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A B S T R A C T   

Diabetes mellitus is associated with cognitive impairment characterized by memory loss and cognitive inflexi-
bility. Recent studies have revealed that ChemR23 is implicated in both diabetes mellitus and Alzheimer’s dis-
ease. However, the impact of ChemR23 on diabetes-associated cognitive impairment remains elusive. In this 
study, we explored the longitudinal changes of ChemR23 expression and cognitive function in STZ-induced type 
1 diabetic mice and leptin receptor knockout type 2 diabetic mice at different ages. We also treated diabetic mice 
with ChemR23 agonists RvE1 or chemerin-9 to explore whether ChemR23 activation could alleviate diabetes- 
associated cognitive impairment. The underlying mechanism was further investigated in diabetic mice with 
genetic deletion of ChemR23. The results showed that ChemR23 expression was decreased along with aging and 
the progression of diabetes, suggesting that abnormal ChemR23 signaling may be involved in diabetes-associated 
cognitive impairment. Administration of RvE1 or chemerin-9 ameliorated oxidative stress and inhibited NLRP3 
inflammasome activation through Nrf2/TXNIP pathway, and ultimately alleviated cognitive impairment in 
diabetic mice. Depletion of ChemR23 in diabetic mice abolished the beneficial effects of RvE1 and chemerin-9, 
and exacerbated cognitive impairment via increasing oxidative stress and activating NLRP3 inflammasome. 
Collectively, our data highlight the crucial role of ChemR23 signaling in diabetes-associated cognitive impair-
ment via regulating oxidative stress and NLRP3 inflammasome, and targeting ChemR23 may serve as a promising 
novel strategy for the treatment of diabetes-associated cognitive impairment.   

1. Introduction 

Diabetes mellitus (DM) is one of the most prevalent systemic meta-
bolic diseases characterized by hyperglycemia [1]. Clinical and epide-
miological studies have demonstrated that diabetic patients have a 
higher risk of cognitive dysfunction and dementia than non-diabetic 
individuals [2,3]. Diabetes-associated cognitive impairment (DACI) is 
manifested as memory loss, cognitive inflexibility, and poor psycho-
motor performance [4]. The etiology and underlying mechanisms of 

DACI development remain unclear. 
ChemR23 is widely expressed not only in peripheral monocytes, 

macrophages, immature dendritic cells, natural killer cells, and adipo-
cytes [5–7], but also in central glial cells and neurons [8–11]. ChemR23 
is of interest as it is a seven-pass transmembrane G-protein coupled re-
ceptor that binds resolvin E1 (RvE1) in addition to the adipokine 
chemerin [12]. Resolvins mediate their signaling through multiple re-
ceptors, denoted ChemR23, ALX/FPR2, GPR18, and GPR32 [13]. Spe-
cifically, ChemR23 acts as a high-affinity bioactive receptor for RvE1 
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[14]. As endogenous ligands of ChemR23, the biofunctions of RvE1 and 
chemerin have been implicated in the regulation of inflammation 
[15–18]. ChemR23 signaling has also been implicated in lipid meta-
bolism and glucose homeostasis in the periphery system [19,20]. For 
example, ChemR23 expressions were increased in obese and type 2 
diabetic Psammomys obesus’ adipose tissue than in lean normoglycemic 
Psammomys obesus’ adipose tissue [21,22]. Similarly, ChemR23 
expression was dysregulated in neutrophils in DM, and RvE1 treatment 
could rescue the dysregulation and improve resolution of inflammation 
[20]. It has also been shown that chemerin/ChemR23 axis could regu-
late vascular cell function through NADPH oxidase in obesity [23]. 
Indeed, as RvE1 and chemerin exert emerging roles in metabolic dis-
orders and inflammation [19,24], the signaling of their common re-
ceptor, ChemR23, remains elusive and needs further investigation. 

Knowledge about the functions of ChemR23 signaling in the brain is 
limited. RvE1 and chemerin have shown beneficial effects in models of 
Alzheimer’s disease and stroke [25,26]. Furthermore, RvE1/ChemR23 
axis has been implicated in pain disorders that involve mechanisms in 
the central nervous system [27,28]. Recent evidence has demonstrated 
that ChemR23 expression is altered in the post-mortem brain of patients 
with Alzheimer’s disease, indicating that ChemR23 might be involved in 
the regulation of cognitive function [8,29]. However, the role of 
ChemR23 and its functional mechanism in DACI remain elusive. 

In the present study, we investigated the changes of ChemR23 
expression in the brain in different diabetic mouse models, and explored 
the treatment effects of ChemR23 activation by RvE1 and chemerin in 
DACI. Finally, by using ChemR23 knockout mice, we further tested the 
underlying mechanisms of ChemR23 signaling in DACI. 

2. Materials and methods 

2.1. Animals 

Male leptin receptor-deficient BKS-Leprem2Cd479/Gpt mice (db/db) 
and age-matched C57BLKS/JGpt mice (WT) were obtained from Gem-
Pharmatech (Jiangsu, China). ChemR23 knockout mice were generated 
by Shanghai Model Organisms Center (Shanghai, China). The mice were 
housed in a specific pathogen-free animal center under controlled 
temperature (20–25 ◦C) and light (12 h light/12 h dark) conditions, with 
water and food available ad libitum. All procedures were approved by 
the ethical committee on animal welfare of Shanghai Sixth People’s 
Hospital Affiliated to Shanghai Jiao Tong University School of Medicine 
in accordance with the principles outlined in the National Institutes of 
Health (NIH) Guide for the Care and Use of Laboratory Animals. 

Type 1 diabetes (T1DM) was induced as described previously [30, 
31]. Briefly, 7-week-old C57BL/6J mice were injected intraperitoneally 
with a single dose of STZ (150 mg/kg, Sigma-Aldrich) that was freshly 
dissolved in pH 4.5 citrate buffer. One week after injection, blood 
glucose levels were measured, and the mice with blood glucose levels 
that reached 16.7 mmol/L were defined as the T1DM model. 

Type 2 diabetes (T2DM) was modeled using db/db mice, charac-
terized by a leptin-receptor defect leading to obesity, hyperglycemia, 
and hyperinsulinemia by 5–8 weeks of age [32,33]. 

