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Abstract

Background: Accumulating evidence suggests that disease-associated microglia (DAM), a recently discovered
subset of microglia, plays a protective role in neurological diseases. Targeting DAM phenotypic transformation may
provide new therapeutic options. However, the relationship between DAM and epilepsy remains unknown.

Methods: Analysis of public RNA-sequencing data revealed predisposing factors (such as dipeptidyl
peptidase IV; DPP4) for epilepsy related to DAM conversion. Anti-epileptic effect was assessed by
electroencephalogram recordings and immunohistochemistry in a kainic acid (KA)-induced mouse model of
epilepsy. The phenotype, morphology and function of microglia were assessed by qPCR, western blotting
and microscopic imaging.

Results: Our results demonstrated that DPP4 participated in DAM conversion and epilepsy. The treatment
of sitagliptin (a DPP4 inhibitor) attenuated KA-induced epilepsy and promoted the expression of DAM
markers (Itgax and Axl) in both mouse epilepsy model in vivo and microglial inflammatory model in vitro.
With sitagliptin treatment, microglial cells did not display an inflammatory activation state (enlarged cell
bodies). Furthermore, these microglia exhibited complicated intersections, longer processes and wider
coverage of parenchyma. In addition, sitagliptin reduced the activation of NF-κB signaling pathway and
inhibited the expression of iNOS, IL-1β, IL-6 and the proinflammatory DAM subset gene CD44.

Conclusion: The present results highlight that the DPP4 inhibitor sitagliptin can attenuate epilepsy and
promote DAM phenotypic transformation. These DAM exhibit unique morphological features, greater
migration ability and better surveillance capability. The possible underlying mechanism is that sitagliptin can
reduce the activation of NF-κB signaling pathway and suppress the inflammatory response mediated by
microglia. Thus, we propose DPP4 may act as an attractive direction for DAM research and a potential
therapeutic target for epilepsy.
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Background
Microglia are resident myeloid cells of the central ner-
vous system (CNS) that have different developmental or-
igins, morphological features and functions from
peripheral macrophages [1–3]. Microglial phenotypic
change plays a critical role in the pathogenesis of CNS
diseases [4]. Microglia are traditionally classified into the
classical activation phenotype (M1) and alternative acti-
vation phenotype (M2), and this process of phenotypic
transformation is called polarization [5, 6]. However, re-
cent studies have suggested that the polarization hypoth-
esis is likely overly simplistic [7, 8]. Moreover, recent
evidence shows that M1 and M2 phenotypes have not
been found in vivo [9]. Technological progress in single-
cell sequencing and imaging systems is leading us into a
new era regarding our understanding of microglia. Using
single-cell RNA-sequencing (scRNA-seq) technology,
Keren-Shaul et al. identified a special microglial pheno-
type called disease-associated microglia (DAM) in neu-
rodegenerative diseases [10–12]. Furthermore, DAM
phenotype was detected in other diseases such as lyso-
somal storage disease [13], PM2.5-related disease [14]
and HIV infection [15]. Accumulating evidence suggests
that DAM may act as a beneficial microglial phenotype
in many CNS diseases [4]. The primary purpose of re-
cent studies in the field of DAM research was to answer
two major questions [4]: (1) Is DAM a widespread
phenomenon in neurological diseases? (2) What is the
underlying molecular mechanism?
Abnormal discharges from neurons may activate

microglia [16] and initiate the conversion of DAM [4].
However, transcriptomics analysis of DAM in epilepsy
has not been reported. Microglia in lipopolysaccharide
(LPS)-induced inflammatory mice show similarity to
DAM, but not identical [17, 18]. Recurrent abnormal
discharges from neurons can induce inflammation [19,
20], which suggests that some factors prevent DAM
phenotypic transformation in epilepsy or inflammation.
Here we made a comprehensive analysis of the Gene Ex-
pression Omnibus (GEO) database and found that
dipeptidyl peptidase IV (DPP4) was associated with
DAM phenotypic transformation in epilepsy. Further-
more, our previous research has demonstrated a positive
relationship between DPP4 and epileptic seizures [21,
22]. DPP4 is a cell surface glycoprotein widely expressed
in microglia, neurons and astrocytes [23]. DPP4 in
microglia is strongly influenced by the surrounding
microenvironment, which indicates that microglial DPP4
plays a role in the early stages of disease [24].
Furthermore, Rangaraju et al. proposed the concept of

DAM subset and reported potential regulatory pathways
in subset distribution such as NF-κB and RelA [9]. Con-
sistent with the connectivity map analysis [9], some evi-
dence suggests that inhibition of NF-κB signaling

pathway may promote DAM transformation [12, 25].
The DPP4 inhibitors have shown the effect of anti-
inflammation [26], further suggesting DPP4 as a regula-
tor of DAM. Thus, this study aims to determine whether
DPP4 influence DAM phenotypic transformation in epi-
lepsy and try to explore the potential underlying
mechanisms.

Methods and materials
Mice
C57BL/6J male mice aged 7 weeks (22 ± 1 g body
weight) were obtained from Wuhan University Center
for Animal Experiment/ABSL-3 Laboratory. The animals
were housed at 20 ± 2 °C with 60 ± 5% humidity and a
12-h dark/light cycle. All mice had ad libitum access to
standard mouse chow and water for the duration of the
experiment.

Mouse model and drug administration
Mice were randomly grouped (each group contained at
least 6 mice) and were treated as follows: mice in kainic
acid + sitagliptin (KA + Sita) group received sitagliptin
(30 mg/kg/d i.p., Sigma, USA) for 7 days before KA in-
jection and mice in control (Ctrl) group and kainic acid
(KA) group received an equal volume of saline for 7
days.
The animal model of epilepsy was established accord-

ing to a previous method [27–29]. On the last day of the
sitagliptin or saline treatment, a lateral ventricle injec-
tion operation was performed. All mice were anaesthe-
tized under 2–3% isoflurane. The right lateral brain
ventricle (AP = – 0.20 mm, ML = 1.00 mm, DV = –
2.40 mm, the anterior fontanelle as the origin) was local-
ized with a stereotactic instrument. The mice were
treated as follows: Ctrl group received saline (5 μl) and
KA and KA + Sita groups received kainic acid (10 μg in
5 μl i.c.v., MCE, USA). After the operation, skin was su-
tured, and the mice were kept under a warming place
until they woke up.

Tissue collection and sectioning
Forty-eight hours after lateral ventricle injection, the
mice were anaesthetized using isoflurane and then se-
quentially intracardially perfused with saline and para-
formaldehyde (4%, 30 ml). The mouse brain was rapidly
removed and processed for paraffin embedding or frozen
sections. For frozen sections, brains were post-fixed in
4% paraformaldehyde overnight and were cryoprotected
using 30% sucrose at 4 °C for 48 h. After freezing in dry
ice-chilled isopentane and embedding in optimal cutting
temperature compound, brains were sectioned into 20-
μm coronal slices using a cryostat. Sections were stored
at – 80 °C before immunofluorescence staining. For par-
affin sections, fixed brains were dehydrated, embedded
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in paraffin and were sectioned at 4-μm thickness. Sec-
tions were stored at room temperature before Nissl and
haematoxylin–eosin (HE) staining.

