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Abstract 

Background  Alzheimer’s disease (AD) is a prevalent neurodegenerative disorder worldwide, and microglia are 
thought to play a central role in neuroinflammatory events occurring in AD. Chemerin, an adipokine, has been impli-
cated in inflammatory diseases and central nervous system disorders, yet its precise function on microglial response 
in AD remains unknown.

Methods  The APP/PS1 mice were treated with different dosages of chemerin-9 (30 and 60 µg/kg), a bioactive 
nonapeptide derived from chemerin, every other day for 8 weeks consecutively. The primary mouse microglia were 
stimulated by amyloid beta 42 (Aβ42) oligomers followed by treatment with chemerin-9 in vitro. ChemR23 inhibitor 
α-NETA was further used to investigate whether the effects of chemerin-9 were ChemR23-dependent.

Results  We found that the expression of chemerin and ChemR23 was increased in AD. Intriguingly, treat-
ment with chemerin-9 significantly ameliorated Aβ deposition and cognitive impairment of the APP/PS1 mice, 
with decreased microglial proinflammatory activity and increased phagocytic activity. Similarly, chemerin-9-treated 
primary microglia showed increased phagocytic ability and decreased NLRP3 inflammasome activation. However, 
the ChemR23 inhibitor α-NETA abolished the neuroprotective microglial response of chemerin-9.

Conclusions  Collectively, our data demonstrate that chemerin-9 ameliorates cognitive deficits in APP/PS1 transgenic 
mice by boosting a neuroprotective microglial phenotype.
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Graphical Abstract

Introduction
Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder characterized by cognitive deficits, as well 
as changes in personality and behavior [1]. There are cur-
rently multiple hypotheses being proposed to elucidate 
AD pathogenesis, with the amyloid-β (Aβ) hypothesis 
being widely recognized as one of the most strongly evi-
denced. The available data from both preclinical and clin-
ical studies have established a close association between 
the imbalance between Aβ generation and clearance and 
the pathogenesis of AD [2]. Furthermore, Aβ-induced 
microglia-mediated neuroinflammation is a direct cause 
of neuronal damage and synapse loss, which significantly 
contributes to the progression of AD [3, 4].

Microglia are the resident macrophage cells of the 
central nervous system with immune-modulating and 
phagocytic capabilities [5, 6]. As with periphery mac-
rophages, microglia exhibit a marked alteration in their 
functions and phenotypes in response to disruptions in 
their microenvironment [7]. In the pathogenesis of AD, 
microglia prompt the conversion of a resting type into 

an active phenotype which promotes the phagocytosis of 
Aβ and neuronal debris. However, sustained activation of 
microglia causes excessive release of inflammatory medi-
ators that transform microglia from a protective pheno-
type to a detrimental phenotype, eventually leading to 
neuronal damage. The aforementioned implies that the 
restoration of microglial phenotype from the pathologi-
cal state to the healthy state, or alternatively, the specific 
activation of microglia may be effective therapeutic strat-
egies for AD. For example, Zerumbone treatment facili-
tated the transition of microglial phenotype from the 
classic to the alternative phenotype, resulting in a reduc-
tion in Aβ deposition and improvement in cognition [8].

Chemerin, a chemoattractant protein encoded by the 
retinoic acid receptor responder 2 protein (Rarres2) 
gene, has recently been identified as an adipokine 
closely related to the pathogenesis of metabolic syn-
drome and inflammatory diseases [9–11]. Chemerin is 
biosynthesized as a 163-amino-acid preprochemerin 
and is secreted as prochemerin once its 20 amino acid 
N-terminal signal peptide has been truncated. Inactive 
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prochemerin is then C-terminally cleaved by different 
proteases, yielding active chemerin peptides that are 
named based on their last C-terminal amino acid [12]. 
Chemerin-9 is a nonapeptide derived from chemerin that 
has the majority of the activity comparable to that of the 
full-length protein and is sufficient to activate the G pro-
tein-coupled receptor ChemR23 (namely Cmklr1) [13]. It 
has been reported that chemerin-9 improves atheroscle-
rosis in ApoE-/- mice by regulating the inflammatory phe-
notype of macrophages [14]. Meanwhile, recent evidence 
has demonstrated that the chemerin/ChemR23 axis is 
implicated in numerous central nervous system disor-
ders, including stroke and multiple sclerosis [15–18]. 
Moreover, our recent study has shown that chemerin-9 
can ameliorate cognitive dysfunction in diabetic mice by 
alleviating oxidative stress and inhibiting NLRP3 inflam-
masome activation [19]. However, the role of chemerin-9 
and its functional mechanism in AD remain elusive. 
Therefore, our present study aimed to uncover the effect 
and mechanism of chemerin-9 on microglia in AD by 
using primary microglia as a cell model and APP/PS1 
mice as an animal model in vitro and in vivo, respectively.

Materials and methods
Animals and drug treatment
Male APPswe/PS1dE9 and C57BL/6 J littermates were 
purchased from the Shanghai Nanfang Research Center 
for Model Organisms (Shanghai, China). The genotypes 
were confirmed by PCR using tail tissue DNA. The mice 
were accommodated within a controlled environment 
that was free of specific pathogens, with an ambient tem-
perature range of 20–25  °C and a light cycle of 12 h on 
and 12  h off. They had unrestricted access to food and 
water until they reached 8 months of age. Afterward, 
the mice were classified into four groups: C57BL/6 J lit-
termate wild-type controls (WT), APPswe/PS1dE9 
vehicle-treated controls (APP/PS1), APPswe/PS1dE9 
treated with chemerin-9 at a dosage of 30  µg/kg body 
weight (APP/PS1 + C9-L), and APPswe/PS1dE9 treated 
with chemerin-9 at a dosage of 60  µg/kg body weight 
(APP/PS1 + C9-H). Chemerin-9 (C9, Item # 7117, Toc-
ris Bioscience, Bristol, UK), a bioactive derivative of full-
length chemerin consisting of C-terminal amino acids 
148–156, was dissolved in sterile PBS. The dose selected 
for this study was based on our previous literature [19]. 
All groups of mice were treated intraperitoneally every 
other day for eight weeks consecutively. In accordance 
with the guidelines established by the National Insti-
tutes of Health (NIH) for the Care and Use of Laboratory 
Animals, all procedures were authorized by the ethical 
committee on animal welfare of Shanghai Sixth Peo-
ple’s Hospital Affiliated to Shanghai Jiao Tong University 
School of Medicine.

Y maze test
The working memory of mice was evaluated through 
spontaneous alternations at the Y-maze. The Y maze 
equipment consists of three equidistant arms placed at a 
120-degree angle, measuring 15  cm in height, 30  cm in 
length, and 8 cm in width. The mice are introduced into 
the central region of the maze and permitted to navigate 
the apparatus freely for 5 min. The quantity of arm entries 
was captured on video and then automatically calculated 
by EthoVision XT software (Noldus). The concept of cor-
rect alternation was established to denote the sequential 
entry into three distinct arms. On the other hand, the 
notion of max alternation was introduced to signify the 
count of possible alternations, which is determined by 
subtracting 2 from the total number of arms entered. The 
percentage of alternation was computed by dividing the 
number of correct alterations by the max alternation.