2.2. Drug administration 

RvE1 (Item # 10007848, Cayman Chemical, Ann Arbor, MI) was 
supplied as a solution in ethanol, which needed to be evaporated under a 
gentle stream of nitrogen and immediately diluted with sterile 
phosphate-buffered saline (PBS) before use. Chemerin-9 (C9, Item # 
7117, Tocris Bioscience, Bristol, UK), a bioactive cleaved form of full 
length chemerin corresponding to C-terminal amino acids 148–156, was 
dissolved in sterile PBS. Mice were treated intraperitoneally with RvE1 
(1.5, 3, and 6 μg/kg body weight) or C9 (30 and 60 μg/kg body weight) 
every other day for four weeks. The control groups were treated with the 
same volume of PBS as vehicle. 

2.3. Experimental design 

Part 1: To explore whether ChemR23 was involved in diabetic 
cognitive dysfunction, the mice were randomly divided into the 
following groups: For T1DM study (n = 8 mice/group): 20-week-old WT, 
20-week-old STZ, 26-week-old WT, and 26-week-old STZ; For T2DM 
study (n = 12 mice/group): 6-week-old WT, 6-week-old db/db, 18- 
week-old WT, 18-week-old db/db, 26-week-old WT, and 26-week-old 
db/db. Morris water maze was performed to assess cognitive function, 
and then the mice were sacrificed to collect brain samples for qRT-PCR. 

Part 2: To investigate whether activation of ChemR23 with RvE1 or 
C9 could improve cognitive deficits in diabetic mice, the mice were 
randomly assigned to the following groups: For T1DM study (n = 10 
mice/group, all at 26-week-old): WT group, STZ group, STZ + RvE1 
group, and STZ + C9 group. For T2DM study (n = 13 mice/group, all at 
18-week-old): WT group, db/db (db group), db/db + RvE1 (db + RvE1 
group), and db/db + C9 (db + C9 group). After drug administration, 
Morris water maze was performed to evaluate the effect of RvE1 or C9 
treatment on cognitive function. Mice were then sacrificed to obtain 
brain samples for further studies. 

Part 3: To explore whether ChemR23 deficiency could promote the 
progression of cognitive impairment in diabetes, the mice were divided 
into the following groups (n = 10/group, all at 20-week-old): STZ group, 
ChemR23 knockout + STZ (KO STZ group), ChemR23 knockout + STZ 
+ RvE1 (KO STZ + RvE1 group), and ChemR23 knockout + STZ + C9 
(KO STZ + C9 group). Cognitive assessment was determined with Morris 
water maze, after which the mice were sacrificed, and then the brain 
samples were collected by either snap-frozen by liquid nitrogen and 
stored at − 80 ◦C, or directly stored in 4% paraformaldehyde for histo-
logical analysis. 

2.4. Morris water maze test 

Morris water maze (MWM) test was performed to investigate the 
spatial learning and memory as we described previously [34] with minor 
modifications. In brief, a circular pool (height 50 cm, diameter 120 cm) 
with a submerged escape platform (10 cm in diameter) 1.0 cm below the 
water surface was used. The apparatus was filled with tepid water (25 ±
2 ◦C) and was surrounded by curtains with visual cues of four different 
shapes and sizes placed in the four quadrants. The orientation naviga-
tion test consisted of four trials a day for five consecutive days. For each 
daily trial, mice were allowed to swim for a maximum trial duration of 
60 s and with 10 s on the platform after climbing onto it successfully. If 
mice failed to reach the platform within 60 s, they were guided to the 
platform and kept there for 10 s. During each trial, the latency required 
to reach the platform was measured as the escape latency. A probe trial 
was performed on the sixth day, during which mice were allowed to 
navigate freely for 60 s without the platform and the number of platform 
crossings, the percentage of time spent in the target quadrant, and the 
average swimming speed were measured automatically using a video 
tracking system EthoVision® XT 15. 

2.5. Histological staining 

After behavioral experiments, mice were transcardially perfused 
with 0.9% saline followed by 4% paraformaldehyde. Paraformaldehyde- 
fixed brain samples were embedded in paraffin and then sectioned 
coronally and serially into 4-μm thick slices by a microtome. Slices were 
stained with hematoxylin and eosin (H&E) using the standard protocol 
to analyze the neuronal morphology and damage. The immunohisto-
chemical staining was performed according to the protocol of our pre-
vious study [35]. Briefly, paraffin slices were deparaffinized, 
rehydrated, subjected to heat-induced antigen retrieval using a micro-
wave and blocked with 3% donkey serum and 0.3% Triton X-100 in PBS. 
Subsequently, slices were incubated with 8-hydroxy-2′-deoxyguanosine 
(8-OHdG) (bs-1278R, 1:200, Bioss, Beijing, China) overnight at 4 ◦C. 
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After triple washing in PBS, horseradish peroxidase (HRP)-conjugated 
immunoglobulin G (IgG) secondary anti-rabbit antibody (GB23303, 
1:1000, Servicebio, Wuhan, China) was incubated for 1 h at room 
temperature. The localization and distribution of immunoreactive pos-
itive cells in the brain were visualized under a microscope (IX53, 
Olympus, Tokyo, Japan). 

2.6. Enzyme-linked immunosorbent assay 

The levels of interleukin (IL)-1β (#70-EK201B/3, Multisciences, 
Hangzhou, China), IL-6 (#70-EK206/3, Multisciences, Hangzhou, 
China), and IL-18 (#70-EK282/4, Multisciences, Hangzhou, China) in 
the hippocampus were quantified using enzyme-linked immunosorbent 
assay (ELISA) kits in accordance with the manufacturer’s instructions. 
Briefly, the brain samples were thawed on ice and homogenized in PBS 
by an electric tissue grinder. Tissues homogenates were centrifuged at 
3000×g for 10 min at 4 ◦C, and then the homogenate supernatant was 
collected and added to the provided ELISA plate. After 90 min incuba-
tion, liquid in the plate was drained off and the plate was incubated with 
biotinylated antibody working solution for 1 h at 37 ◦C. The liquid in the 
wells was shaken off and incubated with HRP conjugate working solu-
tion for 30 min at 37 ◦C followed by five times of washing. Before the 
stop solution was added, the wells were incubated with a substrate so-
lution for 15 min at 37 ◦C. The optical density was immediately 
measured at a wavelength of 450 nm. 

