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Abstract

Background Retinal ischemia-reperfusion (RIR) injury refers to an obstruction in the retinal blood supply followed by
reperfusion. Although the molecular mechanism underlying the ischemic pathological cascade is not fully under-
stood, neuroinflammation plays a crucial part in the mortality of retinal ganglion cells.

Methods Single-cell RNA sequencing (scRNA-seq), molecular docking, and transfection assay were used to explore
the effectiveness and pathogenesis of N,N-dimethyl-33-hydroxycholenamide (DMHCA)-treated mice with RIR injury
and DMHCA-treated microglia after oxygen and glucose deprivation/reoxygenation (OGD/R).

Results DMHCA could suppress inflammatory gene expression and attenuate neuronal lesions, restoring the retinal
structure in vivo. Using scRNA-seq on the retina of DMHCA-treated mice, we provided novel insights into RIR immu-
nity and demonstrated nerve injury-induced protein 1 (Ninjurin1/Ninj 1) as a promising treatment target for RIR.
Moreover, the expression of Ninj1, which was increased in RIR injury and OGD/R-treated microglia, was downregu-
lated in the DMHCA-treated group. DMHCA suppressed the activation of the nuclear factor kappa B (NF-kB) path-
ways induced by OGD/R, which was undermined by the NF-kB pathway agonist betulinic acid. Overexpressed Ninj1
reversed the anti-inflammatory and anti-apoptotic function of DMHCA. Molecular docking indicated that for Ninj1,
DMHCA had a low binding energy of — 6.6 kcal/mol, suggesting highly stable binding.

Conclusion Ninj1 may play a pivotal role in microglia-mediated inflammation, while DMHCA could be a potential
treatment strategy against RIR injury.
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Background

Ischemia—reperfusion injury, a well-known pathologic
hallmark associated with multiple degenerative diseases,
refers to a reduction in the blood supply and then the
oxygen and various nutrients; subsequent blood reperfu-
sion induces oxidative stress and inflammatory responses
[1]. Ischemia in the retinas has been extensively studied
due to its impact on glaucoma, diabetic retinopathy, trau-
matic optic neuropathy, central retinal venous occlusion,
and retinopathy of prematurity, among others [2]. Reti-
nal Ischemia-reperfusion (RIR) injury pathogenesis is
characterized by a self-reinforcing destructive cascade,
such as the dysfunction of mitochondria; oxidative stress;
activation of glial cells, and retinal pigment epithelium;
ultimately terminating in photoreceptor cell death [3].
Owing to the relative lack of effective treatment options,
RIR remains a major challenge of blindness worldwide
[4].

Inflammation has been widely recognized as a common
characteristic of RIR injury, and its extent and persistence
affect the endpoint pathology, i.e. neuronal death [5]. Fol-
lowing RIR injury, astrocytes, Miiller cells, and microglia
produce mediators such as cytokines and interleukins [6].
It has been reported that in microglia, as the potential
cellular regulators of inflammation, activation is the pilot
event during a neural injury [7]. Microglia exhibit vari-
ous phenotypes involved in inflammation [8, 9] by secret-
ing two pleiotropic cytokines, namely tumour necrosis
factor-a (TNFa) and interleukin (IL)-1f, which facilitate
the recruitment of leukocytes into the retina [10]. In
view of this, therapies aimed at modulating microglia’s
inflammatory responses and immune homeostasis repre-
sent a promising approach [11]. We have recently shown
that programmed cell death (PCD), including apopto-
sis, necroptosis, pyroptosis, and ferroptosis, can induce
severe inflammation in RIR injury [12, 13]. Hence, an in-
depth investigation of the molecular pathobiology under-
lying RIR-induced neuroinflammation, retinal ganglion
cell (RGC) death, and identification of new therapeutic
targets are desperately needed.

The nerve injury-induced protein 1 gene (Ninjurin 1
or Ninj I) encodes a cell surface protein of 152 amino
acids that contains two transmembrane domains [14].
The Ninjl protein was initially found to concentrate in
dorsal root ganglion neurons and Schwann cells and
mediate homophilic contacts, thereby suggesting its
potential involvement in nerve regeneration [14]. The
importance of oligomerized Ninjl in generating plasma
membrane rupture, a critical pyroptotic event, was
emphasized [15]. This function may be carried out via
the putative-helix domain of the protein. Additionally,
research has demonstrated that pyroptotic cells emit
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certain intracellular damage-associated molecular pat-
terns (DAMPs) in a Ninjl-dependent manner, indicat-
ing the pro-inflammatory activity of Ninjl [16]. Ninjl1
is also widely expressed in immune cells, including
macrophages, microglia, and monocytes, as well as in
hepatocellular carcinoma, fibroblasts, epithelial cells,
pericytes, and other tissues [17, 18]. This suggests that
Ninj1 may play a role in the functioning of many tissues
[17, 18]. We hypothesize that Ninjl may contribute to
the progression of RIR injury based on the well-known
idea that neuroinflammation plays a crucial role in the
progression of programmed RGC death in RIR [2, 9].

N,N-Dimethyl-3p-hydroxycholenamide =~ (DMHCA)
is an experimental synthetic steroid acting as a liver
X receptor (LXR) activator. LXRs (LXRa and LXRp)
belong to the nuclear receptor superfamily. Previ-
ous studies have shown that LXRs play a critical role
in reversing cholesterol transport, regulating immune
cell function, and influencing macrophage polarization
[19]. According to a recent study, DMHCA reduces the
levels of pro-inflammatory M1-like macrophages and
classical monocytes, which are involved in diabetic
retinopathy’s inflammation [20]. Additionally, DMHCA
was thought to be a viable therapeutic drug against
neurodegenerative conditions like Alzheimer’s disease
because of its ability to target rat cortical neurons and
stop memory loss [21]. However, whether DMHCA
mediates neuroprotection or hammering inflammation
in RIR injury remains unknown.

The retina ganglion cells, an extension of the cen-
tral nervous system (CNS), are the most metabolically
active place in the body [22]. This makes the retina
an ideal model system for research to assess different
therapeutic strategies in vivo and effectively extrapolate
the findings to the whole body. Therefore, this study
explores the effects, potential therapeutic targets, and
molecular mechanisms of DMHCA treatment in vivo,
using an RIR mice model, and in vitro, focusing on
microglia-induced inflammation.

Methods

Animals

The 6- to 8-week-old wild-type C57BL/6] mice (male,
RRID:IMSR_JAX:005304) were purchased from
Guangdong Medical Laboratory Animal Center and
raised in the Experimental Animal Center of Zhong-
shan Ophthalmic Center, Sun Yat-sen University. All
animal experiments were approved by the Animal
Care and Ethics Committee of the Zhongshan Oph-
thalmic Center (ref no. 2015-108, Approval number:
02021080).
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Pharmacologic treatment and RIR injury model

Mice were first dosed with 0.08 g/kg DMHCA daily via
oral gavage for three days. The sham and RIR groups
received an aqueous solution of 0.9% saline at the same
time. Three days after DMHCA treatment, the mice
underwent surgical RIR injury as previously described
[12, 23]. Briefly, a sterile needle linked to an elevated
normal saline (NS) bottle was placed into the anterior
chamber of the eyeball to create a persistent intraocular
pressure (IOP) at approximately 110 mmHg for 1 h. The
needle was gently pulled out to induce reperfusion injury.
Three days after reperfusion, the eyeballs or retinal tis-
sues were harvested for analysis.

Haematoxylin and eosin (HE) staining

Mice’s eyes were fixed with 4% paraformaldehyde (PFA)
and embedded in paraffin; 7 um sections were prepared
across the optic nerve head of each eye and stained with
HE. Four cross-sectional around the optic nerve (within
1000 pm) for every eyeball were chosen to measure the
inner plexiform layer (IPL) thickness, and data were ana-
lysed using the Image] software (version 1.53v, https://
imagej.nih.gov/ij/).

Serum analyses

For serum collection, mice were anaesthetized with
pentobarbital sodium (0.01 g/mL), and blood was gath-
ered by cardiac puncture. Serum was separated from
clotted blood at 4° via centrifugation at 1200 x g for
30 min to separate the serum. Serum was isolated and
analysed for triglycerides (TG), total cholesterol (TC),
high-density lipoprotein (HDL) cholesterol, and low-den-
sity lipoprotein (LDL) cholesterol concentrations using
commercial enzymatic kits (JINGME, Jiangsu, China).