Morris water maze test
The spatial learning and memory of mice were assessed 
using the Morris water maze (MWM) test, which was 
conducted with slight modifications in accordance with 
our previous methodology [19]. Briefly, the equipment 
utilized in the experiment comprised a round basin with 
a height of 50 cm and a diameter of 120 cm that was filled 
with tepid water at a temperature of 23 ± 2 °C. Addition-
ally, a small circular platform with a diameter of 10  cm 
was positioned in the center of the objective quadrant, 
and it was submerged 1.0  cm below the water surface. 
During the orientation navigation test, conducted four 
times a day for five consecutive days, mice were granted 
60 s to explore the submerged platform. Any mice unable 
to locate the platform within the allotted time frame were 
artificially guided to the platform and kept there for 10 s. 
The escape latency was measured as the time required 
to reach the platform during each trial. On the sixth day, 
a probe trial was performed during which mice were 
allowed to navigate freely for 60 s without the platform, 
and a video tracking system, EthoVision® XT 15, auto-
matically assessed the number of times the mice crossed 
the platform, the time spent in the target quadrant, and 
the average swimming speed.

Nissl staining
Upon completion of behavioral experiments, the mice 
underwent transcardial perfusion with PBS, followed 
by 4% paraformaldehyde. The brains were subsequently 
embedded in paraffin and sliced into 5 µm thick sections 
for further staining. A deparaffinization process was sub-
sequently performed on the brain sections, after which 
they were gradually rehydrated through the use of graded 
concentrations of ethanol. Finally, the brain sections 
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underwent treatment with a conventional Nissl staining 
solution, and high-resolution images were obtained via 
optical microscope imaging.

Golgi staining
Golgi staining was performed to detect the mor-
phology of the dendritic spines in the hippocampus. 
Following transcardial perfusion with PBS and 4% para-
formaldehyde, the brains of mice were immediately 
taken and immersed in fixative for more than 48 h. The 
hippocampus was cut into 2–3 mm thick tissue and the 
tissue was gently rinsed several times with 0.9% NaCl 
solution and placed in a 45 ml round-bottomed EP tube. 
The tissue was then transferred to Golgi staining solu-
tion, and placed in a cool and ventilated place for 14 
days. After finishing impregnation, the tissue was washed 
thrice with distilled water and immersed in 80% glacial 
acetic acid overnight. After the tissue became soft, it 
was washed with distilled water and immersed in 30% 
sucrose. Then the specimens were sectioned coronally 
at 100 μm by using a vibratome, mounted onto gelatin-
coated slides, and kept in black wet boxes at 4  °C over-
night. The slices were soaked with ammonia for 15 min, 
followed by washing with distilled water for 1 min. After 
soaking in Kodak Film Fix for 15  min, the slices were 
rinsed with distilled water for 3  min, and sealed with 
glycerol gelatin. The images were captured using a Nikon 
Eclipse E100 microscope. Dendritic spines were counted 
and statistically analyzed using ImageJ software. The 
spine density was measured and expressed as the number 
of spines per 10 μm dendrite.

Thioflavin‑S
Thioflavin-S staining was performed as previously 
described [20]. Briefly, the brain sections underwent 
deparaffinization followed by hydration through a graded 
ethanol series. Subsequently, the sections were subjected 
to 1% Thioflavin S staining solution for 5  min and then 
differentiated in 70% ethanol for 1  min before being 
mounted. An Olympus microscope was used to capture 
images of all the sections.

RNA scope for in situ hybridization (ISH) combined 
with immunofluorescence staining
The brains of mice were promptly removed follow-
ing transcardial perfusion with PBS, fixed in 4% para-
formaldehyde, paraffin-embedded, and sliced into 5  μm 
thick sections. The RNAscope Fluorescent Multiplex 
Assay was utilized for in situ hybridization, wherein the 
sections underwent processing with the RNAscope® 
Fluorescent Multiplex Reagent Kit (Advanced Cell Diag-
nostics, Newark, CA) in accordance with the guidelines 
provided by the manufacturer. After being subjected 

to 4% paraformaldehyde fixation for 30 min at 4  °C, the 
sections were dehydrated in graded ethanol and subse-
quently treated with protease for 30  min at room tem-
perature. Following this, the ChemR23 mRNA probe 
(Advanced Cell Diagnostics, Newark, CA) was employed 
for the hybridization process in the ACD HybEZ™ II 
oven at 40  °C for 2 h. The sections were then subjected 
to a sequential incubation process in the ACD HybEZ™ 
II oven, maintained at a temperature of 40  °C, utilizing 
amplification reagents. The amplification process was 
carried out in three stages, namely AMP-1 for 30  min, 
AMP-2 for 15 min, and AMP-3 for 30 min. Similarly, the 
process of immunofluorescence staining was carried out 
using identical steps to those employed in the immuno-
fluorescence assay. Finally, the sections were observed 
under a fluorescence microscope.

RNA sequencing
To conduct RNA Sequencing (RNAseq) experiments, 
four hippocampus samples from each group were 
selected at random. Total RNAs were extracted by 
employing the Trizol reagent kit (Invitrogen, CA, USA) 
in accordance with the manufacturer’s guidelines. The 
quality of RNA was assessed using the Agilent 2100 Bio-
analyzer and confirmed through RNase-free agarose gel 
electrophoresis. Subsequently, the mRNAs that had been 
enriched were fragmented into shorter fragments with 
the aid of a fragmentation buffer. These fragments were 
then transcribed into cDNA in a reverse manner, utiliz-
ing the NEBNext Ultra RNA Library Prep Kit for Illu-
mina (NEB #7530, New England Biolabs, MA, USA). The 
cDNA library that was generated was sequenced by Gene 
Denovo Biotechnology Co. (Guangzhou, China) using 
Illumina Novaseq6000 technology. The reads obtained 
through sequencing machines underwent further filtra-
tion using fastp (version 0.18.0) to obtain high-quality 
clean reads. The differential expression analysis of RNA 
was conducted between two different groups through 
the use of DESeq2 software. Differentially expressed 
genes (DEGs) were identified by considering those with 
a false discovery rate (FDR) parameter below 0.05 and an 
absolute fold change of 2 or greater. A functional analy-
sis was conducted on the DEGs of each group, which 
entailed enrichment of Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways and gene set enrichment 
analysis (GSEA).