2.7. Measurement of superoxide dismutase (SOD) activities and 
malondialdehyde (MDA) levels 

The activity of antioxidant marker SOD (#A001-1, Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China) and the level of oxida-
tive stress marker MDA (#A003-1, Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China) in the hippocampus were measured using 
commercially available kits. Briefly, the brain samples were thawed on 
ice and homogenized in PBS by an electric tissue grinder. Tissues ho-
mogenates were centrifuged at 3000×g for 10 min at 4 ◦C, and then the 
homogenate supernatant was collected for the detection of SOD and 
MDA. All procedures were in accordance with the manufacturer’s 
instructions. 

2.8. Transmission electron microscopy 

Transmission electron microscope (TEM) was performed to assess 
the alterations in synaptic density and morphology of the hippocampus. 
Following transcardial perfusion with PBS containing 4% para-
formaldehyde, hippocampal slices were fixed with electron microscopy 
fixative made of 2.5% glutaraldehyde (pH 7.2) at 4 ◦C for 4 h. After 
washing with PBS (0.1 M, pH 7.4) thrice, the slices were post-fixed in 1% 
OsO4 for 2 h at room temperature. After dehydrating through a graded 
series of ethanol solutions (30, 50, 70, 80, 95, and 100%) and acetone, 
the specimens were embedded in resin and polymerized in a 60 ◦C oven 
for 48 h. Ultrathin sections (70 nm) were cut and stained with uranyl 
acetate and lead acetate and observed under HT7700 TEM (Hitachi, 
Tokyo, Japan). 

2.9. Western blot analysis 

Western blot analysis of protein in the hippocampus was performed 
as we previously described [36] with minor modifications. Hippocam-
pus tissues were chopped into small pieces and homogenized with RIPA 
buffer supplemented with protease and phosphatase inhibitors by son-
ication. The protein concentration was quantified by the BCA kit 
(Beyotime, Nanjing, China). Different samples with an equal amount of 
protein were loaded on sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride 
(PVDF) membranes. Membranes were blocked with 5% non-fat milk or 

BSA in TBS-T and then incubated with the following primary antibodies 
overnight at 4 ◦C, including nuclear factor erythrocyte 2-related factor 2 
(Nrf2) (16396-1-AP, 1:1000), apoptosis-associated speck-like protein 
containing a CARD (ASC) (10500-1-AP, 1:1000) and β-actin 
(20536-1-AP, 1:1000) all from Proteintech, IL, USA; NADPH quinone 
oxidoreductase 1 (NQO1) (A0047, 1:1000), heme oxygenase 1 (HO1) 
(A19062, 1:1000), thioredoxin-interacting protein (TXNIP) (A9342, 
1:1000), caspase1 (A0964, 1:1000), synaptophysin (SYN) (A19122, 
1:1000) and postsynaptic density protein-95 (PSD95) (A6194, 1:1000) 
all from Abclonal, Wuhan, China; nucleotide-binding oligomerization 
domain-like receptor protein 3 (NLRP3) (GB114320, 1:1000, Servicebio, 
Wuhan, China). After washing with TBS-T for 3 times, the membranes 
were incubated with horseradish peroxidase (HRP)-conjugated immu-
noglobulin G (IgG) secondary anti-rabbit antibody (GB23303, 1:1000, 
Servicebio, Wuhan, China). Immunoblots were visualized using the 
enhanced chemiluminescence (ECL) kit (Invitrogen, CA, USA). The blots 
were quantified using ImageJ software to obtain the grayscale value of 
signals. 

2.10. qRT-PCR 

The qRT-PCR was performed as we previously described [35]. Total 
RNAs in the hippocampus were extracted using the RNAeasy™ animal 
RNA isolation kit with a spin column according to the manufacturer’s 
protocol. Isolated RNAs were reverse-transcribed into cDNA using the 
PrimeScript™ RT Master Mix (Perfect Real Time) following the standard 
protocol. The qPCR assay was conducted using TB Green™ Premix Ex 
Taq™ II (Tli RNaseH Plus) with the Applied Biosystems 7500 Real-Time 
PCR System (Applied Biosystems, CA, USA). The amplification param-
eters were 95 ◦C for 30 s, followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C 
for 34 s, 95 ◦C for 15 s, 60 ◦C for 60 s, and 95 ◦C for 15 s. The gene 
expression levels were calculated using the 2− ΔΔCt method. Each sample 
was analyzed in triplicate, and the relative expression of mRNA was 
calculated after normalization to β-actin. The relative mRNA expression 
level in the WT group (target mRNA/β-actin value) was set to 100%, and 
the mRNA values in other groups were converted to fold changes after 
comparison with the control group. 

The following PCR primer sequences were used for detecting tran-
scriptions: β-actin, F: 5′-GTGACGTTGACATCCGTAAAGA-3′, R: 5′- 
GTAACAGTCCGCCTAGAAGCAC-3’; ChemR23, F: 5′-TACGACGCTTA-
CAACGACTCC-3′, R: 5′-TAGGAGACCGAGGAAGCACA-3’. 

2.11. RNA sequencing 

Three hippocampal samples from each group were randomly 
selected for RNA Sequencing (RNAseq) experiments. Total RNAs were 
isolated using Trizol reagent kit (Invitrogen, CA, USA) by following the 
manufacturer’s instructions. RNA quality was measured on an Agilent 
2100 Bioanalyzer (Agilent Technologies, CA, USA) and checked using 
RNase-free agarose gel electrophoresis. And then, the enriched mRNAs 
were fragmented into short fragments using fragmentation buffer and 
reversely transcribed into cDNA by using NEBNext Ultra RNA Library 
Prep Kit for Illumina (NEB #7530, New England Biolabs, MA, USA). The 
resulting cDNA library was sequenced using Illumina Novaseq6000 by 
Gene Denovo Biotechnology Co. (Guangzhou, China). Reads obtained 
from the sequencing machines were further filtered by fastp (version 
0.18.0) to get high-quality clean reads. RNA differential expression 
analysis was performed by DESeq2 software between two different 
groups. The genes with the parameter of false discovery rate (FDR) 
below 0.05 and absolute fold change of 1.5 or greater were considered 
differentially expressed genes (DEGs). The DEGs of each group were 
subjected to the Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment functional analysis. 
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2.12. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 7 (Graph-
Pad Software Inc., CA, USA). The data were presented as mean ± stan-
dard error of the mean (SEM). Differences between groups were 
performed using one-way analysis of variance (ANOVA). For the hidden- 
platform training of the Morris water maze test, the escape latency was 
analyzed by two-way repeated-measures ANOVA followed by Tukey’s 
post hoc test. Statistical significance was set at P < 0.05. 