Simulation of in vitro ischemia with oxygen-glucose
deprivation/reoxygenation (OGD/R) and microglia
pharmacologic treatments

The BV2 microglial cell line was purchased from Zhong
Qiao Xin Zhou Biotechnology Company (Shanghai,
China). DMHCA (5 pmol/mL) was prepared into the
medium 8-12 h before OGD/R. To simulate the model of
RIR in vivo, BV2 cells were cultivated in serum- and glu-
cose-free media and placed under conditions of 5% CO,
and 95% N, in a 37 °C incubator for 3 h, then returned to
the normal environment (37 °C, 5% CO, and normoxic)
and complete medium (DMEM with 10% foetal bovine
serum and glucose [4.9 g/L]) for 24 h until harvesting.
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Expression vector cloning and transfection

Ninjl(m) c¢DNA, including coding sequences with or
without 3/-untranslated region, was amplified via poly-
merase chain reaction (PCR) with the forward primer
(5'-3") CTTGGTACCGAGCTCGGATCCGCCACC
ATGGAGTCGGGCACTGAGGAGTATGAGC and the
reverse primer (5'-3) GAAGGGCCCTCTAGACTC
GAGCTGCCGGGGCGCCACGTCCATTACAGGCT.
The PCR products were inserted into the pcDNA3.1-
3xFlag-T2A-EGFP expression vector (MHBIO, Guang-
Zhou, China) between the EcoRI and Xbal sites
(Additional file 1). When BV2 microglia reached 30-50%
confluency, they were transfected with Ninjl plasmids
(20 nM) or negative control plasmids (20 nM) using
LipoTrans™ Liposomal Transfection Reagent (MHBIO,
GuangZhou, China) according to the instruction book.

Immunofluorescence staining

The eyeballs were embedded in optimal cutting tem-
perature (OCT) compound, frozen, and sectioned
at 10 pm. Rabbit polyclonal RBPMS (GeneTex Cat#
GTX118619, RRID:AB_10720427) at a concentration of
1:100, beta Tubulin 3/TUJ-1 (GeneTex Cat# GTX130245,
RRID:AB_2886220) at a concentration of 1:200, Goat
Polyclonal AIF-1/Iba-1 antibody (Novus Cat# NB 100-
1028, RRID:AB_521594) at a concentration of 1:100, and
Rabbit monoclonal to GFAP N-terminal (Abcam Cat#
ab194324) at a concentration of 1:50 were used. DAPI
(Bioss Cat# C02-04002) was used for nuclear staining.
Images were obtained using immunofluorescence micro-
scope (Leica DMi8, software: Leica Application Suite
X Core 3.7.6, leica-microsystems.com).

Single-cell genomics

scRNA-seq library preparation

scRNA-seq libraries were prepared using the Chromium
Single Cell 3’ Library and Gel Bead Kit (10 x Genomics)
according to the manufacturer’s instructions. The librar-
ies were sequenced on the NovaSeq platform (Illumina)
to yield 150 bp paired-end reads.

Analysis of scRNA-seq data

Gene expression matrices were generated using cell-
ranger count, and cellranger aggr in CellRanger (v7.0.0)
with default parameter settings by mapping sequencing
reads to the 10 mm mouse genome and quantifying the
expression of transcripts in each cell. All downstream
data processing was conducted using R (v4.1.3) and the
Seurat R package (v4.1.1) [24] unless otherwise specified.
Cells with more than 200, fewer than 7500 genes, and less
than 20% mitochondrial genes were retained for further
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analysis. Batch effects were removed using the harmony
R package (v0.1.0), and subsequent analyses were based
on the merged data. The principal components (20 for
total cells and myeloid cells, 10 for microglia) were then
used to reduce the dimensionality by Uniform Manifold
Approximation and Projection (UMAP).

Differential expression analysis

Differential expression analysis from different kinds of
cells from groups was conducted by "FindMarkers" func-
tion of the Seurat R package. Genes with | Log2 (Fold
Change) |>1 and P value < 0.05 were established as differ-
entially expressed genes (DEGs).

Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway enrichment analysis

Pathway enrichment analyses were completed using
the Metascape webtool [25] according to DEGs found
between different samples. Five to 10 GO terms or path-
ways associated with inflammatory responses and visual
functions were visualized using the ggplot2 R package
(v3.3.6).

Inflammatory score

Inflammatory signature scores were calculated using the
Seurat function AddModuleScore, which analyses the
average expression of interested signatures per cell. This
list was created by searching for inflammatory response-
related genes (GO: 0006954) found in the DEG datasets
between different samples (RIR vs. sham, RIR+ DMHCA
vs. RIR). Statistical analysis was conducted with the two-
sided Wilcoxon rank sum test.

Cell-cell communication analysis

Intracellular cell-cell communication was performed
with the CellChat R package (v1.4.0) [26]. Differen-
tial numbers of interactions and differential interaction
strengths were analysed. Cellular pathway networks
across the three groups were compared, and the expres-
sion of pathway-related genes was visualized using violin
plots.

Transcription factor (TF)

According to the workflow (http://scenic.aertslab.org/),
transcription factor activity was inferred with the pySCE-
NIC package [27].

Western blotting

The following antibodies were obtained from Cell Signaling
Technology: Phospho-nuclear factor kappa B (NF-«B) p65
(Cell Signaling Technology Cat# 3033, RRID:AB_331284),
NF-kB p65 (Cell Signaling Technology Cat# 8242,
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RRID:AB_10859369), Phospho-IKKa/p (Cell Signaling
Technology Cat# 2697, RRID:AB_2079382), IKKa (Cell
Signaling Technology Cat# 11930, RRID:AB_2687618),
Cleaved-caspase8 (Cell Signaling Technology Cat#
8592, RRID:AB_10891784), Cleaved-caspase3 (Cell
Signaling Technology Cat# 9661, RRID:AB_2341188),
and GAPDH (Cell Signaling Technology Cat# 5174,
RRID:AB_10622025). Ninjl (Bioss Cat# bs-11105R)
was obtained from Bioss, and iNOS (GeneTex Cat#
GTX130246, RRID:AB_2886221) antibodies were obtained
from GeneTex. Western blotting was performed as previ-
ously described [12, 23].

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from BV2 microglial cells and
mouse retinal tissues using the RN002 RNA-Quick Puri-
fication Kit (ESscience). cDNA was synthesized using
PrimeScript RT Master Mix (TaKaRa). Quantitative
amplification of target genes was performed using the
Light Cycler 480 Real-Time PCR System with software
version LCS480 1.5.1.62. The mRNA levels of the tar-
get genes were normalized to the GAPDH level. Primer
sequences for target genes are listed in Additional file 6:
Table S1.

Molecular docking

Molecular docking verification of potentially important
active components and their key targets was performed
as follows: First, the three-dimensional structure file
of Ninjl was quoted from the RCSB protein database
(http://www.rcsb.org/), and the crystal structure of NInj1
was synthesized, including removing solvent molecules
and ligands, adding polar hydrogen, and energy initializa-
tion. The MM2 force field was optimized for the three-
dimensional structure of the chemical composition, and
the number of rotatable keys was set. The molecular
structures of DMHCA were retrieved from PubChem
Compound (https://pubchem.ncbi.nlm.nih.gov/). The
molecular docking software AutoDock Vina was used
for molecular docking scoring, and the scoring threshold
was set as — 7 kcal/mol.

Statistics

We used one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparison tests among
multiple groups and calculated statistical significance,
and unpaired Student’s ¢-test between two groups. A P
value <0.05 was considered statistically significant. Sta-
tistical figures and calculations were performed using
GraphPad (https://www.graphpad.com/).
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Results

Impacts of systemic DMHCA treatment on the general
physiological state

LXR activator plays a key role in cholesterol transport,
although is associated with side effects such as hyper-
triglyceridemia or hepatic steatosis [28]. Therefore, we
first assessed the safety of DMHCA (Fig. 1a) on the
body weight and serum lipid parameters. Each experi-
mental cycle was seven days and included treatment
for the first 3 days; here, we recorded the general phys-
iological data at the end of day 7. In Fig. 1b, no signifi-
cant differences (P> 0.05) were observed in the serum
lipid plasma levels, including TC, TG, HDL, and LDL
among groups. Additionally, as shown in Fig. 1c, body
weight in the sham group continuously and stead-
ily increased under the normal diet. The body weight
decreased remarkably after RIR injury, whether in the
RIR group or RIR+DMHCA treatment group, and
these results were significantly different than those
observed in the sham group.