Microglia culture and drug administration
Primary microglia were separated from primary mixed
glial cultures prepared from newborn C57BL/6J mice as
previously described [30]. The BV2 microglial cell line
was purchased from Shanghai Cell Research Center
(Shanghai, China). Both BV2 cells and primary microglia
were cultured in a humidified 5% CO2 incubator at 37
°C. Cells were cultured in DMEM-F12 media (Gibco,
USA) supplemented with 10% fetal bovine serum (Gibco,
USA) and a penicillin-streptomycin solution (Biosharp,
China). The BV2 cells were passaged according to stand-
ard procedures.
The cells were plated at the proper density in plates or

confocal dishes with serum-free culture medium before
the experiment. Unless otherwise mentioned, experi-
ments were performed as follows: lipopolysaccharide
(LPS) group was stimulated with 100 ng/ml LPS for 24
h, and lipopolysaccharide + sitagliptin (LPS + Sita) group
was pre-treated with 6 mg/ml sitagliptin for 2 h and
then treated with 100 ng/ml LPS (still with 6 mg/ml sita-
gliptin) for 24 h. To observe p65 nuclear translocation
after LPS stimulation, cells were fixed with 4% parafor-
maldehyde 45 min after the expose to LPS.

Wound healing assays
Cell migration was assessed using scratch/wound healing
assays. Two hours after sitagliptin treatment, straight
scratches of consistent width were made in the cell
monolayer using a 200-μl pipette tip, and the mono-
layers were washed twice with phosphate buffer saline
(PBS) to remove debris. Images were captured immedi-
ately after wound generation using an inverted phase
contrast microscope. Twenty-four hours later, the same
demarcated area was imaged, and the wound area was
calculated with ImageJ software.

Electroencephalogram (EEG) recordings
C57BL/6J mice in the three groups were treated as de-
scribed above (each group contained at least 6 mice).
After the mouse was anaesthetized by isoflurane, the
head was secured using stereotaxic instruments with a
mouse adapter. Then, electrodes were implanted in the
bilateral hippocampus (AP = – 2.30 mm, ML = ± 2.1
mm, DV = – 2.0 mm, with the anterior fontanelle as the
origin). Finally, the mice were placed under a warming
place until they woke up. After the same recovery
period, LabChart 8 software (AD Instruments, UK) was
used to collect EEG recordings for each mouse (at least
30 min per mouse) and analyze the EEG data. All EEG

recordings were sampled at 10 kHz with a high-pass fil-
ter at 1.0 Hz and a low-pass filter at 1 kHz.

Nissl and HE staining
Paraffin sections were dewaxed with xylene and rehy-
drated in an ethanol gradient. For Nissl staining, sections
were stained with a 1% toluidine blue solution (Boster
Biotech, China) and rinsed with double-distilled water.
For HE staining, sections were immersed in haematoxy-
lin solution for 3 min, rinsed three times with water,
soaked in a hydrochloric acid alcohol solution for 5 s,
and soaked in eosin solution for 2 min. Finally, all sec-
tions were dehydrated through a graded ethanol series
to xylene and then cover-slipped with Permount.

Reverse transcriptase quantitative PCR (RT-qPCR)
TRIzol reagent (Invitrogen, USA) was used to extract
total RNA from the mouse hippocampus or microglia.
Then, reverse transcription was performed using the Re-
vert Aid First Strand cDNA Synthesis Kit (Thermo Sci-
entific, USA) according to the manufacturer’s protocol.
RT-qPCR and data analysis were performed with a Bio-
Rad CFX96 Real-time PCR system (Bio-Rad Laborator-
ies, Hercules, CA, USA). Each 20 μl reaction contained
10 μl SYBR Green (Aidlab Biotech, China), 0.8 μl of each
primer, 2 μl cDNA and double-distilled water. A
complete list of primer sequences is provided in supple-
mentary Table 1. The cycling conditions were 95 °C for
30 s, followed by 40 cycles of 95 °C for 10 s, 55 °C for 15
s and 72 °C for 20 s. The 2–ΔΔct method was used to cal-
culate mRNA expression relative to GAPDH.

Western blotting
Tissues and cells were lysed on ice using radioimmuno-
precipitation assay (RIPA; Biosharp, China) buffer sup-
plemented with phenylmethanesulfonyl fluoride (PMSF;
Biosharp, China), protease inhibitors (TargetMol, USA)
and phosphatase inhibitors (TargetMol, USA). The total
protein concentration in the supernatant of each sample
was quantified using a BCA protein assay according to
the manufacturer’s protocol (BCA Protein Quantifica-
tion Kit, Thermo Scientific, USA). The detailed western
blotting procedure was previously described [21]. Pri-
mary antibodies against the following proteins were used
in the experiments: DPP4 (1:1000, Abcam), CD68 (1:
1000, Abcam), ITGAX (1:1000, Proteintech), NF-κB p65
(1:1000, Cell Signaling Technology, USA), MyD88 (1:
1000, Proteintech), TRAF6 (1:3000, Proteintech) and
NF-κB phosphorylated p65 (p-p65; 1:1000, Cell Signaling
Technology, USA). Protein expression is presented rela-
tive to the levels of β-actin (1:10000, Abcam).
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Immunofluorescence staining
Frozen sections were warmed from – 80 to – 20 °C.
Then, the sections were equilibrated to room
temperature and fixed with methanol. After treated with
0.5% Triton X-100 in PBS for 20 min, the samples were
blocked with 10% goat serum in PBS for 1 h. Then, the
samples were incubated at 4 °C overnight with primary
antibodies against the following proteins: ITGAX (1:50,
Abcam), IBA1 (1:200, Abcam), CD68 (1:100, Abcam)
and NF-κB p65 (1:400, Cell Signaling Technology, USA).
After three washes with PBS, the samples were incu-
bated with the appropriate fluorescein-labelled second-
ary antibody (goat anti-mouse DyLight 488, goat anti-
rabbit DyLight 594, goat anti-rat DyLight 488, Abbkine,
USA) for 1 h at room temperature. Then, nuclei were
stained with 4′,6-diamidino-2-phenylindole (DAPI; 1:
100,000, Sigma). The TrueVIEW Autofluorescence
Quenching Kit (Vector Laboratories) was used to
quench autofluorescence. Finally, the anti-fluorescence
quencher was used to seal all sections. The sections were
observed with a Leica-LCS-SP8-STED confocal laser-
scanning microscope (Leica Microsystems, Wetzlar,
Germany) using appropriate laser beams and filters.

Confocal imaging and analyzes
Confocal microscopy images were obtained using a con-
focal microscope. The confocal settings, including the
laser power, detector gain, amplifier offset, amplifier gain
and pinhole size, were unchanged during scanning. For
tissue immunofluorescence, at least three images were
taken per hippocampal region using a × 63 oil differen-
tial interference contrast objective at 1024 × 1024 pixel
resolution, with a z-step size of 0.5 μm at 10 μm thick-
ness. After confocal z-stack images were acquired, the
mean fluorescence intensity was evaluated using LAS X
software. Then, Sholl analysis was performed with Ima-
geJ software using the plugin “Sholl analysis” (http://
imagej.net/Sholl_Analysis). For cellular immunofluores-
cence, at least five randomly selected fields were ana-
lyzed in each sample, and the colocalization coefficients
were calculated using the colocalization tool for the
Leica-LCS-SP8-STED.