3. Results 

3.1. Cognitive dysfunction in diabetic mice correlated with ChemR23 
deficiency 

To investigate the effect of diabetes on cognitive function, spatial 
learning and memory performance was assessed via Morris water maze 
in all age groups of db/db mice and STZ mice. We observed no signifi-
cant learning impairment in 6-week-old WT and db/db mice, as indi-
cated by a nonsignificant difference in the latency from the 1st to the 5th 
days. With prolonged diabetes duration, learning capacity was signifi-
cantly impaired in db/db mice at 18 and 26 weeks of age, as evidenced 

by an increase in the escape latency on the 4th and 5th days in com-
parison to age-matched WT mice (Fig. 1A, D). Twenty-four hours after 
the last training session, we performed a probe trial, in which the 
number of times across the retracted platform and the percentage of 
time spent in the target quadrant were recorded to evaluate memory 
preservation. There was no significant difference in the time spent in the 
target quadrant and the number of platform crosses between the 6-week- 
old WT and db/db mice, while 18- and 26-week-old db/db mice showed 
difficulties in remembering where the platform was originally placed 
and spent a significantly shorter time in the target quadrant when 
compared to age-matched WT mice (Fig. 1B and C). On the other hand, 
we observed a slight but not significant increase in the escape latency in 
20-week-old STZ mice compared to age-matched WT mice, whereas the 
latency to reach the platform of STZ mice was statistically different 
compared with WT mice at 26 weeks of age (Fig. 1E, H). Meanwhile, 20- 
week-old STZ mice exhibited no significant memory impairment, while 
26-week-old STZ mice showed significant impairment in memory 
retention, as evidenced by decreased time in the target quadrant and the 
number of platform crosses (Fig. 1F and G). Altogether, these results 
demonstrate that learning and memory performance is impaired along 
with aging and the progression of diabetes in both db/db and STZ mice. 

Given the close association of ChemR23 signaling with diabetes and 

Fig. 1. Age-dependent decline of spatial learning, 
memory performance and ChemR23 expression in 
diabetic mice. (A, E) The escape latency of db/db 
mice and STZ mice in the navigation trials of the 
hidden platform task. n = 8–12 mice/group. (B, F) 
Frequency of platform crossing of db/db mice and 
STZ mice in the probe trial. n = 8–12 mice/group. (C, 
G) Percentage of time spent in the target quadrant of 
db/db mice and STZ mice in the probe trial. n = 8–12 
mice/group. (D, H) Representative path tracings of 
db/db mice and STZ mice during the navigation tri-
als. (I, J) qPCR analysis of ChemR23 in the hippo-
campus of db/db mice and STZ mice at different ages. 
n = 3 mice/group. *P < 0.05; **P < 0.01; ***P <
0.001.   
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cognition [29,37], we sought to determine the levels of ChemR23 
expression in the hippocampus of two diabetic mouse models. The 
expression of ChemR23 remained unaffected in both WT and db/db 
mice at 6 weeks of age. At 18 and 26 weeks of age, db/db mice displayed 
a significant decrease of ChemR23 expression compared to the 
age-matched WT mice (Fig. 1I). Moreover, the analysis showed that 
ChemR23 expression was not significantly different between STZ and 
WT mice at 20 weeks of age, whereas a dramatic decrease of ChemR23 
expression was observed in 26-week-old STZ mice compared with WT 
mice (Fig. 1J). Taken together, the results above revealed a parallel 
relationship between cognitive performance and ChemR23 expression, 
suggesting that cognitive dysfunction in diabetic mice may be related 
with ChemR23 deficiency. 

3.2. Activation of ChemR23 with RvE1 and C9 improved cognitive 
deficits in diabetic mice 

To determine the effect of ChemR23 stimulation on cognitive deficits 
in diabetic mice, we treated 18-week-old db/db mice and 26-week-old 
STZ mice with the ChemR23 agonists RvE1 or C9 for 4 weeks. As 
shown in Figs. S1A–C and Fig. 2A and D, RvE1 dose of 1.5 μg/kg did not 
improve learning impairment in db/db mice, while higher doses of RvE1 
(3 and 6 μg/kg) significantly decreased the time spent on locating the 
hidden platform. Furthermore, db/db mice treated with 6 μg/kg RvE1 
exhibited remarkably more preference for the target quadrant and a 
higher frequency of crossing the platform compared with vehicle-treated 
db/db mice (Fig. 2B and C). For the treatment study of C9, we observed 
that the higher dose of C9 (60 μg/kg) but not the lower dose of C9 (30 
μg/kg) significantly improved learning and memory performance in db/ 
db mice (Figs. S1A–C). The above results indicated that the higher dose 
of RvE1 (6 μg/kg) and C9 (60 μg/kg) exerted a better treatment effect. 
Therefore, 6 μg/kg of RvE1 and 60 μg/kg of C9 were selected for further 
experiments. Similarly, treatment of STZ mice with RvE1 or C9 also 
significantly decreased the time spent on locating the hidden platform, 
while it prolonged the staying time in the target quadrant and increased 
the frequency of platform crossing (Fig. 2E–H). Taken together, these 
data suggest that the activation of ChemR23 with RvE1 or C9 improves 
learning and memory capacities in diabetic mice. 

3.3. RvE1 and C9 ameliorated neuronal death and synaptic impairment 
in diabetic mice 

The hippocampus is the major region of the brain involved in 
cognition and memory [37]. As shown by the representative micro-
graphs of H&E staining in the mouse hippocampus (Fig. 3A–D), 
neuronal degeneration and nuclear shrinkage were observed in db/db 
and STZ mice, while RvE1 and C9 protected against these neuronal 
damages. To investigate whether activation of ChemR23 with RvE1 or 
C9 could improve hippocampal synaptic plasticity in diabetic mice, the 
alterations in the synaptic structure of hippocampal neurons were 
studied by TEM. The length of postsynaptic density (PSD) was remark-
ably reduced in the hippocampus of both db/db and STZ mice, while 
administration of RvE1 or C9 increased the length of PSD in diabetic 
mice, which was comparable to WT mice (Fig. 3E–H). Furthermore, we 
analyzed the expressions of the presynaptic and postsynaptic markers, 
SYN and PSD95 respectively, in the mice hippocampus. Immunoblotting 
analysis confirmed that the expressions of SYN and PSD95 were 
noticeably downregulated in both db/db and STZ mice, and RvE1 or C9 
treatment enhanced the expressions of SYN and PSD95 (Fig. 3I-L), which 
is in line with synapse ultrastructural alterations. Altogether, these re-
sults indicate that RvE1 or C9 ameliorates neuronal damage with regard 
to synaptic integrity and plasticity in diabetic mice. 