Plasma lipoprotein ( mmol/L) o

DMHCA
Cat. No.:  HY-129098
CAS No.:  79066-03-8 TG HDL-CH LDL-CH
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DMHCA treatment restored IOP-induced RIR injury

and RGC death

We created an IOP-induced RIR injury animal model to
mimic the pathogenetic process of acute ischemic retin-
opathy to evaluate the therapeutic efficacy of DMHCA
in vivo. Various cell types are harmed by RIR injury, but
RGC loss has been the main focus of models. First, RGCs’
dendrites were damaged, displaying a reduction in IPL
thickness, and then the soma of the RGCs was found to
be damaged, displaying a reduction in the number of gan-
glion cells (GCL). In order to compare the RIR-induced
damage on neurons, these histological parameters (IPL
thickness and cell quantity in GCL) can be quantified.
Retinas affected by RIR damage showed a substantial
reduction in IPL thickness (Fig. 2a). This RIR-induced
IPL decrease was improved in the DMHCA-treated ret-
ina. RGCs were labelled with RBPMS and B-tubulin-III
(Tuj-1) staining in the retina. We quantitatively assessed
RGCs in retinal flatmounts (Fig. 2b) and frozen sections
(Fig. 2c). Results consistently revealed that the survival
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Fig. 1 Security evaluation of DMHCA systemic administration on body weight and serum lipid levels in mice. a Molecular formula of DMHCA.
b Serum lipid level in the Sham, RIR, and RIR + DMHCA treatment groups. Detection of triglycerides (TG), total cholesterol (TC), high-density

lipoprotein (HDL) cholesterol and low-density lipoprotein (LDL) cholesterol concentrations. Sham, control C57BL/6J with sham operation; RIR, retinal
ischemia/reperfusion injury model mice; RIR + DMHCA, DMHCA treatment with RIR mice; n=3-6. ns, P> 0.05. ¢ Body weight in sham and RIR group:
mean C57BL/6 with normal feed and DMHCA group: 80 mg/kg DMHCA of body weight/day daily via oral gavage for 7 days treatment. n=6. Data
are expressed as means = standard deviation

(See figure on next page.)

Fig. 2 DMHCA treatment significantly attenuate RIR damage. a HE staining and quantitative analysis of IPL thickness in retina tissue harvested

3 days post-RIR injury; n=6-10. Scale bar=50 pm. Sham, control C57BL/6J with sham operation; RIR, retinal ischaemia/reperfusion injury model
mice; DMHCA, DMHCA treatment with RIR mice. All in vivo experiments shared this grouping system. b Representative immunofluorescence
images of anti-RBPMS (red) and anti-TUJ1 (green) labelled RGCs on a flat mount retina. From Sham, RIR, and DMHCA-treated mice at 3 days
post-RIR. Quantitative analysis of numbers of RGCs shows a neuroprotection effect of DMHCA; n=6. Scale bar=50 um. ¢ Representative
immunofluorescence images of RGCs in the retinal frozen section. Consistent with images of flat mount retina; n > 3. Scale bar=50 um. d TUNEL
staining (red) labelled level of apoptosis in retina, showing an anti-apoptosis effect of DMHCA in vivo; n= 3. Scale bar=50 um. e Western blot
analysis of the indicated proteins, Cleaved-caspase3, protein levels were normalized to GAPDH levels. f Transcriptional levels of RGC-specific indices,
including Brn3a, Brn3c and RBPMS, and programmed cell death-related mRNA, such as caspase 8 and GSDMD, in retinas were detected using
gRT-PCR;n>3
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rate of RGCs was decreased in response to RIR injury,
which was prevented by DMHCA treatment.

In RIR-induced neuroinflammation, apoptosis is essen-
tial. The terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL)-positive cells and the expres-
sion of clv-casp3, an executor protease of apoptosis, were
less prevalent in the DMHCA-treated retina than in the
RIR counterpart (Fig. 2d) (Fig. 2e). Although we found
that DMHCA could reduce RIR-induced RGC loss, the
ONL was the primary site where TUNEL positive cells
were observed. The TUNEL results were consistent with
those of Lam, Chen, and HU [29-31], indicating the
induction of apoptosis in RIR retina, the mechanism of
which is still unclear.were observed in the GCL.

Additionally, transcriptional levels of RGC-specific
indices, including Brn3a, Brn3c, RBPMS, and PCD-
related mRNA, such as caspase 8 and GSDMD, were used
as indices of nerve injury (Fig. 2f). These results suggest a
neuroprotection role of DMHCA.

Treatment with DMHCA decreased inflammation

and inhibited the NF-kB signalling pathway

Resident glial cell activation was observed in RIR injury
throughout the process; hence we immunolabelled the
glial cells in retina cross-sections with GFAP and Iba-
1. GFAP, a Miiller cell and astrocyte activation marker,
showed higher staining in the RIR group. The fluores-
cence intensity was reduced in the RIR+DMHCA group
(Fig. 3a), indicating that DMHCA alleviated the activa-
tion of Miiller cells and astrocytes following RIR injury.
Microglia play an important role in the surveillance and
maintenance of neuronal functionality. When detected
via immunostaining, the retinal Iba-1 positive cells in the
RIR group were more abundant than equivalent sham
retinas, which was one sign of microglia activation.

In contrast, the number of RIR-induced Iba-1" cells
was remarkably attenuated by DMHCA (Fig. 3a). Fur-
thermore, in morphology, RIR-induced Iba-1* cells
showed a larger soma with shorter and thicker branch-
ing processes than their sham counterparts, a phenotype
characteristic of the activation stage. When compared
with RIR+DMHCA group, Iba-17 cells restore a mor-
phological feature of the resting stage, similar to the
sham group. Consistently, DMHCA reduced the protein
abundance of iNOS, a marker of the pro-inflammatory
microglial phenotype (Fig. 3b).

Since activation of NF-«kB signalling pathway has been
implicated in promoting neurotoxicity and neuroinflam-
mation in CNS tissue ischemia [32], we explored the
potential role of the NF-«B signalling in IOP-induced
retinal damage. We examined the activation of an essen-
tial protein of the NF-kB pathway and observed that it
was significantly inhibited by DMHCA (Fig. 3¢, d). To
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investigate the level of inflammation, we measured the
reportedly increased inflammatory mediators in RIR
at the retinal levels, such as iNOS, IL-6, Caspase-1, and
NLRP3. In all measures, DMHCA suppressed the level of
these cytokines (Fig. 3e).

Generation of single-cell transcriptome atlas from sham, RIR,
and RIR + DMHCA-treated murine retina

To determine the mechanisms underlying the therapeu-
tic effects of DMHCA, we conducted scRNA-seq of the
pooled retinal cells taken from the retinas of sham, RIR,
and RIR + DMHCA-treated mice.

After quality assurance, we collected high-quality cells
totaling 49,799 from the sham sample, 26,451 from the
RIR sample, and 14,005 from the sample that had been
treated with DMHCA (Fig. 4a). Rods, cones, cone bipo-
lar cells (CBC), rod bipolar cells (RBC), amacrine cells
(AC), macroglia, horizontal cells (HC), RGCs, vascular
endothelial cells (VEC) and pericytes, T cells (TC), den-
dritic cells (DC), monocyte macrophage and microglia
(Myeloid), and neutrophils were among the cell popula-
tions that were distinguished based on the expression of
known markers (Fig. 4b, ¢ Additional file 2: a, b). Astro-
cytes and Miiller glia were grouped together in the mac-
roglia population because of the transcriptional overlap.
The myeloid group was extracted and further analysed.
Although the cluster distributions among the three
groups seemed comparable, there were differences in the
proportions of single clusters. A considerable number of
immune cells appeared after RIR injury and were greatly
reduced following DMHCA treatment (Fig. 4d, e; Addi-
tional file 2: ¢).