Statistical analysis
For in vivo experiments, the n values refer to the num-
ber of individual animals in each group. For in vitro
studies, the n values indicate the number of times the
experiment was independently replicated. The data are
presented as the mean ± standard error of the mean
(SEM). Normality was tested using the Shapiro–Wilk
test. Unless specifically mentioned, the statistical signifi-
cance of differences between test groups was evaluated
using one-way analysis of variance (ANOVA) and
Tukey’s multiple comparison test, while the Mann–

Whitney test was used for datasets that did not pass nor-
mality test. P < 0.05 was considered to indicate statistical
significance.

Results
Inhibition of DPP4 attenuates KA-induced epilepsy
To search for potential targets involved in DAM conver-
sion, we collected both up- and downregulated gene
profiles of epileptic hippocampus and gene-edited
microglia from four independent GEO datasets (Supple-
mentary Figure 1A; Supplementary Table 2). Intersection
analysis identified three genes with consistent patterns
of change: Dpp4, ceruloplasmin (Cp) and periostin
(Postn; Supplementary Figure 1B). Dpp4 and Cp are up-
regulated among four groups (Supplementary Figure
1C). To observe the changes in epilepsy treated with
DPP4 inhibitor sitagliptin, we evaluated epileptic sei-
zures by EEG recordings (Fig. 1a). The EEG traces
showed that sitagliptin attenuated KA-induced epileptic
seizures, and the trace in KA + Sita group had a lower
local maximal amplitude and reduced spike frequency
(Fig. 1b–d). Next, we investigated neuronal loss in the
hippocampus, which is the KA susceptible area [31]. Tri-
angulated pyknotic nuclei and cytoplasmic shrinkage
(Fig. 1e, g) were found in the hippocampal neuron in
KA groups, whereas KA-induced neuronal loss was re-
lieved by sitagliptin treatment (Fig. 1f, h). Taken to-
gether, sitagliptin ameliorated KA-induced neurological
damage and attenuated KA-induced epileptic seizures.

Inhibition of DPP4 alters the activation state of microglia
in epileptic mice
Previous research revealed some DAM markers [4, 10],
and here we found that sitagliptin promoted the expres-
sion of DAM genes (Itgax and Axl) in mice from the KA
group (Fig. 2a, b). Besides the gene marker, we found
that the microglial homeostatic gene Cx3cr1 was signifi-
cantly decreased in the KA + Sita group compared to
the Ctrl group (Fig. 2c). Western blotting showed that
sitagliptin attenuated KA-induced upregulation of DPP4
and promoted ITGAX expression (Fig. 2d–f). These data
indicated that microglia might convert into DAM when
DPP4 was inhibited. Notably, there was an increasing
tendency of ITGAX in the KA group compared to the
Ctrl group. There was no significant difference observed
between the Ctrl group and the KA group using
ANOVA and Tukey’s multiple comparison test (Fig. 2f).
To further investigate the changes of microglia,

merged high-resolution confocal images were ana-
lyzed. Colocalization analysis showed that ITGAX ex-
pression was increased in hippocampal IBA1+

microglia with the sitagliptin treatment (Fig. 2g, h).
CD68, the microglial inflammation marker, was up-
regulated in the KA group, but was significantly
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downregulated in the KA + Sita group (Fig. 3a, b).
Western blotting also revealed that the expression of
CD68 was increased in epileptic mice, while this in-
crease was inhibited by sitagliptin treatment (Fig. 3c,
d). Hippocampal IBA1+ microglia with sitagliptin
treatment did not exhibited the inflammatory activa-
tion state (enlarged cell bodies [32]; Fig. 3a, e). Inter-
estingly, according to the Sholl analysis, microglia in
the KA + Sita group had the most complicated

intersections (Fig. 3f–h) and the longest cell processes
(Fig. 3i) among the three groups. Brain parenchymal
area covered by single microglia suggests surveillance
capability of microglia. The area in the KA + Sita
group was significantly larger than the other two
groups (Fig. 3j). Altogether, microglia in epileptic
mice treated with sitagliptin exhibited another acti-
vated state that differs from KA-stimulated microglia,
and these microglia might represent DAM.

Fig. 1 Inhibition of DPP4 attenuates KA-induced epilepsy. a Flowchart of the experiment in vivo. b Representative EEG traces of electrographic
activity in control (n = 6), kainic acid (n = 9), and kainic acid + sitagliptin (n = 10) groups. c The local maximum amplitude and d spike frequency
in EEG data were calculated by LabChart 8 software. e, g Representative HE and Nissl staining of the hippocampal region. Black arrows indicate
damaged neurons. Scale bar = 40 μm. f, h The number of damaged neurons for each group was counted at high magnification (n = 5–6 per
group). Data are presented as the mean ± SEM. **P < 0.01, ***P < 0.001
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Fig. 2 DPP4 participates in DAM phenotypic transformation in epileptic mice. a–c Gene expression in hippocampus from mice treated with
kainic acid or kainic acid + sitagliptin (n = 6–7 per group). Selected markers: DAM: Itgax and Axl; homeostatic: Cx3cr1. d–f Representative western
blotting images and statistical analysis of DPP4 and ITGAX in the hippocampus (n = 4). β-Actin was used as a loading control. g Representative
overlay images of IBA1/ITGAX/DAPI staining in the hippocampus (IBA1, red; ITGAX, green; DAPI, blue). Scale bar = 25 μm. h The statistical analysis
of ITGAX in IBA1+ microglia is shown on the left side. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 3 (See legend on next page.)
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Inhibition of DPP4 alters the activation state of microglia
in vitro
LPS stimulation leads to inflammatory responses of mac-
rophages and microglia, resulting in overexpression of
DPP4 [33, 34]. To further explore the effect of DPP4 on
DAM phenotypic transformation under inflammation,
we cultured primary microglia and BV2 microglia cell
line (Fig. 4a). Consistent with the in vivo results, the
mRNA expression of Itgax and Axl were increased in
the LPS + Sita group, while Cx3cr1 gene expression was
still lower in the LPS and LPS + Sita groups compared
to the Ctrl group (Supplementary Figure 2A–C). BV2
cells exhibited the same gene expression changes (Sup-
plementary Figure 2D–F). Western blotting demon-
strated that sitagliptin inhibited the LPS-induced
upregulation of DPP4 and increased ITGAX expression
in BV2 cells (Fig. 4b–d). The ITGAX expression was
higher in the LPS group compared with the Ctrl group
(Fig. 4d). Furthermore, sitagliptin treatment decreased
the LPS-induced upregulation of CD68 (Supplementary
Figure 2G, H).
Next, we examined the morphology and function of

BV2 cells when DPP4 were inhibited. Sitagliptin de-
creased the processes number and cell body size of BV2
cells treated with LPS (Fig. 4e–g). In the LPS + Sita
group, besides the processes number being decreased,
the maximum length of the processes was increased
(Fig. 4e, h). Wound healing assays revealed that migra-
tion ability of microglia was increased when treated with
LPS, and this migration ability was further enhanced by
sitagliptin treatment (Fig. 4i, j). Altogether, sitagliptin-
induced DAM exhibited unique morphological charac-
teristic and function that differ from the untreated or
the LPS-treated microglia.