3.4. RvE1 and C9 attenuated oxidative stress in diabetic mice through 
Nrf2 pathway 

To gain insight into potential mechanisms of diabetic cognitive 
impairment, the transcriptomic changes in the hippocampus of diabetic 
mice were analyzed. The KEGG analysis of the overlapped DEGs among 
db/db vs. WT and STZ vs. WT revealed that oxidative phosphorylation, 
Alzheimer’s disease, Parkinson’s disease, and dopaminergic synapse are 
among the most affected pathways. And it has been reported that 
impairment of mitochondrial oxidative phosphorylation is associated 
with oxidative stress, which is closely related to synaptic impairment 
and cognitive dysfunction [38–40]. We then sought to further explore 
the alteration of oxidative stress in DACI (Fig. 4A). Among those 
oxidative stress-related genes, we identified 6 downregulated and 6 
upregulated genes. In particular, three genes including Nfe2l2 (encoding 
gene for Nrf2), Hmox1 (encoding gene for HO1), and NQO1, all of which 
are known to be involved in anti-oxidative stress processes, showed 

Fig. 2. Activation of ChemR23 with RvE1 or C9 improved cognitive deficits in diabetic mice. (A, E) Escape latency results during platform trials indicated that RvE1 
or C9 treatment ameliorated learning and memory dysfunction in db/db mice and STZ mice. n = 10–13 mice/group. (B, F) Frequency of platform crossing of db/db 
mice and STZ mice after RvE1 or C9 treatment in the probe trial. n = 10–13 mice/group. (C, G) Percentage of time spent in the target quadrant of db/db mice and STZ 
mice after RvE1 or C9 treatment in the probe trial. n = 10–13 mice/group. (D, H) Representative path tracings of db/db mice and STZ mice after RvE1 or C9 
treatment during the navigation trials. *P < 0.05; **P < 0.01; ***P < 0.001. C9, chemerin-9. 
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significant transcriptional downregulation in diabetes (Fig. 4B). 
Therefore, we sought to explore whether activation of ChemR23 

ameliorated diabetic cognitive dysfunction through Nrf2 pathway. The 
immunoblotting studies with hippocampal tissue lysates showed that 
the expressions of Nrf2, HO1, and NQO1 were observably decreased in 
db/db and STZ mice, while both RvE1 and C9 significantly reversed 
these changes (Fig. 4C–F). We then evaluated the activity of antioxidant 
marker SOD and the level of oxidative stress marker MDA in the hip-
pocampus using commercially available kits. We observed significantly 
lower activity of SOD and a higher level of MDA in both db/db and STZ 
mice, whereas either RvE1 or C9 prominently reversed these changes 
(Fig. 4G–J). Immunohistochemical staining was further performed to 
determine whether RvE1 and C9 treatment inhibited the production of 
ROS by measuring 8-OHdG in diabetic mice. We found that the average 
optical density of 8-OHdG in the hippocampal CA1 was higher in both 
db/db and STZ mice compared with WT mice. On the other hand, 
treatment with either RvE1 or C9 observably decreased the levels of 8- 
OHdG in db/db and STZ mice (Fig. 4K-N). Overall, these results sug-
gest that the activation of ChemR23 by RvE1 and C9 attenuates 

oxidative stress through Nrf2 pathway in diabetic mice. 

3.5. RvE1 and C9 alleviated the activation of NLRP3 inflammasome in 
diabetic mice by inhibiting TXNIP 

As is known, oxidative stress is able to activate NLRP3 inflamma-
some, which plays a key role in dementia. It has been reported that 
TXNIP is prone to bind NLRP3 and leads to its activation under condi-
tions of oxidative stress [41,42]. As expected, the protein levels of 
TXNIP, NLRP3, ASC, caspase1, and IL-1β were significantly increased in 
both db/db and STZ mice compared with WT mice, while administration 
of RvE1 and C9 decreased the expression of these proteins in the hip-
pocampus of db/db and STZ mice (Fig. 5A–F). Furthermore, ELISA assay 
was performed to evaluate the levels of pro-inflammatory cytokines 
(including IL-1β, IL-6, and IL-18) associated with NLRP3 inflammasome 
activation. Compared to WT mice, diabetic mice expressed remarkably 
higher levels of IL-1β, IL-6, and IL-18 in the hippocampus. On the other 
hand, db/db and STZ mice receiving either RvE1 or C9 observably 
rescued these abnormalities (Fig. 5G-L). The results above collectively 

Fig. 3. RvE1 and C9 ameliorated neuronal death and 
synaptic impairment in diabetic mice. (A, C) Repre-
sentative H&E staining of neurons in the hippocam-
pus of db/db mice and STZ mice after treatment with 
RvE1 or C9. (B, D) Number of well-stacked neurons in 
the hippocampus. n = 4 mice/group. (E, G) Repre-
sentative images showing the ultrastructure of the 
synapse in the hippocampus of db/db mice and STZ 
mice after treatment with RvE1 or C9. (F, H) Quan-
titative analysis of PSD length. n = 3 mice/group. (I, 
K) Representative immunoblotting bands of SYN and 
PSD95 in the hippocampus of db/db mice and STZ 
mice after treatment with RvE1 or C9. (J, L) Quanti-
tative analysis of SYN/actin and PSD95/actin. n = 3 
mice/group. *P < 0.05; **P < 0.01; ***P < 0.001. C9, 
chemerin-9; H&E, hematoxylin and eosin; SYN, 
synaptophysin.   
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indicate that the activation of ChemR23 by RvE1 and C9 inhibits NLRP3 
inflammasome pathway in diabetic mice by inhibiting TXNIP. 