To explore the retinal cellular response to RIR and
DMHCA treatment, we first performed DEG analy-
sis among the three groups (Fig. 4f; Additional file 3: a;
Additional file 7: Table S2, Additional file 8: Table S3).
Subsequent GO analysis showed that pathways related
to immune response, inflammation, and apoptosis were
up-regulated during RIR but downregulated by DMHCA
treatment, while pathways associated with normal vis-
ual functions and maintenance of retinal homeostasis
exhibited the opposite trend (Fig. 4g; Additional file 3: b;
Additional file 9: Table S4, Additional file 10: Table S5,
Additional file 11: Table S6, Additional file 12: Table S7).

The activity of the inflammatory pathway and over-
expression of the specifc genes after RIR showed that
RIR induced the inflammatory response. To quantify
the severity of these responses enhanced by RIR injury,
we next calculated the inflammatory scores in the three
samples and found that the retinas of RIR showed an
elevation in the inflammatory response score, with neu-
trophils exhibiting the highest inflammatory response
score. Correspondingly, inflammatory responses were
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Fig. 3 DMHCA decreases inflammation and inhibits NF-kB signalling pathway in acute RIR mice. a Representative immunofluorescence images of
Iba-1 (red, labelled activation microglia) and GFAP (green, labelled activation macroglia). b—d Representative western blotting of a pro-inflammatory
microglial marker (iNOS) and NF-KB pathway marker (p-P65, P65, p-IKK, and IKK) in retinas. Protein levels were normalized to GAPDH levels. @ mRNA
expression levels of clinical inflammation markers, iINOS, IL-6, caspase 1, and NLRP3 in retinas were measured using gRT-PCR

suppressed by DMHCA treatment (Fig. 4h). These = DMHCA suppressed inflammation in microglia

results suggest that DMHCA suppressed inflammatory  and regulated the expression of Ninj1

responses induced by RIR. Microglia are critical players in glaucoma development
because activated microglia exacerbate RGC degenera-
tion through pro-inflammatory and oxidative stress path-
ways and increase expression of complement molecules
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[33]. Therefore, we explored the anti-inflammatory effect
of DMHCA on microglia [24].

We first extracted the myeloid population and re-clus-
tered the cells into monocytes (Ly6c2+), macrophages
(Clqa+), and microglia (Sparc+Clqa+) (Fig. 5a—c).
To identify the underlying mechanism through which
DMHCA alleviates RIR-induced stress on the retina, we
performed DEG analysis in microglia across the three
groups (Fig. 5d; Additional file 13: Table S8, Additional
file 14: Table S9) and found that inflammatory gene
expression was elevated after RIR injury and reduced in
the treatment group. Subsequent GO analysis showed
that pathways related to inflammation, immune cell
chemotaxis, and apoptosis were up-regulated during RIR
injury but downregulated by DMHCA treatment (Fig. 5e,
f, g5 Additional file 15: Table S10, Additional file 16:
Table S11). The pathways associated with the inherent
immune function of microglia exhibited the opposite
trend (Additional file 3: ¢, d).

Among the DEGs, we observed that a new gene, Ninj1,
played a role in several GO pathways associated with
inflammatory response, cell migration, and cell adhesion
(Fig. 5h). The expression of Ninjl, primarily in myeloid
cells and neutrophils, was significantly up-regulated in
the RIR group and downregulated after DMHCA treat-
ment (Fig. 5i). As an adhesion molecule, Ninj1 reportedly
regulates macrophage function in endotoxin-mediated
inflammation and is engaged in the immune responses
triggered by cellular infection or stress [34]. Consistent
with this notion, our in vivo findings demonstrated that
up-regulated Ninjl was associated with RIR injury and
that DMHCA diminished the increase in Ninjl expres-
sion (Fig. 5j, k), suggesting that DMHCA regulates Ninj1
during the development of RIR-induced RGC death.

Comprehensive cell-cell communication landscape

across the three samples

To explore the cell-cell interactions between the three
groups, we used CellChat to visualize the communi-
cation networks between distinct cell types. Interac-
tions between resident retinal cells were generally

(See figure on next page.)
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downregulated, while immune cell populations exhib-
ited a variable elevation in cell-cell communications
with all other cell types in the ischemia-reperfu-
sion retina. RIR+DMHCA-treated group showed an
inverse trend, except for microglia among the immune
cell subsets (Fig. 6; Additional file 4: a).

Additionally, signalling pathways were identified. The
three groups shared several common pathways (Fig. 6b),
including the neurotrophin (NT) and migration inhibi-
tory factor (MIF) signalling pathways. The NT signalling
pathway can enhance neuronal survival and regeneration
and exert a protective effect against RGC apoptosis in the
glaucomatous model [35, 36]. As the network indicated,
retinal neuronal interactions through the NT signalling
pathway were reduced in the RIR group and increased
following DMHCA treatment (Fig. 6¢, d). Macrophage
MIF coding a pro-inflammatory cytokine and the MIF-
mediated signalling pathway have been implicated in
various inflammatory diseases and disorders [37]. Cor-
respondingly, cell-cell interactions and related ligand—
receptor gene expression were markedly up-regulated
in the ischemia-reperfusion retina and substantially
downregulated when the ischemia—reperfusion retina
was exposed to DMHCA treatment (Figs. 6e; Additional
file 4: b).

The IGF and CX3C signalling pathways were found in
normal and DMHCA-treated retina, while not significant
in the RIR group (Additional file 4: ¢, Additional file 5: d,
e, f). In particular, IGF is also a neurotrophic peptide in
the CNS, where it reduces neuronal death and augments
synaptic plasticity [38]. The CX3CL1-CX3CR1 axis has
been implicated in regulating microglial homeostasis,
and suppressing microglial activation [39]. Several sig-
nalling pathways were exclusive to the RIR+DMHCA
group, including EphrinB (EPHB), reelin (RELN), and
glial cell line-derived neurotrophic factor (GDNF) signal-
ling pathways. EPHB and RELN-mediated signalling have
a major role in RGC axonal targeting [39, 40]. GDNF pre-
vents post-injury RGC death by downregulating extracel-
lular glutamate levels [41].

Fig. 4 Study design and scRNA-seq analysis of sham, RIR, DMHCA-treated murine retinal cells. a Experimental design for scRNA-seq. Retinal
samples were collected from sham mice, RIR mice, and DMHCA-treated RIR mice. Each sample was collected from three mice. The gene expression
data of the samples were obtained via sCRNA sequencing for subsequent single-cell analysis. b UMAP clustering of pooled retinal cells coloured
according to clusters. ¢ Dot plot showing the expression of specific marker genes in each cell type. d Bar charts showing proportions of each cell
type across the three samples derived from scRNA-seq data. e Cell ratio of immune to total retinal cells in the three samples. f Dot plot showing
the DEGs between the RIR vs. sham comparison group. Red, blue, and grey dots indicate the up-regulated, downregulated, and unchanged DEGs,
respectively. g Representative GO and KEGG pathway analyses of DEGs of retinal cells in the RIR vs. sham comparison group. Red and blue bars
indicate up- and downregulated DEGs, respectively. h Violin plot of inflammatory response scores for each sample and cell type. Within each violin
plot, middle lines indicate median values, and the line ranges from the 25th to the 75th percentile. Significance was calculated using a two-sided
Wilcoxon test as implemented using the function "compare_means" with default parameters; ****P<0.0001
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Overexpressed Ninj1 reversed the effects of DMHCA

via NF-kB pathway regulation

To explore the underlying mechanism of DMHCA stabi-
lizing microglia during OGD/R-induced inflammation,
we detected PCR, western blot, and immunofluores-
cence (Fig. 7a—c, e). These results showed that TNFa,
IL1B, IL6, and cleaved caspase-8 were elevated after
OGD/R, whereas DMHCA reversed these changes, sug-
gesting that DMHCA can stabilize the microglia against
inflammation.

By reducing the ratio of p-NF-kB p65/NF-kB p65 and
p-IKK/IKK in comparison to those in the OGD/R group,
DMHCA also drastically decreased the NF-kB signaling
pathway and Ninjl, which could be restored by Ninjl
gene overexpression (Fig. 7e, f). We treated microglia
with betulinic acid, a transcriptional activator of the
NF-kB pathway (S3603; Selleck Chemicals, USA), to con-
firm the anti-inflammatory effects of DMHCA via the
NEF-kB pathway, and discovered that it counteracted the
inhibition of RIR + DMHCA group on the key molecule
of the NF-kB signalling pathway (Fig. 7d). These results
suggest that the NF-kB pathway was controlled by over-
expressed Ninjl, which negated the anti-inflammatory
effects of DMHCA.

