mattson MP. Glutamate and neurotrophic factors in neuronal plasticity
and disease. Ann N'Y Acad Sci. 2008;1144:97-112.

30. Hao P, Liang Z, Piao H, Ji X, Wang Y, Liu Y, et al. Conditioned medium of
human adipose-derived mesenchymal stem cells mediates protection
in neurons following glutamate excitotoxicity by regulating energy
metabolism and GAP-43 expression. Metab Brain Dis. 2014;29(1):193-205.

31. Voulgari-Kokota A, Fairless R, Karamita M, Kyrargyri V, Tseveleki V, Evan-
gelidou M, et al. Mesenchymal stem cells protect CNS neurons against
glutamate excitotoxicity by inhibiting glutamate receptor expression and
function. Exp Neurol. 2012;236(1):161-70.

32. Yang Z, Wang KK. Glial fibrillary acidic protein: from intermediate filament
assembly and gliosis to neurobiomarker. Trends Neurosci. 2015;38(6):364-74.

33. Allen SJ, Watson JJ, Shoemark DK, Barua NU, Patel NK. GDNF, NGF and
BDNF as therapeutic options for neurodegeneration. Pharmacol Ther.
2013;138(2):155-75.

34. Loenarz C, Schofield CJ. Expanding chemical biology of 2-oxoglutarate
oxygenases. Nat Chem Biol. 2008;4(3):152-6.

35. Kang HS, Lee JH, Oh KJ, Lee EW, Han BS, Park KY, et al. IDH1-dependent
a-KG regulates brown fat differentiation and function by modulating
histone methylation. Metabolism. 2020;105:154173.

36. Hwang IY, Kwak S, Lee S, Kim H, Lee SE, Kim JH, et al. Psat1-dependent
fluctuations in a-ketoglutarate affect the timing of ESC differentiation.
Cell Metab. 2016,24(3):494-501.

37. Jambhekar A, Dhall A, ShiY. Roles and regulation of histone methylation
in animal development. Nat Rev Mol Cell Biol. 2019;20(10):625-41.

38. Kim JH, Lee JH, Lee IS, Lee SB, Cho KS. Histone lysine methylation and
neurodevelopmental disorders. Int J Mol Sci. 2017;18(7):1404.

39. Shao J, ShiT,Yu H, Ding Y, Li L, Wang X, et al. Cytosolic GDH1 degradation
restricts protein synthesis to sustain tumor cell survival following amino
acid deprivation. Embo j. 2021;40(20):e107480.

40. Zuchero JB, Barres BA. Glia in mammalian development and disease.
Development. 2015;142(22):3805-9.

41. Soret R, Schneider S, Bernas G, Christophers B, Souchkova O, Charrier B,
et al. Glial cell-derived neurotrophic factor induces enteric neurogen-
esis and improves colon structure and function in mouse models of
hirschsprung disease. Gastroenterology. 2020;159(5):1824-38.e17.

42. DuF, Liu S. Electroacupuncture with high frequency at acupoint ST-36
induces regeneration of lost enteric neurons in diabetic rats via GDNF
and PI3K/AKT signal pathway. Am J Physiol Regul Integr Comp Physiol.
2015;309(2):R109-18.

43. Mezey E.The therapeutic potential of bone marrow-derived stromal cells.
J Cell Biochem. 2011;112(10):2683-7.

44. Buzoianu-Anguiano V, Orozco-Suérez S, Garcia-Vences E, Caballero-
Chacoén S, Guizar-Sahagun G, Chavez-Sanchez L, et al. The morphofunc-
tional effect of the transplantation of bone marrow stromal cells and
predegenerated peripheral nerve in chronic paraplegic rat model via
spinal cord transection. Neural Plast. 2015;2015:389520.

45. Zhang Q,Wu P, Chen F, ZhaoY, Li Y, He X, et al. Brain derived neurotrophic
factor and glial cell line-derived neurotrophic factor-transfected bone
mesenchymal stem cells for the repair of periphery nerve injury. Front
Bioeng Biotechnol. 2020;8:874.

46. Mazzanti B, Lorenzi B, Lorenzoni P, Borghini A, Boieri M, Lorenzi M, et al.
Treatment of experimental esophagogastric myotomy with bone mar-
row mesenchymal stem cells in a rat model. Neurogastroenterol Motil.
2013;25(10):2669-79.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Glutamate regulates gliosis of BMSCs to promote ENS regeneration through α-KG and H3K9H3K27 demethylation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	BMSCs  culture and treatment
	Lentivirus transfection
	Grouping and BMSCs transplantation
	Cell proliferation and migration
	Detection of the metabolites
	RNA extraction and real-time quantitative PCR (qPCR)
	Chromatin immunoprecipitation assays
	Enzyme-linked immunosorbent assay (ELISA)
	Protein preparation and western blot analysis
	Immunofluorescence
	Statistical analysis

	Results
	The expression of characteristic glial cell proteins, cell migration, intracellular α-KG and histone demethylation level of BMSCs were increased in the ENS-injured high-glutamate microenvironment
	The metabolism changes of BMSCs affect the expression of characteristic glial cell proteins and histone demethylation level
	H3K9me3 associates with the gene promoter regions of GFAP, S100B, and GDNF. Histone demethylase inhibitor D-2HG alters the protein expression of glial cell marker for BMSCs
	Overexpression of glutamate dehydrogenase 1 (glud1) in BMSCs promotes histone demethylation and upregulates the protein expression of the glial cell markers
	Overexpression of Glud1 in BMSCs can significantly promote ENS regeneration in denervated mice
	BMSCs (OE-Glud1) can significantly promote ENS regeneration by upregulating glial cell protein expression and histone demethylation level

	Discussion
	Conclusions
	Acknowledgements
	References