The NF-κB pathway is downregulated after DPP4
inhibition
To explore potential molecular mechanisms underlying
the transformation, we detected DAM subset genes. We
found that the proinflammatory gene CD44 was upregu-
lated when the cells were treated with LPS, and this gene
was downregulated after sitagliptin treatment (Fig. 5a).
As for anti-inflammatory gene Cxcr4, though Cxcr4 gene
was increased with the LPS treatment, the gene did not
further change with sitagliptin treatment (Fig. 5b). Con-
sistent with the DAM subset genes alterations, sitagliptin

inhibited the expression of iNOS, IL-1β and IL-6 in the
LPS-treated cells (Fig. 5c). Western blotting showed that
sitagliptin inhibited LPS-induced activation of the NF-κB
pathway by downregulating the expression of MyD88
and TRAF6 and reducing the ratio of p-p65/p65 (Fig.
5d–g). Immunofluorescence colocalization analysis also
indicated that sitagliptin inhibited the nuclear transloca-
tion of p65 (Supplementary Figure 3A–B).
Then, we verified the inhibitory effect of sitagliptin on

the NF-κB pathway in the epileptic mice model. We
found that sitagliptin suppressed the KA-induced upreg-
ulation of MyD88 and TRAF6, and this suppression ac-
companied the reduction of p-p65 to total p65 (Fig. 6a–
d). RT-qPCR results also showed that sitagliptin reduced
the iNOS, IL-1β and IL-6 expression in the hippocampus
of epileptic mice (Fig. 6e).

Discussion
In a KA-induced epilepsy model, we found that sitaglip-
tin attenuated KA-induced epilepsy and increased the
expression of ITGAX in microglia, which suggested that
DPP4 inhibiting could promote DAM conversion. DAMs
have two specific molecular signatures [4]: One is low
expression of microglial homeostatic gene, such as
Cx3cr1, while the high-expression of Itgax and Axl are
considered to be another. Among these molecular
markers, Itgax is regarded as the most effective candi-
date: “there are no cells with a DAM signature that are
Itgax negative.” [10], and the Axl is a possible functional
receptor for DAM [4]. As for Cx3cr1, the low expression
of homeostatic gene is an obvious feature of microglial
activation [35]. In our study, the Cx3cr1 expression is
downregulated in the KA group and KA + Sita group,
suggesting microglia was activated after KA stimulation
and it might transform to another activated state with
further sitagliptin treatment. This change is consistent
with a previous study, while the treatment of Kv1.3
blocker ShK-223 promotes the DAM molecular signa-
ture with the downregulated homeostatic gene of micro-
glia [9].
We found that Itgax and Axl are significantly upregu-

lated in the KA + Sita group compared to the KA group
or Ctrl group (Fig. 2f), and we also observed the increas-
ing tendency of Itgax in the KA group compared to the
Ctrl. This is concordant with a previous research, sug-
gesting there is a tendency for microglia to transform

(See figure on previous page.)
Fig. 3 Inhibition of DPP4 alters the activation state of microglia in epileptic mice. a Representative overlay images of IBA1/CD68/DAPI staining in
the hippocampus of the three groups (IBA1, red; CD68, green; DAPI, blue). Scale bar = 25 μm. b The statistical analysis of CD68 mean value in
IBA1+ microglia. c, d Western blotting for CD68 in the hippocampus. Relative CD68 expression was normalized to β-actin (n = 3). e The soma
area, f Sholl intersections, g process branch points, h terminal points and i the relative length of processes of IBA1+ microglia in the
hippocampus of the three groups (n = 12–18 cells in 3 mice per group). j The average area covered by individual IBA1+ microglia in each group
were calculated by LAS X software (n = 12–18 cells in 3 mice per group). Data are presented as the mean ± SEM. **P < 0.01, ***P < 0.001

Zheng et al. Journal of Neuroinflammation          (2021) 18:112 Page 8 of 14



Fig. 4 (See legend on next page.)
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toward DAM under injury [9, 17]. For Itgax was further
increased in the KA + Sita group compared to the KA
group in our experiment, we speculate that there are
two needs that must be fed for DAM transformation,
one is the injury situation and the other is downregula-
tion of DPP4. Furthermore, severe or long-term disease
states will perturb the DAMs, leading a more severe in-
flammatory conditions or neurodegenerative disorders
[36]. Under these conditions, DAM exhibited character-
istic gene expression of the proinflammatory subset [9].
Our present experiments indicated sitagliptin reduced
the expression of CD44 (the marker of proinflammatory
DAM), which suggested that it probably regulated tran-
scriptional regulators of proinflammatory DAM (NF-κB
and RelA). In fact, sitagliptin have exhibited strong anti-
inflammatory effects in many disease models, such as
Parkinson’s disease and LPS-induced lung injury [37,
38]. It is reported that DPP4 can activate NF-κB signal-
ing, and DPP4 inhibitors can attenuate the activation of
NF-κB signaling pathway [39, 40]. These effects were
confirmed in our epileptic model that sitagliptin

treatment inhibited the NF-κB signaling pathway. Over-
all, these findings suggest that NF-κB signaling may take
part in the DAM transformation in epilepsy. On the
other hand, inflammation is both a cause and conse-
quence of epilepsy [41, 42]. Abnormally activated micro-
glia, such as stimulated by LPS or KA, aggravate nervous
system damage by secreting a variety of inflammatory
factors [5, 6]. We found that sitagliptin reduced proin-
flammatory factors (iNOS, IL-1β and IL-6) and inflam-
matory marker (CD68) in epileptic hippocampus and
LPS-activated microglia. These data provide further sup-
port for the hypothesis of “DPP4 over-expression pro-
motes epilepsy” [21, 22].
Next, we used LAS X software and Sholl analysis to

evaluate morphological parameters of microglia [43]. We
found that activated microglia had a unique morphology
and functions apart from showing specific molecular sig-
natures. DAM may have special functions such as stron-
ger phagocytic capacity and greater surveillance faculty
[4]. In our experiment, sitagliptin-induced DAM also
showed these unique characteristics. The area of brain

(See figure on previous page.)
Fig. 4 Inhibition of DPP4 alters microglial morphology and function in vitro. a Flowchart of the experiment in vitro. b–d Whole-cell lysates were
subjected to western blotting to examine the protein levels of ITGAX and DPP4 in BV2 microglial cells after treatment with LPS or LPS +
sitagliptin. Data were normalized to β-actin (n = 3–4). e Representative morphology of BV2 microglia in each group under a phase-contrast
microscope. Scale bar = 50 μm. f Statistics of processes number, g soma area and h maximum length in BV2 microglia (n = 20–24 cells per
group). i, j Microglial migration was measured using wound healing assays. Scale bar = 200 μm. Data are presented as the mean ± SEM. *P <
0.05, ***P < 0.001