To evaluate the affinity of DMHCA for Ninjl, we did
the molecular docking experiment. The binding poses
and interactions of DMHCA and the Ninjl protein were
gained using Autodock Vina v.1.2.2, and binding energy
for each interaction was calculated (Fig. 7g, h). Results
showed that DMHCA bound to its target Ninjl through
a visible hydrogen bond and strong electrostatic interac-
tions. For Ninjl, DMHCA had a low binding energy of
— 6.6 kcal/mol, indicating a highly stable binding ability.

Discussion

We explored the intraocular therapeutic efficacy, mecha-
nism, and systemic safety of short-term DMHCA treat-
ment in developing IOP-induced retinal damage. Our
main findings are as follows: (1) Prophylactic treatment
with DMHCA prior to injury effectively reduced neuroin-
flammation and RGC apoptosis, thus restoring the retinal

(See figure on next page.)

Page 11 0f 18

structure in retinal ischemia—reperfusion; (2) DMHCA
attenuated microglia-mediated inflammation and polari-
zation by inhibiting activation of the NF-kB signalling
pathway; (3) DMHCA-mediated anti-inflammation and
anti-apoptosis effects were, at least partly, due to allevia-
tion of Ninj1, and further support came from the overex-
pression of Ninj1 largely abrogated the protection effects
of DMHCA by up-regulating the expression of TNFa and
clv-caspase8; (4) Short-term (3 days) administration and
a high dose (80 mg/kg of body weight/day) of systemic
took DMHCA did not increase serum TG or cholesterol
levels; furthermore, DMHCA is a safe and effective thera-
peutic option against RIR injury.

Substantial evidence suggests that retinal ischemia—
reperfusion is the main mechanism of glaucoma and the
cause of irreversible vision loss globally [42]. Therefore,
exploring innovative drugs for RIR treatment is urgent.
Many inducible rodent models of RIR injury include
clipping the retinal vessels and cautery of extraocu-
lar veins [43]. The most frequently used model is the
"pressure-induced RIR model" [12], adopted in the pre-
sent study. Research has revealed that the secretion of
TNFa increases independently following RIR injury,
which leads to RGC damage and optic nerve degen-
eration, primarily through originating its downriver
apoptotic signal cascade [44, 45]. In the retina, TNFa is
primarily secreted by microglia [6]. Overmuch release of
cytokines, chemokines, and other inflammatory media-
tors by necrotic cells in the later stages further intensifies
the inflammatory level. Microglia are intrinsic immuno-
logical cells present in the retina; owing to their toxic or
protective effects in different contexts, we used the anti-
inflammatory effect of microglia as an important evalu-
ation index. We confirmed that DMHCA ameliorated
the microenvironment of inflammation in microglia by
downregulating the levels of pro-inflammatory cytokines,
TNFa, IL1B, and IL6, and inhibiting the expression of
apoptosis markers such as cleaved caspase 8, under
OGD/R-induced inflammation. Similarly, several studies
have shown that LXR activation decreases the expression
of a few genes that mediate inflammation, such as iNOS,

Fig. 5 Effects of DMHCA on microglia after RIR and Ninj1 activation. a UMAP clustering of myeloid cells. b Violin plot showing the expression of
the marker genes for each cell type. ¢ Bar plots showing cell abundances across myeloid for the sham, RIR, and RIR +DMHCA groups. d Dot plot
showing the DEGs between the microglia of the RIR vs. sham and RIR+ DMHCA vs. RIR comparison groups. Red, blue, and grey dots indicate the
up-regulated, downregulated, and unchanged DEGs, respectively. e, f Representative GO and KEGG pathway analyses of up-regulated DEGs of
microglia in the RIR vs. sham comparison group and downregulated DEGs of microglia in the DMHCA vs. RIR comparison group. Red and blue bars
indicate up- and downregulated DEGs, respectively. g Heatmap showing the expression of enriched genes matched to the GO term inflammatory
response. h Venn diagram showing the intersection of the genes enriched in GO terms related to inflammation from the previous GO and KEGG
pathway analyses of up-regulated DEGs of microglia in the RIR vs. sham comparison group. i Violin plot showing the expression of Ninj1 in each
group. j Western blot analysis of the indicated proteins, Ninj1; protein levels were normalized to GAPDH levels. k Transcriptional levels of Ninj1 in

retinas were detected using gRT-PCR; n=7
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COX2, MMPS, IL-1f5, and IL-6 [46]. In addition, microglia
can rapidly change states in response to various stimuli
in the microenvironment. Accompanying the inflamma-
tory activity, we also found that the expression of micro-
glial canonical markers, such as Serpine2, Olfml3, Gpr34,
and Sparc, was remarkably reduced per the scRNA-seq
results of our RIR group (Additional file 3: e), a pheno-
type reported in some CNS damages or diseases related
to neuroinflammation [47, 48]. The expression of these
genes was partially up-regulated in the RIR+DMHCA
group, indicating that microglia had switched to a more
homeostatic "resting” state. These results imply that
DMHCA was instrumental in ameliorating microglia-
mediated inflammation, which provides evidence of the
beneficial neuroprotective effects of DMHCA in the RIR
model.

Next, we explored the specific pathomechanism under-
lying the anti-inflammatory effects of DMHCA. Previous
investigations have indicated that DMHCA might inhibit
inflammation and cholesterol accumulation in glomeruli
through LXR [49]. Additionally, in immune cells, particu-
larly macrophages, LXRs inhibit pro-inflammatory gene
expression [50]. These findings prompted us to inves-
tigate the transcription factor activity of LXR. We used
PYSCENIC to compare the transcription factor activity
between the RIR and DMHCA-treated groups and found
that LXRa activity was not detected, while LXRf surpris-
ingly showed lower transcription factor activity in the
DMHCA-treated retina (Additional file 17: Table S12).
We then assessed the expression of the LXR-controlled
genes using the scRNA-seq data and showed that both
Abcal and ApoE expression were downregulated follow-
ing DMHCA treatment (Additional file 18: Table S13).
Silico’s analysis confirmed that the LXR pathway was not
activated as a hinge in the retina through DMHCA treat-
ment, which is consistent with previous findings [51].

After RIR injury and therapy, we evaluated the global
retinal landscape under homeostatic settings using our
previously published single-cell transcriptome datasets
[13]. We determined the proportionate changes in 13 cell
populations. Ninjl was enriched in several inflammatory,
leukocyte migration, and chemotaxis-related pathways in
the scRNA-seq data used in our studies, suggesting that
Ninjl plays a role in immune cell recruitment and the
subsequent inflammatory damage in injury pathogenesis

(See figure on next page.)
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brought on by ocular hypertension. In vivo and in vitro,
we noticed a noticeably higher expression of Ninjl after
inflammation. In line with this, Xiao [52] found that the
levels of Ninjl mRNA in circulating leukocytes from
injured persons were significantly increased (1.87-fold).
In endotoxin-mediated inflammation, diabetes, and ath-
erosclerosis, Ninjl controls macrophage activity [34].