Preparation of Aβ oligomers
To prepare Aβ oligomers, 1  mg of Aβ42 peptide 
(#010080051, HarO Life, Shanghai, China) was dis-
solved in 221.7  µl of cold HFIP (1,1,1,3,3,3-hexafluoro-
2-propanol) to create a 1mM concentration solution. 
The solution was left at room temperature for an hour 
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and then cooled on ice for 10 min. The resulting solution 
was divided into non-siliconized microcentrifuge tubes, 
with each containing 0.45 mg of Aβ42 in 100 µl solution, 
before being dried overnight at room temperature. The 
dried residues were then dissolved in 20  µl of dimethyl 
sulfoxide (DMSO) and mixed with F12 medium to create 
a 100  µM stock solution. The solution was left to incu-
bate at 4  °C overnight, resulting in the formation of Aβ 
oligomers, which were further checked by western blot 
employing 6E10 antibody (Suppl. Figure 1).

Isolation and treatment of primary microglia
As was previously reported, primary microglial cells 
were collected from the pups on post-natal day 1 [21, 22]. 
Briefly, hippocampi and cortices from 1-day-old C57BL/6 
J mice were isolated with the aid of a microscope and 
placed into ice-cold HBSS. After the meninges and lep-
tomeningeal blood vessels were removed, the brain tis-
sues were triturated and digested with 0.125% trypsin 
at 37 °C for 20 min. After neutralization and centrifuga-
tion at 1000 rpm for 5 min, the cells were plated in T75 
flasks and cultivated in glial media consisting of DMEM 
supplemented with 10% fetal bovine serum and 100 µg/
ml penicillin/streptomycin at 37 °C, 5% CO2 in order to 
generate mixed glial cultures. Every 4–5 days, half of the 
medium was changed and a confluent glial monolayer 
was established within 10–14 days. To harvest micro-
glia, the flasks were placed in a 37 °C shaker for 15 min at 
200  rpm. The media containing microglia was collected 
in a new tube and centrifuged at 1000  rpm for 5  min. 
After shaking, trypsin diluted 1:3 was added to the T75 
flasks and incubated at 37 °C for 30 min with occasional 
shaking until the astrocyte layer was detached. Subse-
quently, the astrocyte layer was carefully removed and 
discarded. Microglia culture medium was then added to 
the flask, and the flask was shaken for 15 min to further 
obtain microglia beneath the astrocyte layer. Obtained 
microglia seeded in PDL-coated plates for the following 
experiment. Cell cultures were enriched for microglia by 
washing with DMEM for a minute, and then incubating 
a 1:3 dilution of trypsin in warm DMEM at 37  °C with 
5% CO2 for 30 min with occasional shaking. The primary 
microglia were pretreated with or without the ChemR23 
inhibitor α-NETA (10 µM) (31059-54-8, GlpBio, Califor-
nia, USA) for 2 h, followed by co-incubation with Aβ (5 
µM) and chemerin-9 (500 nΜ) for 24 h.

For conditioned medium preparation, microglial 
cells were plated on 6-multiwell in microglial medium 
(DMEM + 10% FBS) at a density of 1 × 106 cells/well. 
The next day, microglial media was replaced with neu-
ronal culture medium (neurobasal medium + Glu-
taMAX + B-27). After 24  h, conditioned medium (CM) 

was collected and centrifuged 1000 rpm for 5 min, then 
used for subsequent experiments or stored at − 80 °C.

Isolation and treatment of primary neuron
Primary hippocampal neurons were prepared from hip-
pocampi and cortices of embryos at embryonic day 17 
(E17). Briefly, brains were harvested and immersed in ice-
cold HBSS, and the hippocampi and cortices were dis-
sected after removing the meningeal and leptomeningeal 
vessels. Then, the hippocampi and cortices were minced 
and digested with 2  mg/ml papain (Macklin, Shanghai, 
China) and 0.1 mg/ml DNase (Macklin, Shanghai, China) 
at 37  °C for 30  min. After terminating digestion with 
FBS, the tissue was triturated gently with a 1 ml pipette 
to obtain a single-cell suspension which was plated onto 
glass coverslips coated with poly-L‐lysine at the density 
of 95 cells/mm2. After 3  h, the medium was replaced 
with neuronal culture medium containing neurobasal 
medium, GlutaMAX and B-27 (all from Gibco, Califor-
nia, USA). One-half of the culture medium was changed 
every 2–3 days and all experiments were performed at 
5 days in vitro. The primary neurons were incubated for 
24 h with CM harvested from differently treated primary 
microglia.

Aβ1−42 uptake assay
HiLyte Fluor™ 488-labeled Aβ1–42 peptide was pre-
pared according to the instruction of the manufacturer 
(Anaspec, Fremont, USA). Briefly, the lyophilized Aβ42 
peptide powder was dissolved in 1.0% NH4OH and 
immediately diluted with PBS to a concentration of 1 mg/
ml. If not used immediately, the reconstituted peptide 
was stored at − 80 °C.

Primary microglial cells were plated on coverslips in 
a 24-well plate for 24 h. Then, the cells were pretreated 
with or without the ChemR23 inhibitor α-NETA (10 µM) 
for 2  h, followed by co-incubation with HiLyte Fluor™ 
488-labeled Aβ1–42 (5 µM) and chemerin-9 (500 nΜ) 
for 24 h. After fixation with 4% PFA for 20 min and per-
meabilization with 0.1% Triton X-100 for 30 min at room 
temperature, cells were washed with PBS three times and 
blocked with 5% donkey serum for 1 h. Next, cells were 
incubated with primary anti-Iba1 antibody (1:250) at 4 °C 
overnight and then washed three times with PBST. Alexa 
555-conjugated donkey anti-rabbit secondary antibody at 
a 1:1000 dilution was then applied for 1 h at room tem-
perature. Nuclei were stained with DAPI for 5  min at 
room temperature. The cells were finally analysed using a 
confocal microscope (A1, NIKON, Tokyo, Japan).

qRT‑PCR
The qRT-PCR was conducted in accordance with our 
previous description [19]. The RNAeasy™ animal RNA 
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isolation kit with a spin column was employed to extract 
total RNAs from the hippocampus and primary micro-
glia, following the manufacturer’s protocol. Utilizing 
the PrimeScript™ RT Master Mix (Perfect Real Time), 
isolated RNAs were subjected to reverse transcription 
to generate cDNA. The qPCR assay was carried out on 
the Applied Biosystems 7500 Real-Time PCR System 
(Applied Biosystems, CA, USA), employing TB Green™ 
Premix Ex Taq™ II (Tli RNaseH Plus). The amplification 
parameters utilized in this study involved an initial step 
of 95℃ for 30 s, followed by 40 cycles of 95℃ for 5 s and 
60℃ for 34  s, 95℃ for 15  s, 60℃ for 60  s, and 95℃ for 
15 s. The 2−ΔΔCt method was employed to determine the 
gene expression levels. The relative mRNA expression 
level in the WT or control group (target mRNA/β-actin 
value) was taken as the baseline of 100%, and the mRNA 
values in the APP/PS1 or Aβ-treated group were con-
verted into fold changes after being compared with the 
WT or control group.