3.6. ChemR23 deficiency exacerbates cognitive deficits and synaptic 
impairment in diabetic mice 

As we observed significant beneficial effects of ChemR23 activation 
in DACI, we then investigated whether ChemR23 inhibition may exac-
erbate DACI by knocking out ChemR23 in STZ-induced diabetic mice. 
Compared with 20-week-old STZ mice, the learning capacity of 20- 
week-old ChemR23-knockout STZ mice was significantly decreased, as 
manifested by a prolonged latency to reach the platform, especially on 
the 5th day (Fig. 6A, D). In the probe trial, 20-week-old ChemR23- 
knockout STZ mice showed difficulties in remembering where the 

platform was originally placed and spent a significantly shorter time in 
the target quadrant when compared to age-matched STZ mice (Fig. 6B 
and C). It is worth noting that the learning and memory impairments 
were not obvious in 20-week-old STZ mice (Fig. 1E–H), but were evident 
in 20-week-old ChemR23-knockout STZ mice (Fig. 6A–D), suggesting 
that ChemR23 deficiency promotes the progression of cognitive 
dysfunction in diabetic mice. Intriguingly, administration of ChemR23- 
knockout STZ mice with either RvE1 or C9 did not improve learning and 
memory impairment (Fig. 6A–D), suggesting that the beneficial effect of 
RvE1 and C9 on cognitive impairment is ChemR23-dependent. 

Next, we sought to determine the effect of ChemR23 deficiency on 
neuronal survival and synaptic plasticity in 20-week-old STZ mice. As 
shown in Fig. 6E, most of the neurons in the hippocampus of WT STZ 
mice were intact, with round and full nuclei, while ChemR23-knockout 

Fig. 4. RvE1 and C9 attenuated oxidative stress 
through Nrf2 pathway in diabetic mice. (A) Bubble 
chart showing significant enrichment of DEGs in 
various pathways. (B) Relative expression levels are 
shown for genes in oxidative stress-related pathway 
among db/db vs. WT and STZ vs. WT. n = 3 mice/ 
group. (C,D) Representative immunoblotting bands of 
Nrf2, NQO1, and HO1 in the hippocampus of db/db 
mice and STZ mice after treatment with RvE1 or C9. 
n = 3 mice/group. (E, F) Quantitative analysis of 
Nrf2/actin, NQO1/actin, and HO1/actin. n = 3 mice/ 
group. (G–J) The activities of SOD and levels of MDA 
in the hippocampus of db/db mice and STZ mice after 
treatment with RvE1 or C9 were measured. n = 3 
mice/group. (K, M) Representative immunohisto-
chemical staining of 8-OHdG in the hippocampus of 
db/db mice and STZ mice after treatment with RvE1 
or C9. n = 3 mice/group. Scale bar = 20 μm. (L, N) 
Quantitative analysis of relative 8-OHdG density in 
the hippocampus. n = 3 mice/group. *P < 0.05; **P 
< 0.01; ***P < 0.001. C9, chemerin-9; DEGs, differ-
entially expressed genes.   
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STZ mice exhibited abnormal neuronal morphology with shrunken body 
and dark stained nuclear. Analysis of PSD revealed that the length of the 
PSD was noticeably shortened in ChemR23-knockout STZ mice in 
comparison to WT STZ mice (Fig. 6F and G). The immunoblotting 
analysis also showed significantly lower expressions of SYN and PSD95 
in ChemR23-knockout STZ mice as compared with WT STZ mice 
(Fig. 6H and I). Moreover, RvE1 or C9-treated ChemR23-knockout STZ 
mice did not restore these changes (Fig. 6E–I), suggesting that the effect 
of RvE1 and C9 on neuronal damage and synaptic impairment is 
ChemR23-dependent. 

3.7. ChemR23 deficiency aggravates oxidative stress and NLRP3 
inflammasome activation in diabetic mice 

As mentioned in the earlier results, ChemR23 activation was able to 
dampen oxidative stress and NLRP3 inflammasome in DACI. Thus, 

further experiments were done to explore whether ChemR23 deficiency 
aggravated DACI by promoting oxidative stress and activating NLRP3 
inflammasome. The immunoblotting results demonstrated that the ex-
pressions of Nrf2, HO1, and NQO1 were significantly downregulated in 
ChemR23-knockout STZ mice as compared to WT STZ mice (Fig. 7A and 
B). We also detected significantly lower activity of SOD and higher levels 
of MDA in ChemR23-knockout STZ mice (Fig. 7C and D). Moreover, we 
found that the average optical density of 8-OHdG in the hippocampus 
was higher in ChemR23-knockout STZ mice compared with WT STZ 
mice (Fig. 7E and F). Finally, treatment of ChemR23-knockout STZ mice 
with either RvE1 or C9 could not reverse aggravated oxidative stress 
(Fig. 7A–F). Then, the effects of ChemR23 knockout on NLRP3 inflam-
masome pathway were also analyzed. As shown in Fig. 7G–I, the protein 
levels of TXNIP, NLRP3, ASC, caspase1, and IL-1β were evidently 
increased in ChemR23-knockout STZ mice compared with WT STZ mice. 
And the levels of pro-inflammatory cytokines (including IL-1β, IL-6, and 

Fig. 5. RvE1 and C9 alleviated NLRP3 
inflammasome-mediated neuroinflammation in dia-
betic mice by inhibiting TXNIP. (A, D) Representative 
immunoblotting bands of TXNIP, NLRP3, ASC, pro- 
caspase1, cl-caspase1, pro-IL-1β，and cl-IL-1β in the 
hippocampus of db/db mice and STZ mice after 
treatment with RvE1 or C9. n = 3 mice/group. (B, C, 
E, F) Quantitative analysis of TXNIP/actin, NLRP3/ 
actin, ASC/actin, pro-caspase1/actin, cl-caspase1/ 
actin, pro-IL-1β/actin，and cl-IL-1β/actin. n = 3 
mice/group. (G–L) ELISA was performed to detect the 
protein levels of IL-1, IL-6, and IL-18 in the hippo-
campus of db/db mice and STZ mice after treatment 
with RvE1 or C9. n = 3 mice/group. *P < 0.05; **P <
0.01; ***P < 0.001. C9, chemerin-9.   

J. Zhang et al.                                                                                                                                                                                                                                   



Redox Biology 58 (2022) 102554

9

IL-18) were observably increased in the hippocampus of ChemR23- 
knockout STZ mice (Fig. 7J-L). Furthermore, ChemR23-knockout STZ 
mice receiving either RvE1 or C9 could not alleviate the activation of 
NLRP3 inflammasome pathway (Fig. 7G-L). These data collectively 
indicate that ChemR23 deficiency exacerbates DACI by aggravating 
oxidative stress and NLRP3 inflammasome activation in diabetic mice. 