As no specific Ninjl activator exists, we utilized genetic
manipulations to overexpress Ninjl and explore its dis-
tinct role in OGD/R injury. Our result implied that com-
pared with OGD/R, treatment with DMHCA decreased
Ninj1 levels. Additionally, microglia-specific overexpres-
sion of Ninjl increased inflammatory gene expression
and apoptosis in the OGD/R model in vitro (Fig. 7c).
Similarly, Ninjl-overexpressed macrophages in Hwang’s
study [34] showed notably higher levels of inflammatory-
related proteins and proangiogenic factors. Moreover,
the authors found that inhibiting Ninjl reduced these
inflammatory mediators. To analyse the binding affinities
and the possibility of interaction between DMHCA and
Ninj1, AutodockVina 1.2.2, a silico protein-ligand dock-
ing software, was utilized. The data support a strong abil-
ity of DMHCA to incorporate into and directly bind with
the membrane protein, Ninjl, which may contribute to
some of the observed pleiotropic effects. DMHCA pos-
sesses chemical properties of amphipathicity owing to the
synthetic oxysterol with a shortened sidechain and amide
moiety. Similar to other oxysterols, DMHCA can be
incorporated into the exofacial leaflet of the membrane,
thereby directly modifying the functions of integral and
membrane-associated proteins [53]. This supports our
hypothesis that DMHCA can directly interact with Ninjl,
indicated by preliminary data. The underlying mecha-
nisms remain to be elucidated. Despite our efforts to
determine the role of Ninjl in hypoxia and glucose-free
induced microglial activation in vitro, other cells besides
microglia might have contributed to the observed. NF-xB
(p65) is an important transcriptional factor that regulates
IL-1pB and several inflammatory cytokines, while NF-«xB
activation plays a pivotal role in RIR-induced neuroin-
flammatory processes secondary to RGC damage [29,
54]. Our scRNA-seq results indicate that the NF-«B sig-
nalling pathway was enriched in global RIR retinal cells
and the immune cell subset, including the myeloid and
neutrophil populations. NF-kB pathway regulation was

Fig. 6 Cell-cell communication landscape in Sham, RIR and DMHCA group. a Heatmap showing the number of inferred interactions between the
cell types analysed in the RIR vs. sham and RIR + DMHCA vs. RIR comparison groups. b Venn diagram showing the number of inferred signalling
pathways shared across the three groups. ¢ Circle plot showing cell-cell interactions via NT signalling across the three groups. d Violin plot showing
the expression of the ligand-receptor pairs implicated in NT signalling across the three groups. e Chord plot showing cell-cell interactions via the

MIF signalling pathway across the three groups



Page 14 of 18

Shi et al. Journal of Neuroinflammation (2023) 20:91
RIR/Normal Group DMHCA/RIR Group b
100] I I Normal RIR
--IIIIIII lIII llll Ill-l il. @
o) 290 1 S
CONE 2 '20 = si20
= CBC gh10 m o
) RBC o 0 & [
g AC 2.-10 2 © |‘20
3 Macroﬂlg % I-zo 3 Macro Ila & ®-40
2 RGG c8-30 3
gVEC&Peric*te §VEC&Per|c¥_te
3 o0& 3
7] (7]
Microglia Mlcroglla
Monocyte Monocyte
Macrophage Macrophage
Neutrophil Neutropl |I
———— T T mm' T -------E
QWO SO0 20082 =33 2005290733
= =2 oL 0O =2 ot 99
R382<3TP OB s - s7o%gEs 7
° 8§ & £583 $§ 8585
= = =352 3 5252 DMHCA
g = g =
C.
NT signaling pathway network NT signaling pathway network NT signaling pathway network
AC  RBC Normal AC  RBC RIR AC DMHCA
Macroglia Macroglia g Macroglia
() CBC [ CBC () CBC
HC °
CONE CONE CONE
[ [ ] [ J
RGC ®ROD RGC ®ROD RGC ®ROD
[ ] [ ] [ ]
VEC&Pericyte ) . VEC&Pericyte ) ) VEC&Pericyte ) )
Y Neutrophil ) Neutrophil ° Neutrophil
[ [ ] [ ]
TC - Macrophage TC Macrophage TC - .Macrophage
C C [
Microglia Monocyte Microglia Monocyte Microglia Monocyte
d.
Bdnf 4
| ﬂ;\ | e
Ntrk2 4 RIR
DMHCA
LAl A .‘i “i |
O O ¢} & (¢) ¢) o O ¢} & > 2 )
& & & & ¢ F &g &9 §F &5 &S
s g ST ¢
& &
e.
MIF DMHCA signaling pathway network

MIF Normal signaling pathway network

DMHCA

Microglia

]
&
£
9

e S &
~\\~ X

\K"o@

\\Neu\roph‘\

Fig. 6 (Seelegend on previous pag

e)



Shi et al. Journal of Neuroinflammation (2023) 20:91 Page 150f 18

a. > iy Con b.
2 0 Y e OGDR
e o OGDR
2 | .
.S 40 o OGDR+DMHCA Con + DMHCA DMHCA+NInj1
8 A 5, OGDR+DMHCA+Ninj1
[
S 30
2 DAPI
L 20
S
=
@ 10
=
© .
E 0
TNFa
v Con
o Con+DMHCA
OGDR
c. ° Mergse
» OGDR+DMHCA
F>> *kkK kKK 25um
986- *kkk K ok KR
c D
S &
25,
Q 4
s
52 N SR S
<1>< 1 1
£&2 ! ]
5 £ i i
2 : i
0- 1 i
1 1
1 1
1 1
i 1
: i
) \:,\7‘~~ : 1
d. OGDR - 4+ + + \« “w NS I i
DMHCA - - 4+ + VT E :
Betulinic acid = = VN ) TSsol i
N \‘\J________________________I
p-ikkarp [0 _ B | o500
OGDR - + + +
DMHCA e S
Ninj1 —_ -
e.
OGDR -+ + + b
owoA  — 4k o-P65 I -+
Ninj1 _ - =

pos [FEmEm=] ssos

Ninj1 a‘iL ‘ 16-21kDa IKKa _ 85kDa
GAPDH [SE S| 3740a GAPDH 37kDa
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further confirmed by the decrease in the NF-kB path-
way protein levels observed following DMHCA treat-
ment compared with those of the RIR model group both
in vivo and in vitro. Previous preclinical and clinical stud-
ies have suggested that the NF-kB pathway has an anti-
inflammatory effect on inflammatory diseases, including
dry eye syndrome and glaucoma [55, 56], which further
affirms the potential clinical value of DMHCA for the
treatment of glaucoma.

In summary, this study showed that DMHCA signifi-
cantly attenuated RIR-induced neuroinflammation, such
as alleviating the activation of microglia and decreasing
the levels of inflammatory mediators, thereby hindering
apoptosis in RIR-injured mice. Furthermore, DMHCA
ameliorated neuroinflammation by suppressing Ninjl
and NF-kB pathway activity. However, genetic overex-
pression of Ninjl reversed the anti-inflammatory and
anti-apoptotic effects of DMHCA in the microglia cell
line. These findings suggest that Ninj1 plays an important
role in the mechanisms of RIR injury and that DMHCA
is a promising potential treatment against RIR through
Ninj1 inhibition.

Abbreviations

RIR Retinal ischemia-reperfusion
IPL Inner plexiform layer

NS Normal saline

IOP Intraocular pressure

CNS Central nervous system

RGC Retinal ganglion cell

NF-kB Nuclear factor kappa B
scRNA-seq Single-cell RNA sequencing

OGD/R Oxygen and glucose deprivation/reoxygenation
Ninj 1 Nerve injury-induced protein 1
TNFa Tumour necrosis factor-a

IL Interleukin

UMAP Manifold Approximation and Projection
KEGG Kyoto Encyclopaedia of Genes and Genomes
TF Transcription factor

ANOVA Analysis of variance

GCL Ganglion cell layer

TC T cells

DC Dendritic cells

CBC Cone bipolar cells

RBC Rod bipolar cells

AC Amacrine cells
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VEC Vascular endothelial cells

NT Neurotrophin

EPHB EphrinB

RELN Reelin

GDNF Glial cell line-derived neurotrophic factor
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Additional file 1. Expression vector cloning and transfection effect.

Additional file 2. UMAP clustering, feature plot and cell ratio of whole
retinal cells. a The UMAP clustering of pooled retinal cells, colored by
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groups. b UMAP plot showing the canonical markers for retinal cells and
immune cells. ¢ The fold change (FC) of cell ratios in different cell types
between the RIR/Sham, DMHCA/RIR comparison group. The numbers on
the right indicate the Log2FC value of the cell ratios.

Additional file 3. DEG plot and GO analysis of whole retinal cells and
microglia subsets. a Dot plot showing the DEGs between the DMHCA/RIR
comparison group. Red, blue and grey dots indicate the up-, down-regu-
lated and unchanged DEGs, respectively. b Representative GO and KEGG
pathway analysis of DEGs of retinal cells in the DMHCA/RIR comparison
group. Red and blue bars indicate up- and down-regulated DEGs, respec-
tively. ¢ Representative GO and KEGG pathway analysis of downregulated
DEGs of microglia in the RIR/Sham comparison group. d Representative
GO and KEGG pathway analysis of upregulated DEGs of microglia in the
DMHCA/IR comparison group. e Dotplot showing the expression of
marker genes between the Sham, RIR and DMHCA groups.