To detect transcriptions, the following  PCR primer 
sequences were employed: β-actin, F: 5′-GTG​ACG​TTG​
ACA​TCC​GTA​AAGA‐3′, R: 5′‐GTA​ACA​GTC​CGC​CTA​
GAA​GCAC‐3′; ChemR23, F: 5′‐TAC​GAC​GCT​TAC​
AAC​GAC​TCC‐3′, R: 5′‐TAG​GAG​ACC​GAG​GAA​GCA​
CA‐3′; chemerin, F: 5′‐GAG​GAG​TTC​CAC​AAA​CAC​
CCA‐3′, R: 5′‐ CTT​CTC​CCG​TTT​GGT​TTG​ATTG‐3′.

Western blot analysis
The protein in the hippocampus and cultured primary 
microglia were analyzed via Western blotting, follow-
ing the methodology we had previously described [19], 
albeit with minor modifications. To obtain a homog-
enized solution of the hippocampi and cultured pri-
mary microglia, RIPA buffer was utilized in conjunction 
with protease and phosphatase inhibitors and subjected 
to sonication. The concentration of protein was sub-
sequently determined using the BCA kit (Beyotime, 
Nanjing, China). An equivalent quantity of protein was 
loaded onto sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) for various samples, 
which were then transferred onto polyvinylidene fluo-
ride (PVDF) membranes. After blocking with 5% BSA in 
TBS-T, the membranes were subjected to overnight incu-
bation at 4  °C with the primary antibodies listed below: 
synaptophysin (SYN) (A19122, 1:1000, Abclonal, Wuhan, 
China), postsynaptic density protein-95 (PSD95) (A6194, 
1:1000, Abclonal, Wuhan, China), nucleotide-binding oli-
gomerization domain-like receptor protein 3 (NLRP3) 
(GB114320, 1:1000, Servicebio, Wuhan, China), apop-
tosis-associated speck-like protein containing a CARD 
(ASC) (10500-1-AP, 1:1000, Proteintech, IL, USA), 
caspase1 (A0964, 1:1000, Abclonal, Wuhan, China), 
APP (GB112075, 1:1000, Servicebio, Wuhan, China), 

Presenilin 1(PS1) (GB11779, 1:1000, Servicebio, Wuhan, 
China), PEN2 (A8678, 1:1000, Abclonal, Wuhan, China), 
BACE1 (A11533, 1:1000, Abclonal, Wuhan, China), Nica-
strin (A0128, 1:1000, Abclonal, Wuhan, China), 6E10 
(803001, 1:200, Biolegend, San Diego, USA), and β-actin 
(20536-1-AP, 1:1000, Proteintech, IL, USA). Following 
three washes with TBS-T, the membranes were treated 
with a secondary anti-rabbit antibody, namely horse-
radish peroxidase (HRP)-conjugated immunoglobulin 
G (IgG) (GB23303, 1:1000, Servicebio, Wuhan, China). 
The immunoblots were subsequently visualized using 
the enhanced chemiluminescence (ECL) kit (Invitrogen, 
CA, USA), with the grayscale value of signals being deter-
mined through quantification using ImageJ software.

Immunofluorescence staining
In vivo: The brains of mice were promptly removed fol-
lowing transcardial perfusion with PBS, fixed in 4% para-
formaldehyde, paraffin-embedded, and sliced into 5  μm 
thick sections. A deparaffinization process was then 
performed on the brain sections, after which they were 
gradually hydrated through the use of graded concentra-
tions of ethanol. Afterward, the brain sections were sub-
jected to microwave heating to facilitate antigen retrieval. 
In  vitro: The primary microglia were seeded onto glass 
coverslips in 6-well tissue culture dishes for 24  h, and 
primary microglia were pretreated with or without the 
ChemR23 inhibitor α-NETA (10 µM) for 2  h, followed 
by co-incubation with Aβ (5 µM) and chemerin-9 (500 
nΜ) for 24 h. Afterward, the cells on glass coverslips were 
washed and fixed with cold 4% paraformaldehyde.

Subsequently, the brain sections or formaldehyde-fixed 
cells were treated with 5% BSA to block non-specific 
binding, followed by overnight incubation with nucleo-
tide-binding oligomerization domain-like receptor pro-
tein 3 (NLRP3) (GB114320, 1:1000, Servicebio, Wuhan, 
China), 6E10 (803001, 1:200, Biolegend, San Diego, 
USA), Clec7a (mabg-mdect, 1:100, InvivoGen, France), 
and Iba-1 (GB113502, 1:300, Servicebio, Wuhan, China) 
primary antibodies at 4 °C. The sections and the cells on 
glass coverslips were then washed thrice with PBS before 
being incubated with horseradish peroxidase (HRP)-con-
jugated immunoglobulin G (IgG) secondary antibody for 
2 h at room temperature. After the final washes in PBS, 
DAPI was used to counterstain the nuclei. The sections 
were examined and analyzed using a fluorescence micro-
scope (three slides per mouse for a corresponding region 
of interest).

Enzyme‑linked immunosorbent assay
In accordance with the manufacturer’s instructions, 
enzyme-linked immunosorbent assay (ELISA) kits were 
utilized to quantify the levels of interleukin (IL)−1β, IL-6, 



Page 7 of 20Zhang et al. Journal of Neuroinflammation            (2025) 22:5 	

TNF-α, Aβ1−40, and Aβ1−42 in the cortex and hippocam-
pus and cultured primary microglia. In  vivo: The brain 
samples were thawed on ice and homogenized in PBS 
using an electric tissue grinder. The tissue homogenates 
underwent centrifugation at 3000× g for 10 min at 4 °C, 
and the resulting homogenate supernatant was collected 
and the total protein concentration was determined by 
BCA Protein Assay Kit. Levels of IL-1β (#EK201B/3, 
Multisciences, Hangzhou, China), IL-6 (#EK206/3, Mul-
tisciences, Hangzhou, China), Aβ1−40, (#BPE11681, Lang-
dun, Shanghai, China) and Aβ1−42 (#BPE11405, Langdun, 
Shanghai, China) were evaluated via commercial ELISA 
kits according to the manufacturer’s protocol. In  vitro: 
The primary microglia were initially seeded in 6-well 
plates and incubated at 37 °C for 24 h. The cells were then 
subjected to pretreatment with the ChemR23 inhibi-
tor α-NETA (10 µM) for 2  h before being co-incubated 
with Aβ (5 µM) and chemerin-9 (500 nΜ) for 24 h. Fol-
lowing collection, the culture medium was centrifuged 
at 12,000 rpm for 10 min, and then quantified the levels 
of IL-6 (#EK206/3, Multisciences, Hangzhou, China) and 
TNF-α (#EK282/4, Multisciences, Hangzhou, China) 
using mouse ELISA kits.