Fig. 5 Downregulation of the NF-κB pathway after DPP4 inhibition in vitro. a, b The mRNA expression of genes associated with DAM subset was
analyzed by RT-qPCR in BV2 cells. Selected markers: proinflammatory DAM: CD44; anti-inflammatory DAM: Cxcr4. c The mRNA expression of iNOS,
IL-1β and IL-6 in BV2 microglia. d–g Western blotting analysis of MyD88, TRAF6, p-p65 and p65 in BV2 microglia. All bands were normalized to β-
actin (n = 3). Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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parenchyma covered by microglia was increased with the
sitagliptin treatment, which suggested greater surveil-
lance capability as described before [43, 44]. Moreover,
microglia treated with both LPS and sitagliptin exhibited
stronger migration capability and elongated cell shape.
Recent research has reported that the longer morph-
ology of microglia indicates greater phagocytic ability
[45, 46]. Longer processes of microglia may enhance the
communication between microglia and neurons [47] and
stabilize the CNS [4, 48]. These functional changes ac-
cord with DAM characteristics identified by Gene
Ontology (GO) analysis [9, 49]. The evidence above sug-
gests that the DAM induced by sitagliptin can protect
and approve the function of the CNS.
It has been reported that the triggering receptor

expressed on myeloid cells 2 (TREM2) signaling pathway
plays an important role in DAM phenotypic transform-
ation [10]. And DAM phenotypic transformation requires
two steps [10], DAM stage 1 and DAM stage 2 [4].
TREM2 knockout in mice blocks DAM transformation
from stage 1 to stage 2 [50, 51]. TREM2 expression is sig-
nificantly decreased upon LPS stimulation in microglia
[33]. These reports suggested that downregulation of
TREM2 may act as the obstacle of DAM transformation
under inflammatory conditions. Using GEO database, we

found that DPP4 and Cp overexpression was associated
with the dysregulation of TREM2 and epilepsy. To further
verify that the overexpressed DPP4 prevents DAM pheno-
typic transformation, we constructed an LPS-induced in-
flammatory cell model and found that the expression of
DAM markers was promoted by sitagliptin treatment. We
also noted that the expression of Trem2 was decreased
after LPS stimulation, but sitagliptin failed to rescue this
decrease (data not shown). These data suggest that DPP4
may be located in the downstream of TREM2 or DPP4
can regulate DAM transformation independent of TREM2
signaling. The latest research shows that TREM2 is not
the only factor regulating microglial phenotype and func-
tion [49, 50, 52]. Thus, DPP4 may be a suitable target for
further studies of DAM. Using gene-editing technology
can help us understand the molecular regulatory network
of microglia better.
In addition, both our results and previous studies [17,

18] suggest that LPS-activated microglia are different
from DAM in stage 1. LPS-activated microglia are more
similar to M1-like microglia [53], for they have enlarged
cell bodies and increased processes [32] and they can se-
cret multiple inflammatory factors [6]. Hippocampal
microglia in KA-treated mice also exhibited some char-
acteristics of inflammatory activation [19, 54]. The

Fig. 6 Downregulation of the NF-κB pathway after DPP4 inhibition in vivo. a Mouse hippocampus homogenates were subjected to western
blotting. b–d Quantification analysis of MyD88, TRAF6 and p-p65/p65. Data were normalized to β-actin protein expression (n = 3–4). e The mRNA
expression of iNOS, IL-1β and IL-6 in the hippocampus. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
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specific difference between those inflammatory microglia
and DAM in stage 1 remains unknown. We believe it is
necessary to approach cell-specific sequencing ap-
proaches, such as single-cell RNA sequencing, for a
more accurate classification of DAM in epilepsy in fu-
ture study.

Conclusion
We found that DPP4 overexpression on microglia hin-
ders its protective functions. The abnormal activated
microglia aggravate the progression of epilepsy. Mean-
while, inhibition of DPP4 promotes DAM phenotypic
transformation in epileptic and inflammatory models,
with dramatic changes in morphology and functions.

Abbreviations
DAM: Disease-associated microglia; DPP4: Dipeptidyl peptidase IV;
CNS: Central nervous system; scRNA-seq: Single-cell RNA-sequencing;
LPS: Lipopolysaccharide; GEO: Gene Expression Omnibus; KA: Kainic acid;
Sita: sitagliptin; Ctrl: Control; HE: Haematoxylin–eosin; PBS: Phosphate buffer
saline; EEG: Electroencephalogram; RT-qPCR: Reverse transcriptase
quantitative PCR; SEM: Standard error of the mean; TREM2: Triggering
receptor expressed on myeloid cells 2

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12974-021-02133-y.

Additional file 1: Supplementary Figure 1. Potential factors associate
with DAM phenotypic transformation in epilepsy. (A) The differentially
expressed genes (DEGs; red, upregulated genes; blue, downregulated
genes) in the mouse model of epilepsy (Model, GSE1831 and GSE40490),
TREM2 knockout (KO, GSE70475) group and DAP12 knockout (GSE9043)
group relative to the control groups. DEGs were identified from pairwise
comparisons with two selection criteria: fold change > 2.0 and
corresponding adjusted P value < 0.05. (B) Venn diagrams of three
commonly changed genes in four databases. (C) Heatmaps visualizing
the mRNA expression of the three genes.

Additional file 2: Supplementary Figure 2. Inhibition of DPP4 alters
the activation state of microglia in vitro. (A–C) Itgax, Axl and Cx3cr1
mRNA expression was measured by RT-qPCR in both mouse primary
microglial cells and (D–F) BV2 microglial cells. (G–H) Western blotting of
CD68 protein in BV2 microglia. Relative CD68 expression was normalized
to β-actin (n = 3). Data are presented as the mean ± SEM. *P < 0.05, **P
< 0.01, ***P < 0.001.

Additional file 3: Supplementary Figure 3. Colocalization analysis of
microglial cells. (A) Immunofluorescence staining showing that p65
colocalized with DAPI (magenta indicates a merge). (B) The statistical
analysis is shown on the right side. Scale bar = 25 μm. Data are
presented as the mean ± SEM. ***P < 0.001.

Additional file 4: Supplementary Table 1. Primer sequence.

Additional file 5: Supplementary Table 2. Datasets from GEO
database.

Acknowledgements
We thank Ying Zhou (Research Center for Medicine and Structural Biology,
Wuhan University) for excellent technical support of confocal microscope.

Authors’ contributions
ZZ designed the work. ZZ and PL performed the experiments. ZZ and BH
analyzed the data. ZZ wrote the manuscript. The authors read and approved
the final manuscript.

Funding
This work was supported by grants from the Natural Science Foundation of
Hubei Province of China (2017CFA017), the Wuhan Science and Technology
Project (2019020701011444), the Medical Science Advancement Program of
Wuhan University (no. TFJC2018001, TFLC2018001), the Hubei Provincial
Natural Science Foundation of China (no. 2019CFB482) and the National
Natural Science Foundation of China (NSFC81100594).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its additional files.