4. Discussion 

Emerging evidence during the last decade has established a close 
relationship between diabetes and cognitive impairment. Compared 
with age-matched non-diabetic individuals, patients with either type 1 
or type 2 diabetes typically are prone to cognitive decline [43–45]. 
Cognitive impairment has also been investigated in rodent models of 
diabetes. For instance, mice rendered diabetic by administration of the 
pancreatic β-cell toxin STZ, a model of type 1 diabetes, show impaired 
learning and memory performance in the test of MWM [46]. Similar 
deficits have also been demonstrated in leptin receptor deficiency db/db 
mouse, a model of type 2 diabetes [47]. Consistent with previous re-
ports, we found that learning and memory performance was impaired 
during the progression of diabetes in both db/db and STZ mice. How-
ever, there are significant gaps in our knowledge of the mechanisms 
underlying the relationship between cognitive impairment and diabetes, 
which limits clinical treatment options. 

Recent studies have highlighted the significance of ChemR23 as a 
therapeutic target involved in diabetes and disorders of the central 

nervous system [8,9,29,48]. ChemR23 is a chemoattractant receptor 
that exerts various biological effects depending on the binding of 
different ligands [49–51]. Liang et al. reported that chemerin was 
aggregated in the offspring’s brain of chemerin-challenged diabetic 
dams and induced macrophage pyroptosis in a ChemR23-dependent 
manner, thereby leading to cognitive deficits in the offspring [52]. 
Conversely, chemerin-9 (C9), a cleaved fragment of chemerin, has been 
reported to ameliorate neuroinflammation and cognitive impairment 
induced by amyloid β1–42 (Aβ1–42) via ChemR23 [53]. Furthermore, 
RvE1, a derivative of ω-3 fatty acid eicosapentaenoic acid [49,54], 
interacted with ChemR23 to elicit a significant amelioration of memory 
loss and neuroinflammation in Ts65Dn mice [55]. In the present study, 
we provided novel evidence that the decreased expression of ChemR23 
in the hippocampus of db/db and STZ mice was paralleled with impaired 
learning and memory capacities, and showed that chronic activation of 
this receptor by RvE1 or C9 mitigated cognitive impairment in these 
diabetic mice. It is widely recognized that hippocampal synaptic plas-
ticity is closely correlated with cognitive function [56]. Studies have 
also shown a strong relevance between synaptic impairment and 
cognitive decline in rodent models of diabetes [57–59]. Synaptic activity 
imposes large energy demands that are met by local adenosine 
triphosphate (ATP) synthesis through glycolysis and mitochondrial 
oxidative phosphorylation [60]. Liu Z et al. reported that the expression 
of energy metabolism-related mitochondrial genes in oxidative phos-
phorylation is downregulated in db/db mice, which is closely related to 
synaptic damage and DACI [61]. Moreover, Tian X et al. demonstrated 

Fig. 6. ChemR23 deficiency exacerbates cognitive 
deficits and synaptic impairment in diabetic mice. (A) 
Escape latency results during platform trials indicated 
that ChemR23 deficiency exacerbated learning and 
memory dysfunction in STZ-induced diabetic mice. n 
= 10 mice/group. (B) Frequency of platform crossing 
of ChemR23-knockout STZ mice in the probe trial. n 
= 10 mice/group. (C) Percentage of time spent in the 
target quadrant of ChemR23-knockout STZ mice in 
the probe trial. n = 10 mice/group. (D) Representa-
tive path tracings of ChemR23-knockout STZ mice 
during the navigation trials. (E) Representative HE 
staining of neurons in the hippocampus of ChemR23- 
knockout STZ mice. n = 3 mice/group. (F) Repre-
sentative images showing the ultrastructure of the 
synapse in the hippocampus of ChemR23-knockout 
STZ mice. n = 3 mice/group. (G) Quantitative anal-
ysis of PSD length. n = 3 mice/group. (H) Represen-
tative immunoblotting bands of SYN and PSD95 in 
the hippocampus of ChemR23-knockout STZ mice. n 
= 3 mice/group. (I) Quantitative analysis of SYN/ 
actin and PSD95/actin. n = 3 mice/group. *P < 0.05; 
**P < 0.01; ***P < 0.001. H&E, hematoxylin and 
eosin; SYN, synaptophysin.   
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that oxidative stress and neuroinflammation contribute to synaptic 
impairment and eventually lead to learning and memory deficits in 
diabetic rats [62]. Consistent with previous studies [47,63], we 
observed impaired synaptic plasticity in both db/db and STZ mice, as 
indicated by the shortened length of PSD and lower expression of SYN 
and PSD95. In addition, we found that activation of ChemR23 by RvE1 
or C9 ameliorated while ChemR23-knockout aggravated synaptic dam-
age in diabetic mice, suggesting that ChemR23 deficiency during the 
progression of diabetes contributes to neural damage and cognitive 
impairment. 

Moreover, we observed that ChemR23-knockout STZ mice developed 
cognitive impairment earlier and severer than WT-STZ mice, further 
confirming the significant role of ChemR23 in DACI. In addition to 

ChemR23, RvE1 and C9 have been reported to bind and function with 
other receptors such as BLT1 and CCRL2, respectively [64,65]. To verify 
that the beneficial effects of RvE1 or C9 were ChemR23-dependent, 
ChemR23-knockout STZ mice were treated with either RvE1 or C9 and 
showed no improvement in cognitive impairment. In general, our find-
ings demonstrated that activating of ChemR23 signaling is beneficial in 
DACI and inhibition of ChemR23 signaling exacerbates DACI in diabetic 
mice. 