Calcein‑AM and propidium iodide (PI) assays
Cells were stained with live-dead staining kits according 
to the manufacturer’s protocol (Yeasen Biotech, Shang-
hai, China). After the required treatment, the cells were 
incubated with the mixture of dyes (2 µl/ml Calcein-AM 
and 3 µl/ml PI) for 15 min at 37 °C. The results were ana-
lysed under a fluorescence microscope (IX53, Olympus, 
Tokyo, Japan). The red or green signals indicated the 
dead cells or viable cells, respectively.

Statistical analysis
GraphPad Prism 9 (GraphPad Software Inc., CA, 
USA) was utilized for statistical analysis. The data were 
expressed as mean ± standard error of the mean (SEM) 
and subjected to one-way analysis of variance (ANOVA) 
with Tukey’s post hoc test. For experiments with only two 
groups, the t-test was employed. In the case of the Mor-
ris water maze test’s hidden-platform training, the escape 
latency was analyzed by two-way repeated-measures 

ANOVA followed by Tukey’s post hoc test. Limma pack-
age was used to analyze the downloaded human tran-
scriptomic datasets. The level of statistical significance 
was set at P < 0.05.

Results
Increased expression of chemerin and ChemR23 in AD
Firstly, we used the human transcriptomic dataset to 
analyze chemerin/ChemR23 changes in AD patients. In 
the dataset of GSE48350 and GSE5281, we found that 
chemerin mRNA levels were significantly increased in the 
hippocampus and middle temporal gyrus of patients with 
AD compared to the nondemented controls (Fig. 1A and 
Suppl. Tables  1–2). Similarly, we found that ChemR23 
mRNA levels were significantly increased in the hip-
pocampus and temporal cortex of patients with AD 
compared to the nondemented controls in the dataset of 
GSE5281 and GSE122063 (Fig. 1B and Suppl. Tables 3–4). 
Then, these alternations of chemerin and ChemR23 were 
successfully validated in the brain of 10-month-old APP/
PS1 transgenic mice, which is a widely used mouse model 
for AD that harbors familial AD gene mutations. As 
shown in Fig. 1C and D, APP/PS1 mice exhibited higher 
levels of chemerin and ChemR23 in the hippocampus 
and cortex as compared with WT mice. Considering 
that ChemR23 might be a functional receptor for micro-
glia, we proceeded to analyze the dataset of mice using 
the CSF1R antagonist PLX5622, which eliminates > 95% 
of microglia in the brain [23]. The results indicated that 
the absence of microglia led to a reduction in ChemR23 
mRNA levels in the hippocampus and cortex of both WT 
and AD mice (Fig. 1E), highlighting the specific associa-
tion between microglia and ChemR23 expression in the 
brain. In addition, incubation of primary murine micro-
glia with Aβ42 oligomers resulted in a significant increase 
in the transcriptional levels of chemerin and ChemR23 
(Fig. 1F). Moreover, we further investigated the co-local-
ization of ChemR23 and microglia using an ISH-immu-
nofluorescence approach which facilitated the detection 
of ChemR23 signal within microglia. As shown in Fig. 1G 
and H, a higher level of co-localization of ChemR23 and 
Iba1 was observed in the hippocampus and cortex of 
APP/PS1 mice compared with WT mice. These results 

(See figure on next page.)
Fig. 1  Abnormally high expression of Chemerin and ChemR23 in AD. A Transcriptional up-regulation of Rarres2 in the hippocampus 
of the GSE48350 database (control, n = 42; AD patients, n = 19) and in the middle temporal gyrus of the GSE5281 database (control, n = 12; AD 
patients, n = 16). B Transcriptional up-regulation of Cmklr1 in the hippocampus of the GSE5281 database (control, n = 12; AD patients, n = 10) 
and in the temporal cortex of the GSE122063 database (control, n = 22; AD patients, n = 28). C, D Transcriptional up-regulation of Rarres2 and Cmklr1 
in the hippocampus and cortex of 10-month-old APP/PS1 mice (n = 4). (E) Transcriptional expression of Cmklr1 in WT and AD mice following CSF1R 
antagonist PLX5622 (Plx) treatment (n = 4). F Transcriptional up-regulation of Rarres2 and Cmklr1 in murine primary microglia cultures incubated 
with Aβ oligomers (n = 3). G, H RNA in situ hybridization of ChemR23 expression and its colocalization with Iba1 (immunostaining)-positive cells 
in the hippocampus and cortex of 10-month-old WT and APP/PS1 mice. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 1  (See legend on previous page.)
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collectively suggest that the brain affected by AD exhibits 
an upsurge in chemerin/ChemR23 levels, underscoring 
the potential significance of the chemerin/ChemR23 axis 
in the pathophysiology of AD.

Chemerin‑9 ameliorates cognitive deficits in APP/PS1 mice
We then used the Y-maze and Morris water maze tests 
to assess the potential effects of chemerin-9, a bioactive 
derivative of full-length chemerin, on cognitive deficits 
in APP/PS1 mice (Fig.  2A). As shown in Fig.  2B, the 
APP/PS1 mice exhibited a significantly lower sponta-
neous alternation rate in comparison to the WT mice. 
In contrast, the chemerin-9-L and chemerin-9-H mice 
demonstrated a marked increase in their spontane-
ous alternation rate when compared to the APP/PS1 
mice, indicating that chemerin-9 treatment effectively 
improved working memory in AD mice. During the 
5-day acquisition period, the MWM test demonstrated 
a progressive decline in escape latency in all groups 

tested (Fig.  2C). Nevertheless, the APP/PS1 mice 
exhibited a significantly higher escape latency on days 
4 and 5 than the WT mice. In contrast, the chemerin-
9-L mice experienced a significant reduction in escape 
latency on day 4 compared to the APP/PS1 mice. 
Additionally, the chemerin-9-H mice showed a signifi-
cant decrease in escape latency on days 4 and 5 rela-
tive to the APP/PS1 mice (Fig.  2C and E). During the 
probe trial, it was observed that the number of times 
APP/PS1 mice crossed the platform was significantly 
lower than that of the WT mice. However, chemerin-
9-H mice showed a significant increase in the number 
of times they crossed the platform compared to APP/
PS1 mice. The chemerin-9-L mice did not exhibit an 
increase in the number of times they crossed the plat-
form compared to APP/PS1 mice (Fig. 2D). Among the 
groups, there were no obvious differences in swimming 
speed (Fig. 2F).