Declarations

Ethics approval
All animal experiments were performed in accordance with institutional
guidelines and regulations approved by the Committee on the Ethics of
Animal Experiments of Wuhan University (Permit Number: SCXK 2019-0004).

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Pathophysiology, School of Basic Medical Sciences, Wuhan
University, Donghu Road No. 185, Wuchang, Wuhan 430071, China. 2Medical
College, Henan Polytechnic University, Jiaozuo, China. 3Hubei Provincial Key
Laboratory of Developmentally Originated Disease, School of Basic Medical
Sciences, Wuhan University, Wuhan, China. 4Hubei Province Key Laboratory
of Allergy and Immunology, School of Basic Medical Sciences, Wuhan
University, Wuhan, China.

Received: 19 October 2020 Accepted: 18 March 2021

References
1. Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate

mapping analysis reveals that adult microglia derive from primitive
macrophages. Science. 2010;330(6005):841–5. https://doi.org/10.1126/
science.1194637.

2. Butovsky O, Weiner HL. Microglial signatures and their role in health and
disease. Nat Rev Neurosci. 2018;19(10):622–35. https://doi.org/10.1038/s41
583-018-0057-5.

3. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly
dynamic surveillants of brain parenchyma in vivo. Science. 2005;308(5726):
1314–8. https://doi.org/10.1126/science.1110647.

4. Deczkowska A, Keren-Shaul H, Weiner A, Colonna M, Schwartz M, Amit I.
Disease-associated microglia: a universal immune sensor of
neurodegeneration. Cell. 2018;173(5):1073–81. https://doi.org/10.1016/j.cell.2
018.05.003.

5. Orihuela R, McPherson CA, Harry GJ. Microglial M1/M2 polarization and
metabolic states. Br J Pharmacol. 2016;173(4):649–65. https://doi.org/1
0.1111/bph.13139.

6. Tang Y, Le W. Differential roles of M1 and M2 microglia in
neurodegenerative diseases. Mol Neurobiol. 2016;53(2):1181–94. https://doi.
org/10.1007/s12035-014-9070-5.

7. Jassam YN, Izzy S, Whalen M, McGavern DB, El Khoury J. Neuroimmunology
of traumatic brain injury: time for a paradigm shift. Neuron. 2017;95(6):
1246–65. https://doi.org/10.1016/j.neuron.2017.07.010.

8. Ransohoff RM. A polarizing question: do M1 and M2 microglia exist? Nat
Neurosci. 2016;19(8):987–91. https://doi.org/10.1038/nn.4338.

9. Rangaraju S, Dammer EB, Raza SA, Rathakrishnan P, Xiao H, Gao T, et al.
Identification and therapeutic modulation of a pro-inflammatory subset of
disease-associated-microglia in Alzheimer’s disease. Mol Neurodegener.
2018;13(1):24. https://doi.org/10.1186/s13024-018-0254-8.

10. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Szternfeld R,
Ulland TK, et al. A unique microglia type associated with restricting
development of Alzheimer’s disease. Cell. 2017;169(7):1276–90 e17. https://
doi.org/10.1016/j.cell.2017.05.018.

Zheng et al. Journal of Neuroinflammation          (2021) 18:112 Page 12 of 14

https://doi.org/10.1186/s12974-021-02133-y
https://doi.org/10.1186/s12974-021-02133-y
https://doi.org/10.1126/science.1194637
https://doi.org/10.1126/science.1194637
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1038/s41583-018-0057-5
https://doi.org/10.1126/science.1110647
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1111/bph.13139
https://doi.org/10.1111/bph.13139
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1016/j.neuron.2017.07.010
https://doi.org/10.1038/nn.4338
https://doi.org/10.1186/s13024-018-0254-8
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018


11. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, et al.
The TREM2-APOE pathway drives the transcriptional phenotype of
dysfunctional microglia in neurodegenerative diseases. Immunity. 2017;
47(3):566–81 e9. https://doi.org/10.1016/j.immuni.2017.08.008.

12. Spiller KJ, Restrepo CR, Khan T, Dominique MA, Fang TC, Canter RG, et al.
Microglia-mediated recovery from ALS-relevant motor neuron degeneration
in a mouse model of TDP-43 proteinopathy. Nat Neurosci. 2018;21(3):329–
40. https://doi.org/10.1038/s41593-018-0083-7.

13. Cougnoux A, Drummond RA, Fellmeth M, Navid F, Collar AL, Iben J, et al.
Unique molecular signature in mucolipidosis type IV microglia. J
Neuroinflammation. 2019;16(1):276. https://doi.org/10.1186/s12974-019-1
672-4.

14. Kim RE, Shin CY, Han SH, Kwon KJ. Astaxanthin suppresses PM2.5-induced
neuroinflammation by regulating Akt phosphorylation in BV-2 microglial
cells. Int J Mol Sci. 2020;21(19):7227. https://doi.org/10.3390/ijms21197227.

15. Farhadian SF, Mehta SS, Zografou C, Robertson K, Price RW, Pappalardo J,
et al. Single-cell RNA sequencing reveals microglia-like cells in cerebrospinal
fluid during virologically suppressed HIV. JCI Insight. 2018;3(18):e121718.
https://doi.org/10.1172/jci.insight.121718.

16. Vezzani A, French J, Bartfai T, Baram TZ. The role of inflammation in epilepsy.
Nat Rev Neurol. 2011;7(1):31–40. https://doi.org/10.1038/nrneurol.2010.178.

17. Friedman BA, Srinivasan K, Ayalon G, Meilandt WJ, Lin H, Huntley MA, et al.
Diverse brain myeloid expression profiles reveal distinct microglial activation
states and aspects of Alzheimer’s disease not evident in mouse models. Cell
Rep. 2018;22(3):832–47. https://doi.org/10.1016/j.celrep.2017.12.066.

18. Marschallinger J, Iram T, Zardeneta M, Lee SE, Lehallier B, Haney MS, et al.
Lipid-droplet-accumulating microglia represent a dysfunctional and
proinflammatory state in the aging brain. Nat Neurosci. 2020;23(2):194–208.
https://doi.org/10.1038/s41593-019-0566-1.

19. Morin-Brureau M, Milior G, Royer J, Chali F, LeDuigou C, Savary E, et al.
Microglial phenotypes in the human epileptic temporal lobe. Brain. 2018;
141(12):3343–60. https://doi.org/10.1093/brain/awy276.

20. Vezzani A, Balosso S, Ravizza T. The role of cytokines in the pathophysiology
of epilepsy. Brain Behav Immun. 2008;22(6):797–803. https://doi.org/10.1016/
j.bbi.2008.03.009.

21. Liu Y, Hou B, Zhang Y, Fan Y, Peng B, Liu W, et al. Anticonvulsant agent
DPP4 inhibitor sitagliptin downregulates CXCR3/RAGE pathway on seizure
models. Exp Neurol. 2018;307:90–8. https://doi.org/10.1016/j.expneurol.2018.
06.004.