Additional file 4. Signaling pathways of cell-cell interactions. a Heatmap
showing the strength of inferred interactions between the cell types
analyzed in the RIR/Sham and DMHCA/RIR comparison group. b Violin
plot showing the expression of ligand-receptor pairs implicated in the MIF
signaling across the three groups. ¢ Circle plot showing cell-cell interac-
tions via IGF signaling in the Sham and DMHCA group.

Additional file 5. Signaling pathways and expression of ligand-receptors
of cell-cell interactions. a Violin plot showing the expression of ligand-
receptor pairs implicated in the IGF signaling across the three groups. b
Circle plot showing cell-cell interactions via CX3C signaling in the Sham
and DMHCA group. ¢ Violin plot showing the expression of ligand-recep-
tor pair implicated in the CX3C signaling across the three groups.
Additional file 6. Table S1. The primers used for the amplification of the
target genes.

Additional file 7. Table S2. Table of DEGs between sham and RIR groups.

Additional file 8. Table S3. Table of DEGs between RIR and DMHCA
groups.

Additional file 9. Table S4. Table of GO analysis of upregulated DEGs in
RIR group compared to sham group.

Additional file 10. Table S5. Table of GO analysis of downregulated DEGs
in RIR group compared to sham group.

Additional file 11. Table S6. Table of GO analysis of downregulated DEGs
in DMHCA group compared to RIR group.

Additional file 12. Table S7.Table of GO analysis of upregulated DEGs in
DMHCA group compared to RIR group.

Additional file 13. Table S8. Table of DEGs of microglia between sham
and RIR groups.

Additional file 14. Table S9. Table of DEGs of microgliabetween RIR and
DMHCA groups.

Additional file 15. Table S10. Table of GO analysis of DEGs of microglia in
RIR group compared to sham group.

Additional file 16. Table S11. Table of GO analysis of DEGs of microglia in
DMHCA group compared to RIR group.
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Additional file 18. Table S13. Table of average gene expression between
RIR and DMHCA groups.

Author contributions

YZ, WS and YS conceived the project and designed this research.YS and YL
wrote the manuscript. WS revised the manuscript. XL and ZL conducted
molecular docking studies. YS, CD, FH and XC conducted animal experiments.
ZY, YL, KW and CG performed the cell experiments. YL and YS do the scRNA-
seq data analysis. CW assisted in performing additional experiments. YS and YL
contributed equally to this research. All authors read and approved the final
manuscript.


https://doi.org/10.1186/s12974-023-02754-5
https://doi.org/10.1186/s12974-023-02754-5

Shi et al. Journal of Neuroinflammation (2023) 20:91

Funding

This work was supported by the National Key R&D Project of China
(2020YFA0112701); the National Natural Science Foundation of China
(82171057); Science and Technology Program of Guangzhou, China
(202206080005).

Availability of data and materials

The data that support the findings of this study are available from the cor-
responding author upon request. The scRNA-seq data are deposited in the
Genome Sequence Archive in BIG Data Center, Beijing Institute of Genomics
(BIG, https://ngdc.cncb.ac.cn/gsa/), Chinese Academy of Sciences, under
the Project Accession No. PRICA013579. The data are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate

All animal experiments were formally examined and approved by the Animal
Care and Ethics Committee of the Zhongshan Ophthalmic Center (ref no.
2015-108, Approval number: 02021080).

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no competing interests.

Author details

IState Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center,
Guangdong Provincial Key Laboratory of Ophthalmology and Visual Science,
Sun Yat-Sen University, No. 7 Jinsui Road, Tianhe District, Guangzhou 510060,
Guangdong, China.

Received: 13 December 2022 Accepted: 1 March 2023
Published online: 07 April 2023

References

1. HanL, Zhang M, Yang Z, Diao K, Jia X, Li M, et al. Huoxue-Tongluo-Lishui-
Decoction is visual-protective against retinal ischemia-reperfusion injury.
Biomed Pharmacother. 2020;125: 109998.

2. Abcouwer SF, Shanmugam S, Muthusamy A, Lin CM, Kong D, Hager H,
et al. Inflammatory resolution and vascular barrier restoration after retinal
ischemia reperfusion injury. J Neuroinflammation. 2021;18(1):186.

3. Shosha E, Fouda AY, Lemtalsi T, Haigh S, Fulton D, lbrahim A, et al.
Endothelial arginase 2 mediates retinal ischemia/reperfusion injury by
inducing mitochondrial dysfunction. Mol Metab. 2021;53: 101273.

4. Osborne NN, Casson RJ, Wood JPM, Chidlow G, Graham M, Melena J.
Retinal ischemia: mechanisms of damage and potential therapeutic
strategies. Prog Retin Eye Res. 2004,23(1):91-147.

5. Wei X, Cho KS, Thee EF, Jager MJ, Chen DF. Neuroinflammation and
microglia in glaucoma: time for a paradigm shift. J Neurosci Res.
2019,97(1):70-6.

6. FanW,Huang W, Chen J, Li N, Mao L, Hou S. Retinal microglia: Functions
and diseases. Immunology. 2022;166(3):268-86.

7. Zeng H, Shi J. The role of microglia in the progression of glaucomatous
neurodegeneration—a review. Int J Ophthalmol. 2018;11(1):143-9.

8. Rashid K, Wolf A, Langmann T. Microglia activation and immunomodula-
tory therapies for retinal degenerations. Front Cell Neurosci. 2018;12:176.

9. Olivares-Gonzélez L, Velasco S, Campillo |, Rodrigo R. Retinal inflam-
mation, cell death and inherited retinal dystrophies. Int J Mol Sci.
2021,22(4):2096.

10. Vecino E, Rodriguez FD, Ruzafa N, Pereiro X, Sharma SC. Glia-neuron
interactions in the mammalian retina. Prog Retin Eye Res. 2016;51:1-40.

11. Wooff Y, Man SM, Aggio-Bruce R, Natoli R, Fernando N. IL-1 family
members mediate cell death, inflammation and angiogenesis in retinal
degenerative diseases. Front Immunol. 2019;10:1618.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

Page 17 of 18

Wan P, SuW, Zhang'Y, Li Z, Deng C, Li J, et al. LncRNA H19 initiates micro-
glial pyroptosis and neuronal death in retinal ischemia/reperfusion injury.
Cell Death Differ. 2020,27:176-91.

LiY,Wen', Liu X, Li Z, Lin B, Deng C, et al. Single-cell RNA sequencing
reveals a landscape and targeted treatment of ferroptosis in retinal
ischemia/reperfusion injury. J Neuroinflammation. 2022;19(1):261.
Araki T, Milbrandt J. Ninjurin, a novel adhesion molecule, is induced by
nerve injury and promotes axonal growth. Neuron. 1996;17(2):353-61.
Kayagaki N, Kornfeld OS, Lee BL, Stowe IB, O'Rourke K, Li Q, et al. NINJ1
mediates plasma membrane rupture during lytic cell death. Nature.
2021;591:131-6.

Wang Y, Shao F. NINJ1, rupturing swollen membranes for cataclysmic cell
lysis. Mol Cell. 2021;81(7):1370-1.

Kim JW, Moon AR, Kim JH, Yoon SY, Oh GT, Choe YK, et al. Up-Regulation
of ninjurin expression in human hepatocellular carcinoma associated
with cirrhosis and chronic viral hepatitis. Mol Cells. 2001;11(2):151-7.
Choi S, Woo JK, Jang YS, Kang JH, Hwang JI, Seong JK, et al. Ninjurin1
plays a crucial role in pulmonary fibrosis by promoting interac-

tion between macrophages and alveolar epithelial cells. Sci Rep.
2018;8(1):17542.

Willy PJ, Umesono K, Ong ES, Evans RM, Heyman RA, Mangelsdorf DJ.
LXR, a nuclear receptor that defines a distinct retinoid response pathway.
Genes Dev. 1995;9(9):1033-45.