Fig. 2  Chemerin-9 ameliorates cognitive deficits in APP/PS1 mice. A Schematic diagram of the experimental procedure. B The percentage 
of alternation (n = 9). C The escape latency in the navigation trials of the hidden platform task (n = 9). D Frequency of platform crossing in the probe 
trial (n = 9). E Representative path tracings during the navigation trials. F Swimming speed in the probe trial (n = 9). *P < 0.05; **P < 0.01. C9-H = High 
dose of chemerin-9; C9-L = Low dose of chemerin-9
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Chemerin‑9 attenuates neuronal damage and synaptic 
impairment in APP/PS1 mice
Degeneration and loss of neurons in the brain are well-
known contributors to cognitive impairment in AD. 
Therefore, we used NeuN and Nissl staining to observe 
the number and morphological changes in neurons after 
treatment with chemerin-9. As depicted in Fig.  3A and 
B, NeuN-positive cells in the hippocampus and cortex of 
APP/PS1 mice were not significantly different from the 
WT mice and chemerin-9 treated mice. IHC analysis of 
Nissl staining revealed that the cortical and hippocampal 
neurons of the WT mice exhibited copious and sizable 
Nissl bodies. In contrast, the number of Nissl-positive 
neurons in the cortex and hippocampus of the APP/PS1 
mice was reduced, and the affected neurons exhibited 
shrinkage, along with hyperchromatic nuclei and sparse 
Nissl bodies. Following the treatment with chemerin-9, 
the loss of Nissl-positive neurons was less pronounced 
(Fig.  3C and D). Dystrophic neurites showed swollen 
abnormal morphology, and were abundant in the vicinity 
of Aβ deposits in the brains of AD mice. To further inves-
tigate the effects of chemerin-9 on neuronal pathology, 
we analysed LAMP1 as a marker of dystrophic neurites. 
We observed an increase of LAMP1-positive areas in the 
hippocampus and cortex of APP/PS1 mice as campare 
with WT mice, while chemerin-9 reversed the dystrophic 
neurites in APP/PS1 mice (Fig.  3E and F). Cognitive 
decline is closely correlated with synaptic impairment in 
the hippocampus [24]. Hence, we employed Golgi stain-
ing to evaluate the effects of chemerin-9 on dendritic 
morphology. As shown in Fig. 3G and H, the number of 
dendritic spines in APP/PS1 mice was found to be signifi-
cantly lower than that of WT mice. However, the admin-
istration of chemerin-9 at either low or high doses to 
APP/PS1 mice resulted in a marked increase in the num-
ber of dendritic spines when compared to untreated APP/
PS1 mice. Moreover, we performed western blot to assess 
the effects of chemerin-9 on the synapse-related proteins 
SYN and PSD95 in the hippocampus of APP/PS1 mice. 
The results demonstrated that the relative levels of SYN 
and PSD95 were considerably lower in the APP/PS1 mice 
in comparison to those in the WT mice. However, the 
administration of either low or high doses of chemerin-9 
resulted in the reversal of this effect (Fig. 3I and J). Taken 

together, these findings indicate that the administration 
of chemerin-9 ameliorates neuronal damage and synaptic 
dysfunction in APP/PS1 mice.

Chemerin‑9 relieves Aβ burden in APP/PS1 mice
The accumulation of Aβ and deposition of plaques have 
been proposed to induce synaptic impairment and neu-
ronal death, resulting in cognitive decline in APP/PS1 
mice [25]. To determine whether the rescued cognitive 
function by chemerin-9 was associated with the altera-
tion of Aβ load, Thioflavin-S and 6E10 co-staining were 
performed. As shown in Fig. 4A-D, Thioflavin-S and 6E10 
co-staining revealed that amyloid plaques were obvi-
ous in the hippocampus and cortex of APP/PS1 mice, 
whereas the areas covered by amyloid plaques were sig-
nificantly lower after chemerin-9 treatment. Moreover, 
ELISA assays were performed to measure the levels of 
Aβ1–40 and Aβ1–42, the primary C-terminal variants of 
the Aβ protein that constitute the majority of Aβ plaques, 
in the hippocampus and cortex of APP/PS1 mice treated 
with chemerin-9. As shown in Fig.  4E, although the 
levels of Aβ1–40 showed a decreasing trend, no signifi-
cant differences were observed in the hippocampus and 
cortex of APP/PS1 mice following chemerin-9 treat-
ment. However, the levels of Aβ1–42 in the hippocampus 
and cortex of APP/PS1 mice were dramatically lowered 
through the administration of either a low or high dose of 
chemerin-9 (Fig. 4F). Altogether, the results demonstrate 
that chemerin-9 effectively relieves Aβ burden in APP/
PS1 mice.

Chemerin‑9 facilitates microglia‑mediated Aβ 
phagocytosis
To further elucidate the potential mechanisms that 
contribute to the phenotype observed in APP/PS1 
mice treated with chemerin-9, we undertook transcrip-
tomic analysis on the hippocampi of both chemerin-
9-treated and vehicle-treated APP/PS1 mice. The 
results showed that a total of 33 genes were upregu-
lated and 11 genes were downregulated (Fig. 5A). The 
KEGG analysis performed on the combined DEGs 
in chemerin-9-treated and vehicle-treated APP/PS1 
mice revealed that several pathways were considerably 
influenced. Specifically, the phagosome, NOD-like 

(See figure on next page.)
Fig. 3  Chemerin-9 attenuates neuronal damage and synaptic impairment in APP/PS1 mice. A Representative NeuN staining images 
in the hippocampus and cortex. B Quantification of the area of NeuN staining within the hippocampus and cortex (n = 4). C Representative Nissl 
staining images in the hippocampus and cortex. D Quantification of Nissl-positive cells within the hippocampus and cortex (n = 4). G Representative 
images of neuronal dendrites by Golgi staining. C The quantification of the spine density (n = 3). D Representative immunoblotting bands of SYN 
and PSD95 in the hippocampus. E Quantitative analysis of SYN/actin and PSD95/actin (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. SYN = synaptophysin; 
C9-H = High dose of chemerin-9; C9-L = Low dose of chemerin-9
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Fig. 3  (See legend on previous page.)
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Fig. 4  Chemerin-9 relieves Aβ burden in APP/PS1 mice. A IHC staining of amyloid plaques with thioflavin S and 6E10 in the hippocampus. 
B Quantification of thioflavin S and 6E10 co-stained area in the hippocampus (n = 4). C IHC staining of amyloid plaques with thioflavin S and 6E10 
in the cortex. D Quantification of thioflavin S and 6E10 co-stained area in the cortex (n = 4). E ELISA was performed to detect the concentration 
of Aβ1–40 (n = 4). F ELISA was performed to detect the concentration of Aβ1–42 (n = 4). *P < 0.05; **P < 0.01; ***P < 0.001. C9-H = High dose 
of chemerin-9; C9-L = Low dose of chemerin-9



Page 13 of 20Zhang et al. Journal of Neuroinflammation            (2025) 22:5 	

receptor signaling pathway, TNF signaling pathway, 
and neuroactive ligand-receptor interaction pathways 
were among the most affected (Fig. 5B). Moreover, we 
calculated the normalized enrichment score (NES) 
using GSEA and identified two gene sets that were sig-
nificantly enriched: protein digestion and absorption 
and the NOD-like receptor signaling pathway (Fig. 5C 
and D).