22. Zhang Y, Liu Y, Xu J, Sun Q, Yu F, Cheng J, et al. Inhibition of DPP4
enhances inhibitory synaptic transmission through activating the GLP-1/
GLP-1R signaling pathway in a rat model of febrile seizures. Biochem
Pharmacol. 2018;156:78–85. https://doi.org/10.1016/j.bcp.2018.08.004.

23. Kiraly K, Kozsurek M, Lukacsi E, Barta B, Alpar A, Balazsa T, et al. Glial cell
type-specific changes in spinal dipeptidyl peptidase 4 expression and
effects of its inhibitors in inflammatory and neuropatic pain. Sci Rep. 2018;
8(1):3490. https://doi.org/10.1038/s41598-018-21799-8.

24. Dietrich N, Kolibabka M, Busch S, Bugert P, Kaiser U, Lin J, et al. The DPP4
inhibitor linagliptin protects from experimental diabetic retinopathy. PLoS
One. 2016;11(12):e0167853. https://doi.org/10.1371/journal.pone.0167853.

25. Thammisetty SS, Pedragosa J, Weng YC, Calon F, Planas A, Kriz J. Age-
related deregulation of TDP-43 after stroke enhances NF-kappaB-mediated
inflammation and neuronal damage. J Neuroinflammation. 2018;15(1):312.
https://doi.org/10.1186/s12974-018-1350-y.

26. Yazbeck R, Howarth GS, Abbott CA. Dipeptidyl peptidase inhibitors, an
emerging drug class for inflammatory disease? Trends Pharmacol Sci. 2009;
30(11):600–7. https://doi.org/10.1016/j.tips.2009.08.003.

27. Lapin IP, Mirzaev SM, Ryzov IV, Oxenkrug GF. Anticonvulsant activity of
melatonin against seizures induced by quinolinate, kainate, glutamate,
NMDA, and pentylenetetrazole in mice. J Pineal Res. 1998;24(4):215–8.
https://doi.org/10.1111/j.1600-079X.1998.tb00535.x.

28. Sierra A, Martin-Suarez S, Valcarcel-Martin R, Pascual-Brazo J, Aelvoet SA,
Abiega O, et al. Neuronal hyperactivity accelerates depletion of neural stem
cells and impairs hippocampal neurogenesis. Cell Stem Cell. 2015;16(5):488–
503. https://doi.org/10.1016/j.stem.2015.04.003.

29. Xu YL, Reinscheid RK, Huitron-Resendiz S, Clark SD, Wang Z, Lin SH,
et al. Neuropeptide S: a neuropeptide promoting arousal and anxiolytic-
like effects. Neuron. 2004;43(4):487–97. https://doi.org/10.1016/j.neuron.2
004.08.005.

30. Nolte C, Moller T, Walter T, Kettenmann H. Complement 5a controls motility
of murine microglial cells in vitro via activation of an inhibitory G-protein

and the rearrangement of the actin cytoskeleton. Neuroscience. 1996;73(4):
1091–107. https://doi.org/10.1016/0306-4522(96)00106-6.

31. Ben-Ari Y. Limbic seizure and brain damage produced by kainic acid:
mechanisms and relevance to human temporal lobe epilepsy. Neuroscience.
1985;14(2):375–403. https://doi.org/10.1016/0306-4522(85)90299-4.

32. Franco-Bocanegra DK, McAuley C, Nicoll JAR, Boche D. Molecular
mechanisms of microglial motility: changes in ageing and Alzheimer’s
disease. Cells. 2019;8(6):639. https://doi.org/10.3390/cells8060639.

33. Zhou J, Yu W, Zhang M, Tian X, Li Y, Lu Y. Imbalance of microglial TLR4/
TREM2 in LPS-treated APP/PS1 transgenic mice: a potential link between
Alzheimer’s disease and systemic inflammation. Neurochem Res. 2019;44(5):
1138–51. https://doi.org/10.1007/s11064-019-02748-x.

34. Rao X, Zhao S, Braunstein Z, Mao H, Razavi M, Duan L, et al. Oxidized LDL
upregulates macrophage DPP4 expression via TLR4/TRIF/CD36 pathways.
EBioMedicine. 2019;41:50–61. https://doi.org/10.1016/j.ebiom.2019.01.065.

35. Murai N, Mitalipova M, Jaenisch R. Functional analysis of CX3CR1 in human
induced pluripotent stem (iPS) cell-derived microglia-like cells. Eur J
Neurosci. 2020;52(7):3667–78. https://doi.org/10.1111/ejn.14879.

36. Hagan N, Kane JL, Grover D, Woodworth L, Madore C, Saleh J, et al. CSF1R
signaling is a regulator of pathogenesis in progressive MS. Cell Death Dis.
2020;11(10):904. https://doi.org/10.1038/s41419-020-03084-7.

37. Kawasaki T, Chen W, Htwe YM, Tatsumi K, Dudek SM. DPP4 inhibition by
sitagliptin attenuates LPS-induced lung injury in mice. Am J Physiol Lung Cell
Mol Physiol. 2018;315(5):L834–L45. https://doi.org/10.1152/ajplung.00031.2018.

38. Abdelsalam RM, Safar MM. Neuroprotective effects of vildagliptin in rat
rotenone Parkinson's disease model: role of RAGE-NFkappaB and Nrf2-
antioxidant signaling pathways. J Neurochem. 2015;133(5):700–7. https://doi.
org/10.1111/jnc.13087.

39. Lee SY, Wu ST, Liang YJ, Su MJ, Huang CW, Jao YH, et al. Soluble dipeptidyl
peptidase-4 induces fibroblast activation through proteinase-activated
receptor-2. Front Pharmacol. 2020;11:552818. https://doi.org/10.3389/fphar.2
020.552818.

40. Sherif IO, Al-Shaalan NH. Vildagliptin attenuates hepatic ischemia/
reperfusion injury via the TLR4/NF-kappaB signaling pathway. Oxid Med Cell
Longev. 2018;2018:3509091.

41. Beach TG, Woodhurst WB, MacDonald DB, Jones MW. Reactive microglia in
hippocampal sclerosis associated with human temporal lobe epilepsy. Neurosci
Lett. 1995;191(1-2):27–30. https://doi.org/10.1016/0304-3940(94)11548-1.

42. Wyatt-Johnson SK, Herr SA, Brewster AL. Status epilepticus triggers time-
dependent alterations in microglia abundance and morphological
phenotypes in the hippocampus. Front Neurol. 2017;8:700. https://doi.org/1
0.3389/fneur.2017.00700.

43. Liu YU, Ying Y, Li Y, Eyo UB, Chen T, Zheng J, et al. Neuronal network
activity controls microglial process surveillance in awake mice via
norepinephrine signaling. Nat Neurosci. 2019;22(11):1771–81. https://doi.
org/10.1038/s41593-019-0511-3.

44. Kumar A, Alvarez-Croda DM, Stoica BA, Faden AI, Loane DJ. Microglial/
macrophage polarization dynamics following traumatic brain injury. J
Neurotrauma. 2016;33(19):1732–50. https://doi.org/10.1089/neu.2015.4268.