The molecular mechanisms of ChemR23 signaling in DACI are of 
further interest. We sought to investigate the pathogenesis of DACI first. 
By RNAseq analysis in the hippocampus of diabetic mice, we found that 
oxidative stress was one of the most affected pathway. Oxidative stress 
occurs when there is an imbalance between the insufficient generation 

Fig. 7. ChemR23 deficiency abrogates the neuro-
protective effects of RvE1 and C9 in diabetic mice (A) 
Representative immunoblotting bands of Nrf2, 
NQO1, and HO1 in the hippocampus of ChemR23- 
knockout STZ mice after treatment with RvE1 or 
C9. n = 3 mice/group. (B) Quantitative analysis of 
Nrf2/actin, NQO1/actin, and HO1/actin. n = 3 mice/ 
group. (C, D) The activities of SOD and levels of MDA 
in the hippocampus of ChemR23-knockout STZ mice 
after treatment with RvE1 or C9 were measured. n =
3 mice/group. (F) Representative immunohisto-
chemical staining of 8-OHdG in the hippocampus of 
ChemR23-knockout STZ mice after treatment with 
RvE1 or C9. n = 3 mice/group. Scale bar = 20 μm. (E) 
Quantitative analysis of relative 8-OHdG density in 
the hippocampus. n = 3 mice/group. (G) Represen-
tative immunoblotting bands of TXNIP, NLRP3, ASC, 
pro-caspase1, cl-caspase1, pro-IL-1β，and cl-IL-1β in 
the hippocampus of ChemR23-knockout STZ mice 
after treatment with RvE1 or C9. n = 3 mice/group. 
(H, I) Quantitative analysis of TXNIP/actin, NLRP3/ 
actin, ASC/actin, pro-caspase1/actin, cl-caspase1/ 
actin, pro-IL-1β/actin，and cl-IL-1β/actin. n = 3 
mice/group. (J–L) ELISA was performed to detect the 
protein levels of IL-1, IL-6, and IL-18 in the hippo-
campus of ChemR23-knockout STZ mice after treat-
ment with RvE1 or C9. n = 3 mice/group. *P < 0.05; 
**P < 0.01; ***P < 0.001. C9, chemerin-9.   
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of antioxidants and the excessive production of reactive oxygen species 
(ROS) [66,67]. Considering that the brain function is sensitive to 
elevated levels of ROS [68–70], sustained oxidative stress is likely 
among the leading causes of cognitive impairment in diabetes. Previous 
studies have demonstrated that high glucose concentrations trigger the 
activation of NADPH oxidase and the generation of ROS [41,71–73]. 
And a growing body of studies has indicated that excessive oxidative 
stress contributes to cognitive impairment in rodent models of diabetes 
[74–76]. In line with previous studies, we observed increased oxidative 
stress in both db/db and STZ mice, as evidenced by higher levels of 
oxidative stress markers (MDA and 8-OHdG) and lower activity of 
antioxidant marker SOD. Growing evidence supported the critical role of 
mitochondria-derived reactive oxygen species (mtROS) generation in 
NLRP3 inflammasome activation. Zhou R et al. reported that the loss of 
mitochondrial membrane potential led to mtROS generation, which 
further promotes NLRP3 inflammasome activation [77]. The use of a 
specific mtROS scavenger has been reported to abrogate ROS release and 
thus inhibit NLRP3 inflammasome activation induced by ethanol, lipo-
polysaccharide or ATP [78]. Moreover, mtROS overproduction facili-
tates the interaction between TXNIP and NLRP3, which contributes to 
the formation and activation of NLRP3 inflammasome [41,79,80]. Once 
NLRP3 inflammasome is activated, NLRP3 will assemble with ASC to 
induce the cleavage and activation of caspase-1, which further catalyzes 
precursors of interleukin-1β (IL-1β) and IL-18 into cleaved IL-1β and 
mature IL-18, respectively [81,82]. Increasing lines of studies have 
implicated the activation of NLRP3 inflammasome in DACI, as it has 
been shown that inhibition of NLRP3 attenuates cognitive impairment in 
diabetic mice [83–86]. Consistently, in our study, we observed over-
activation of NLRP3 inflammasome and increased levels of proin-
flammatory cytokines (IL-1β, IL-6, and IL-18) in both db/db and STZ 
mice. Thus, increased oxidative stress and overactivated NLRP3 
inflammasome play crucial roles in DACI, and ChemR23 signaling may 
interact with these pathways. To confirm this, we demonstrated that 
chronic activation of ChemR23 by RvE1 or C9 reinstated redox ho-
meostasis and alleviated NLRP3 inflammasome activation, which 
correlated with improved cognitive performance in MWM test. More-
over, knockout of ChemR23 accelerated oxidative stress and NLRP3 
inflammasome activation in diabetic mice, which further confirms that 
ChemR23 deficiency facilitates these two pathways and eventually leads 
to DACI. 

The link between ChemR23 signaling and oxidative stress/NLRP3 
inflammasome is the next question. As a redox-sensitive transcription 
factor in response to oxidative stress, Nrf2 maintains redox homeostasis 
via regulating the gene expression of a variety of antioxidant enzymes 
and phase II detoxification enzymes, including HO1, NQO1, and SOD 
[87]. It has been reported that Nrf2 activation prevented the onset and 
progression of DM [88–90]. Importantly, recent studies have shown that 
Nrf2 activation ameliorates cognitive deficits in both Alzheimer’s dis-
ease and obese mouse models [91–94], implying that Nrf2 signaling may 
play an important role against DACI. Nrf2 has also been reported to 
function as a key gatekeeper of TXNIP transcription, since it keeps the 
basal expression of TXNIP at a low level and suppresses MondoA-driven 
induction of TXNIP in diabetes [95]. In our study, we found the 
expression of Nrf2 was reduced in both db/db and STZ mice. We further 
showed that RvE1 and C9 treatment significantly enhanced Nrf2 
expression in the hippocampus of diabetic mice, accompanied by 
increased NQO1/HO1 levels and improved cognitive function. On the 
other hand, ChemR23 knockout led to decreased Nrf2 expression in the 
hippocampus of diabetic mice, accompanied by decreased NQO1/HO1 
levels and exaggerated cognitive impairment. Thus, Nrf2 is possibly the 
key molecular target of ChemR23 signaling in DACI. 

5. Conclusions 

In conclusion, our study reveals that ChemR23 deficiency renders 
synapses susceptible to oxidative stress and NLRP3 inflammasome 

activation, and ultimately exacerbates DACI. Moreover, activation of 
ChemR23 with either RvE1 or C9 ameliorates DACI by inhibiting 
oxidative stress and NLRP3 inflammasome activation via Nrf2/TXNIP 
pathway. Altogether, our findings provide evidence that ChemR23 is a 
potential novel therapeutic target for the treatment of DACI. 
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