It has been well established that the accumulation 
of Aβ is predominantly caused by an imbalance in 
the production and elimination of Aβ. Our bulk tran-
scriptomic results suggested that the administration 
of chemerin-9 led to alterations in genes associated 
with phagocytosis (Fig.  5B and C), including Clec7a 
(Fig.  5A), which plausibly facilitated the reduction 
of Aβ by enhancing clearance. Microglia are known 
to play a pivotal role in regulating the clearance and 
degradation of Aβ [26]. Thus, to explore the poten-
tial of microglia surrounding the plaques to engulf 
Aβ and facilitate Aβ clearance, we performed co-
immunostaining of Iba1, Clec7a, and 6E10, which are 
established markers for microglia, disease-associated 
microglial marker, and Aβ, respectively. We observed 
no statistically significant difference in the number 
of microglia surrounding Aβ plaques between the 
chemerin-9-treated APP/PS1 mice and the vehicle-
treated APP/PS1 mice (Fig.  5E and F). However, we 
found that the microglia in the APP/PS1 mice treated 
with chemerin-9 demonstrated a significant upregula-
tion in Clec7a expression compared to the microglia 
in the vehicle-treated APP/PS1 mice, suggesting that 
chemerin-9 facilitated the clearance and phagocytosis 
of Aβ by the microglia (Fig.  5E and G). Additionally, 
we sought to determine whether the accumulation of 
Aβ was a consequence of an increase in Aβ produc-
tion. However, there were no significant changes in the 
levels of APP or enzymes related to Aβ metabolism, 
including BACE1, PS1, PEN2, and Nicastrin (Fig.  5H 
and I). Taken together, these results suggest that the 
lower level of Aβ accumulation in the chemerin-9-
treated APP/PS1 mice is associated with increased Aβ 
phagocytosis.

Chemerin‑9 inhibits microglial NLRP3 inflammasome 
activation
Based on the results from both the KEGG and GSEA 
analyses, the NOD-like receptor signaling pathway 
was one of the most affected pathways (Fig.  5B and D). 
Moreover, the NLRP3 inflammasome, which is the most 
common form of inflammasome, has been implicated 
in numerous chronic inflammatory disorders due to 
its capacity to sense inflammatory crystals and aggre-
gated proteins, such as Aβ [27, 28]. Therefore, we inves-
tigated whether the microglial NLRP3 inflammasome 
was altered by chemerin-9 in APP/PS1 mice. As shown 
in Fig. 6A and B, the APP/PS1 mice exhibited a marked 
increase in the expression of NLRP3, ASC, and active 
caspase1 levels as compared to the WT mice. Remark-
ably, treatment with chemerin-9 was found to effec-
tively inhibit the activation of the NLRP3/ASC/caspase1 
axis (Fig.  6A and B). Consistently, immunofluorescence 
staining indicated the activation of microglial NLRP3 
inflammasome in the hippocampus of APP/PS1 mice, 
as evidenced by a significantly increased fluorescence 
intensity of NLRP3 in Iba1-positive cells (Fig. 6C and D). 
Treatment with chemerin-9 led to a marked decrease in 
the fluorescence intensity of NLRP3 in Iba1-positive cells 
(Fig.  6C and D). Furthermore, ELISA results revealed 
that APP/PS1 mice expressed significantly higher levels 
of IL-1β and IL-6 compared to WT mice, while APP/PS1 
mice receiving chemerin-9 showed a noticeable reversal 
of these changes (Fig. 6E and F). These findings indicate 
that the cognitive benefits of chemerin-9 in AD may 
be due in part to its ability to inhibit microglial NLRP3 
inflammasome activation and lower cytokine levels.

Chemerin‑9 modulates microglial phagocytosis 
and attenuates microglia‑mediated neuroinflammation 
in a ChemR23‑dependent manner
To investigate whether chemerin-9 affects microglial 
function through ChemR23, primary microglia were 
treated with chemerin-9 and the ChemR23 inhibitor 
α-NETA after Aβ42 oligomers treatment. The results 
showed that chemerin-9-treated microglia had a greater 
phagocytic capacity than control and Aβ-treated micro-
glia, as demonstrated by the increased uptake of HiLyte™ 

(See figure on next page.)
Fig. 5  Disease-associated microglial marker is regulated by Chemerin-9. A Numbers of genes that were upregulated or downregulated 
and the volcano plot of DEGs between the chemerin-9-treated APP/PS1 mice versus the vehicle-treated APP/PS1 mice. B Bubble chart 
showing significant enrichment of DEGs in various pathways. C GSEA of protein digestion and absorption pathway of chemerin-9-treated 
APP/PS1 mice versus vehicle-treated APP/PS1 mice. D GSEA of the NOD-like receptor signaling pathway of chemerin-9-treated APP/PS1 mice 
versus vehicle-treated APP/PS1 mice. E Immunofluorescent staining of Iba1, Clec7a, and 6E10 in the hippocampus. F Quantification of Iba1-positive 
cell number within 15 μm radius distance around the Aβ plaque (n = 3). G Percentage of Clec7a and Iba1-positive area versus Aβ plaque area (n = 3). 
H Representative immunoblotting bands of APP, BACE1, PS1, PEN2, and Nicastrin in the hippocampus. I Quantitative analysis of APP/actin, BACE1/
actin, PS1/actin, PEN2/actin, and Nicastrin/actin (n = 3). *P < 0.05. PS1 = Presenilin 1; C9-H = High dose of chemerin-9; C9-L = Low dose of chemerin-9
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Fig. 5  (See legend on previous page.)
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Fig. 6  Chemerin-9 inhibits microglial NLRP3 inflammasome activation. A Representative immunoblotting bands of NLRP3, ASC, and cl-caspase1 
in the hippocampus. B Quantitative analysis of NLRP3/actin, ASC/actin, and cl-caspase1/actin (n = 3). C Immunofluorescent staining of NLRP3 
and Iba1. D Relative NLRP3 fluorescence intensity in Iba1-positive cells (n = 3). E, F ELISA was performed to detect the concentration of IL-1β and IL-6 
(n = 4). *P < 0.05; **P < 0.01; ***P < 0.001. C9-H = High dose of chemerin-9; C9-L = Low dose of chemerin-9



Page 16 of 20Zhang et al. Journal of Neuroinflammation            (2025) 22:5 

Fluor labeled Aβ1–42 peptide. On the other hand, the 
HiLyte™ Fluor labeled Aβ1–42 peptide uptake decreased 
in the α-NETA-treated group (Fig.  7A and B). In addi-
tion, we found that the increased levels of NLRP3, 
ASC, and cl-caspase1 and the subsequent pro-inflam-
matory cytokines (including IL-6 and TNF-α) in the 
Aβ-treated group were downregulated after treatment 
with chemerin-9. However, α-NETA treatment reversed 
the above changes (Fig. 7C-F). To determine whether the 
effect of chemerin-9 on microglia phenotype would have 
a subsequent impact on neuronal survival, we treated pri-
mary neurons with the supernatant collected from condi-
tional microglia culture. The results of live-dead staining 
assays showed that chemerin-9 rescued the Aβ42-induced 
decline of cell viability. Nevertheless, administration 
with α-NETA abrogated the neuroprotective effects of 
chemerin-9 (Fig. 7G). Overall, the data above suggest that 
chemerin-9, by interacting with ChemR23, modulates 
microglial phagocytosis and mitigates microglia-associ-
ated neuroinflammation, ultimately serving a neuropro-
tective role in AD.