45. Lee S, Varvel NH, Konerth ME, Xu G, Cardona AE, Ransohoff RM, et al.
CX3CR1 deficiency alters microglial activation and reduces beta-amyloid
deposition in two Alzheimer's disease mouse models. Am J Pathol. 2010;
177(5):2549–62. https://doi.org/10.2353/ajpath.2010.100265.

46. Garofalo S, Porzia A, Mainiero F, Di Angelantonio S, Cortese B, Basilico B,
et al. Environmental stimuli shape microglial plasticity in glioma. Elife. 2017;
6. https://doi.org/10.7554/eLife.33415.

47. Tremblay ME, Lowery RL, Majewska AK. Microglial interactions with synapses
are modulated by visual experience. PLoS Biol. 2010;8(11):e1000527. https://
doi.org/10.1371/journal.pbio.1000527.

48. Yu A, Zhang T, Duan H, Pan Y, Zhang X, Yang G, et al. MiR-124 contributes
to M2 polarization of microglia and confers brain inflammatory protection
via the C/EBP-alpha pathway in intracerebral hemorrhage. Immunol Lett.
2017;182:1–11. https://doi.org/10.1016/j.imlet.2016.12.003.

49. Zhou Y, Song WM, Andhey PS, Swain A, Levy T, Miller KR, et al. Human and
mouse single-nucleus transcriptomics reveal TREM2-dependent and TREM2-
independent cellular responses in Alzheimer's disease. Nat Med. 2020;26(1):
131–42. https://doi.org/10.1038/s41591-019-0695-9.

50. Gotzl JK, Brendel M, Werner G, Parhizkar S, Sebastian Monasor L, Kleinberger
G, et al. Opposite microglial activation stages upon loss of PGRN or TREM2
result in reduced cerebral glucose metabolism. EMBO Mol Med. 2019;11(6):
e9711. https://doi.org/10.15252/emmm.201809711.

Zheng et al. Journal of Neuroinflammation          (2021) 18:112 Page 13 of 14

https://doi.org/10.1016/j.immuni.2017.08.008
https://doi.org/10.1038/s41593-018-0083-7
https://doi.org/10.1186/s12974-019-1672-4
https://doi.org/10.1186/s12974-019-1672-4
https://doi.org/10.3390/ijms21197227
https://doi.org/10.1172/jci.insight.121718
https://doi.org/10.1038/nrneurol.2010.178
https://doi.org/10.1016/j.celrep.2017.12.066
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.1093/brain/awy276
https://doi.org/10.1016/j.bbi.2008.03.009
https://doi.org/10.1016/j.bbi.2008.03.009
https://doi.org/10.1016/j.expneurol.2018.06.004
https://doi.org/10.1016/j.expneurol.2018.06.004
https://doi.org/10.1016/j.bcp.2018.08.004
https://doi.org/10.1038/s41598-018-21799-8
https://doi.org/10.1371/journal.pone.0167853
https://doi.org/10.1186/s12974-018-1350-y
https://doi.org/10.1016/j.tips.2009.08.003
https://doi.org/10.1111/j.1600-079X.1998.tb00535.x
https://doi.org/10.1016/j.stem.2015.04.003
https://doi.org/10.1016/j.neuron.2004.08.005
https://doi.org/10.1016/j.neuron.2004.08.005
https://doi.org/10.1016/0306-4522(96)00106-6
https://doi.org/10.1016/0306-4522(85)90299-4
https://doi.org/10.3390/cells8060639
https://doi.org/10.1007/s11064-019-02748-x
https://doi.org/10.1016/j.ebiom.2019.01.065
https://doi.org/10.1111/ejn.14879
https://doi.org/10.1038/s41419-020-03084-7
https://doi.org/10.1152/ajplung.00031.2018
https://doi.org/10.1111/jnc.13087
https://doi.org/10.1111/jnc.13087
https://doi.org/10.3389/fphar.2020.552818
https://doi.org/10.3389/fphar.2020.552818
https://doi.org/10.1016/0304-3940(94)11548-1
https://doi.org/10.3389/fneur.2017.00700
https://doi.org/10.3389/fneur.2017.00700
https://doi.org/10.1038/s41593-019-0511-3
https://doi.org/10.1038/s41593-019-0511-3
https://doi.org/10.1089/neu.2015.4268
https://doi.org/10.2353/ajpath.2010.100265
https://doi.org/10.7554/eLife.33415
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1371/journal.pbio.1000527
https://doi.org/10.1016/j.imlet.2016.12.003
https://doi.org/10.1038/s41591-019-0695-9
https://doi.org/10.15252/emmm.201809711


51. Song WM, Joshita S, Zhou Y, Ulland TK, Gilfillan S, Colonna M. Humanized
TREM2 mice reveal microglia-intrinsic and -extrinsic effects of R47H
polymorphism. J Exp Med. 2018;215(3):745–60. https://doi.org/10.1084/jem.2
0171529.

52. Audrain M, Haure-Mirande JV, Mleczko J, Wang M, Griffin JK, St George-
Hyslop PH, et al. Reactive or transgenic increase in microglial TYROBP
reveals a TREM2-independent TYROBP-APOE link in wild-type and
Alzheimer's-related mice. Alzheimers Dement. 2021;17(2):149–63. https://doi.
org/10.1002/alz.12256.

53. Yoon G, Kim YK, Song J. Glucagon-like peptide-1 suppresses
neuroinflammation and improves neural structure. Pharmacol Res. 2020;152:
104615. https://doi.org/10.1016/j.phrs.2019.104615.

54. Diamond ML, Ritter AC, Failla MD, Boles JA, Conley YP, Kochanek PM, et al.
IL-1beta associations with posttraumatic epilepsy development: a genetics
and biomarker cohort study. Epilepsia. 2015;56(7):991–1001. https://doi.org/1
0.1111/epi.13100.

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

Zheng et al. Journal of Neuroinflammation          (2021) 18:112 Page 14 of 14

https://doi.org/10.1084/jem.20171529
https://doi.org/10.1084/jem.20171529
https://doi.org/10.1002/alz.12256
https://doi.org/10.1002/alz.12256
https://doi.org/10.1016/j.phrs.2019.104615
https://doi.org/10.1111/epi.13100
https://doi.org/10.1111/epi.13100

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods and materials
	Mice
	Mouse model and drug administration
	Tissue collection and sectioning
	Microglia culture and drug administration
	Wound healing assays
	Electroencephalogram (EEG) recordings
	Nissl and HE staining
	Reverse transcriptase quantitative PCR (RT-qPCR)
	Western blotting
	Immunofluorescence staining
	Confocal imaging and analyzes
	Statistical analysis

	Results
	Inhibition of DPP4 attenuates KA-induced epilepsy
	Inhibition of DPP4 alters the activation state of microglia in epileptic mice
	Inhibition of DPP4 alters the activation state of microglia in�vitro
	The NF-κB pathway is downregulated after DPP4 inhibition

	Discussion
	Conclusion
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