Discussion
For more than a hundred years, AD has been one of 
the most researched neurodegenerative diseases. Even 
though multiple theories have been proposed, the 
actual cause remains unknown, thus leaving few via-
ble treatments. Here we document that the levels of 
chemerin and its receptor, ChemR23 are increased in 
microglia in AD patients and APP/PS1 mice. Elevated 
levels of chemerin, which is considered as an adipocy-
tokine, have been correlated with obesity, insulin resist-
ance, metabolic syndrome, and inflammation [9, 29]. 
However, the effect of chemerin/ChemR23 on micro-
glia function and its involvement in the development of 
AD is yet to be determined. Thus, we used chemerin-9, 
a bioactive nonapeptide derived from full-length 
chemerin to intervene in AD mice [13]. Our results 
demonstrated the therapeutic efficacy of chemerin-9 
for AD in APP/PS1 mice, as evidenced by the recov-
ery of spatial learning and memory, the decrease in Aβ 
deposition, and the prevention of synaptic loss. Simi-
larly, our recent research found that chemerin-9 ame-
liorates the cognitive impairment and synaptic loss of 

diabetic mice [19]. Collectively, our findings shed some 
light on the role of chemerin in the etiology of cognitive 
impairment, suggesting that boosting chemerin signal-
ing could be a potential therapy for AD.

Increasing evidence indicates that microglia, the pre-
dominant immune cells and professional phagocytes 
of the central nervous system, play an essential role in 
the pathogenesis and progression of AD by modulat-
ing inflammatory responses and phagocytosis of Aβ [7, 
30]. Indeed, recent genome-wide association studies 
have uncovered many genetic loci that are linked to the 
risk of AD, mostly related to the immune functions of 
microglia or the neuroinflammatory response [31, 32]. 
Moreover, a novel type of microglia, referred to as ‘dis-
ease-associated microglia’, was identified by single-cell 
sorting and sequencing in a mouse model of AD and 
was then corroborated by postmortem brain samples 
of AD patients, suggesting that microglia have a much 
more intricate role in AD than previously assumed 
[33]. Disease-associated microglia may play a role in 
containing Aβ plaques and slowing disease progres-
sion. Recent studies have shown that Clec7a is upregu-
lated during the transition from homeostatic microglia 
to disease-associated microglia, which are commonly 
around Aβ plaques in AD [34]. Additionally, research 
indicates that the chemerin/ChemR23 axis is involved 
in the migration and recruitment of microglia to senile 
plaques through the p38 MAPK pathway [35]. In the 
present study, it was observed that levels of microglial 
Clec7a were higher around Aβ plaques in chemerin-
9-treated APP/PS1 mice compared to vehicle-treated 
APP/PS1 mice, suggesting an intensified microglial 
response to amyloid pathology following chemerin-9 
treatment. Moreover, Zhang et al. reported that human 
recombinant chemerin ameliorates the germinal matrix 
hemorrhage-induced inflammatory response by pro-
moting the ChemR23/CAMKK2/AMPK/Nrf2 pathway 
in microglia [36]. In the present study, our findings 
revealed that chemerin-9 treatment decreases micro-
glial NLRP3 inflammasome activation and reduces the 
production of inflammatory cytokines. Our results 
above indicate that sufficient chemerin signaling can 
shift microglia towards a plaque-associated phenotype, 
rebalancing their phagocytosis and immune actions.

(See figure on next page.)
Fig. 7  Chemerin-9 modulates microglial phagocytosis and attenuates microglia-mediated neuroinflammation in a ChemR23-dependent manner. 
A, B After incubation with HiLyte™ Fluor 488-labeled Aβ1–42, cells were imaged and the total amount of fluorescence within primary microglia 
was quantified (n = 3). C Representative immunoblotting bands of NLRP3, ASC, and cl-caspase1 in the primary microglia. D Quantitative analysis 
of NLRP3/actin, ASC/actin, and cl-caspase1/actin (n = 3). E, F ELISA was performed to detect the concentration of IL-6 and TNF-α (n = 4). (G) 
Fluorescence images of primary neurons stained with calcein AM (live cells, green fluorescence) and PI (dead cells, red fluorescence) after different 
treatments (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. C9 = chemerin-9
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Fig. 7  (See legend on previous page.)
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The molecular mechanisms of chemerin signaling 
in AD are of further interest. Analysis of RNAseq data 
revealed that the NOD-like receptor signaling pathway 
was among the most impacted pathways. The NLRP3 
inflammasome, which is the most common one in the 
NOD-like receptor signaling pathway, has been exten-
sively studied in relation to AD. Studies have shown that 
NLRP3 deficiency or impairment of its essential signaling 
components leads to a decrease in Aβ-induced microglial 
activation in vitro [37], Aβ accumulation, Tau pathology, 
and cognitive decline in AD mouse models [27, 38]. And 
a growing body of studies has indicated that chemerin/
ChemR23 interacts with NLRP3 and regulates its activa-
tion. For example, Liang et al. reported that aggregation 
of chemerin could lead to microglia recruitment, activa-
tion of NLRP3, release of inflammatory cytokines, and 
cognitive impairment in the offspring of mothers with 
diabetes in a ChemR23-dependent manner [39]. In addi-
tion, a study has shown that the chemerin/ChemR23 
axis promotes inflammation and pyroptosis by activating 
NLRP3 Inflammasome in diabetic cardiomyopathy rats 
[40]. In line with previous studies, we observed increased 
NLRP3 inflammasome activation and proinflammatory 
cytokine production in Aβ-induced primary microglia 

and APP/PS1 mice. Nevertheless, treatment with 
chemerin-9 significantly reversed these changes both 
in vitro and in vivo. Dual regulatory effects of chemerin 
on inflammation, as seen in our and previous studies, 
may be linked to the physiological context and stage of 
the disease. Our further in  vitro investigation showed 
that the anti-inflammatory effects of chemerin-9 were 
almost completely abrogated by the ChemR23 inhibi-
tor α-NETA, suggesting that the beneficial effects of 
chemerin-9 were ChemR23-dependent.

In summary, our study demonstrate that chemerin-9 
ameliorates cognitive deficits in APP/PS1 transgenic mice 
by boosting a disease-associated microglial response via 
modulating phagocytosis and attenuating NLRP3 inflam-
masome activation in a ChemR23-dependent manner 
(Fig. 8). 

Collectively, our work presents chemerin-9 as a novel 
therapeutic candidate against AD.
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