Vieira CP, Fortmann SD, Hossain M, Longhini AL, Hammer SS, Asare-
Bediako B, et al. Selective LXR agonist DMHCA corrects retinal and bone
marrow dysfunction in type 2 diabetes. JCI Insight. 2020;5(13): e137230.
Navas Guimaraes ME, Lopez-Blanco R, Correa J, Fernandez-Villamarin

M, Bistué MB, Martino-Adami P, et al. Liver X receptor activation with an
intranasal polymer therapeutic prevents cognitive decline without alter-
ing lipid levels. ASC Nano. 2021;15(3):4678-87.

Minhas G, Sharma J, Khan N. Cellular stress response and immune signal-
ing in retinal ischemia-reperfusion injury. Front Immunol. 2016;7:444.
Chen H, Deng Y, Gan X, Li Y, Huang W, Lu L, et al. NLRP12 collaborates
with NLRP3 and NLRC4 to promote pyroptosis inducing ganglion cell
death of acute glaucoma. Mol Neurodegener. 2020;15(1):26.

Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell
transcriptomic data across different conditions, technologies, and spe-
cies. Nat Biotechnol. 2018;36(5):411-20.

Zhou'Y, Zhou B, Pache L, Chang M, Khodabakhshi AH, Tanaseichuk O,

et al. Metascape provides a biologist-oriented resource for the analysis of
systems-level datasets. Nat Commun. 2019;10(1):1523.

Jin'S, Guerrero-Juarez CF, Zhang L, Chang |, Ramos R, Kuan CH, et al.
Inference and analysis of cell-cell communication using Cell Chat. Nat
Commun. 2021;12(1):1088.

Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H,
Hulselmans G, et al. SCENIC: single-cell regulatory network inference and
clustering. Nat Methods. 2017;14(11):1083-6.

Bilotta MT, Petillo S, Santoni A, Cippitelli M. Liver X receptors: regulators of
cholesterol metabolism, inflammation, autoimmunity, and cancer. Front
Immunol. 2020;11: 584303.

Chen Z, Qiu PY, Ma CG. Dexmedetomidine preconditioning protects
against retinal ischemia/reperfusion injury and inhibits inflammation
response via toll-like receptor 4 (TLR4) pathway. Biomed Pharmacother.
2017;93:1018-24.

Hu'Y, Xu Q, Li H, Meng Z, Hao M, Ma X, et al. Dapagliflozin reduces apop-
tosis of diabetic retina and human retinal microvascular endothelial cells
through ERK1/2/cPLA2/AA/ROS pathway independent of hypoglycemic.
Front Pharmacol. 2022;13: 827896.

Lam TT, Abler AS, Tso MO. Apoptosis and caspases after ischemia-reperfu-
sion injury in rat retina. Invest Ophthalmol Vis Sci. 1999;40(5):967-75.
Yang Y, Song J, Liu N, Wei G, Liu S, Zhang S, et al. Salvianolic acid A relieves
cognitive disorder after chronic cerebral ischemia: involvement of Drd2/
Cryab/NF-kB pathway. Pharmacol Res. 2022;175: 105989.

Silverman SM, Wong WT. Microglia in the retina: roles in development,
maturity, and disease. Annu Rev Vis Sci. 2018;4:45-77.

Hwang SJ, Ahn BJ, Shin MW, Song YS, Choi Y, Oh GT, et al. miR-125a-5p
attenuates macrophage-mediated vascular dysfunction by targeting
Ninjurin1. Cell Death Differ. 2022;29(6):1199-210.


https://ngdc.cncb.ac.cn/gsa/

Shi et al. Journal of Neuroinflammation (2023) 20:91

35. Fudalej E, Justyniarska M, Kasaretto K, Dziedziak J, Szaflik JP, Cudnoch-
Jedrzejewska A. Neuroprotective factors of the retina and their role in
promoting survival of retinal ganglion cells: a review. Ophthalmic Res.
2021;64(3):345-55.

36. Johnson EC, Guo Y, Cepurna WO, Morrison JC. Neurotrophin roles in
retinal ganglion cell survival: lessons from rat glaucoma models. Exp Eye
Res. 2009;88(4):308-15.

37. Subbannayya T, Variar P, Advani J, Nair B, Shankar S, Gowda H, et al. An
integrated signal transduction network of macrophage migration inhibi-
tory factor. J Cell Commun Signal. 2016;10:165-70.

38. Arroba Al, Campos-Caro A, Aguilar-Diosdado M, Valverde AM. IGF-1,
inflammation and retinal degeneration: a close network. Front Aging
Neurosci. 2018;10:203.

39. Zerti D, Molina MM, Dorgau B, Mearns S, Bauer R, Al-Aama J, et al. IGFBPs
mediate IGF-1s functions in retinal lamination and photoreceptor devel-
opment during pluripotent stem cell differentiation to retinal organoids.
Stem Cells. 2021;39(4):458-66.

40. Thakar S, Chenaux G, Henkemeyer M. Critical roles for EphB and ephrin-B
bidirectional signalling in retinocollicular mapping. Nat Commun.
20171;2(1):431.

41. Koeberle PD, Bahr M. The upregulation of GLAST-1 is an indirect anti-
apoptotic mechanism of GDNF and neurturin in the adult CNS. Cell
Death Differ. 2008;15(3):471-83.

42. Weinreb RN, Aung T, Medeiros FA. The pathophysiology and treatment of
glaucoma: a review. JAMA. 2014;311(18):1901-11.

43. Pang |, Clark AF. Inducible rodent models of glaucoma. Prog Retin Eye
Res. 2020;75:100799.

44, Kitaoka Y, Kitaoka Y, Kwong JM, Ross-Cisneros FN, Wang J, Tsai RK, et al.
TNF- a-induced optic nerve degeneration and nuclear factor-kappaB
p65. Invest Ophthalmol Vis Sc. 2006;47(4):1448-57.

45. XuW, Wang Y.The role of Toll-like receptors in retinal ischemic diseases.
Int J Ophthalmol. 2016;9(9):1343-51.

46. Hong C, Tontonoz P. Coordination of inflammation and metabolism by
PPAR and LXR nuclear receptors. Curr Opin Genet Dev. 2008;18(5):461-7.

47. Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A,
et al. Single-cell RNA sequencing of microglia throughout the mouse
lifespan and in the injured brain reveals complex cell-state changes.
Immunity. 2019;50(1):253-71.

48. Jorddo MJ, Sankowski R, Brendecke SM, Sagar, Locatelli G, Tai YH, et al.
Single-cell profiling identifies myeloid cell subsets with distinct fates dur-
ing neuroinflammation. Science. 2019;363(6425):eaat7554.

49. Patel M, Wang XX, Magomedova L, John R, Rasheed A, Santamaria H, et al.

Liver X receptors preserve renal glomerular integrity under normoglycae-
mia and in diabetes in mice. Immunity. 2014;57:435-46.

50. Schulman IG. Liver X receptors link lipid metabolism and inflammation.
FEBS Lett. 2017;591(19):2978-91.

51. El-Darzi N, Astafev A, Mast N, Saadane A, Lam M, Pikuleva IA. N,N-
dimethyl-33-hydroxycholenamide reduces retinal cholesterol via partial
inhibition of retinal cholesterol biosynthesis rather than its liver X recep-
tor transcriptional activity. Front Pharmacol. 2018;9:827.

52. Xiao W, Mindrinos MN, Seok J, Cuschieri J, Cuenca AG, Gao H,
et al. A genomic storm in critically injured humans. J Exp Med.
2011;208(13):2581-90.

53. Covey DF. ent-Steroids: novel tools for studies of signaling pathways.
Steroids. 2009;74(7):577-85.

54. Goebel U, Scheid S, Spassov S, Schallner N, Wollborn J, Buerkle H,
et al. Argon reduces microglial activation and inflammatory cytokine
expression in retinal ischemia/reperfusion injury. Neural Regen Res.
2021;16(1):192-8.

55. Fishman P, Bar-Yehuda S, Liang BT, Jacobson KA. Pharmacological and
therapeutic effects of A3 adenosine receptor agonists. Drug Discov
Today. 2012;17(7-8):359-66.

56. Danford ID, Verkuil LD, Choi DJ, Collins DW, Gudiseva HY, Uyhazi KE, et al.
Characterizing the "POAGome”: a bioinformatics-driven approach to
primary open-angle glaucoma. Prog Retin Eye Res. 2017;58:89-114.

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

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	N,N-Dimethyl-3β-hydroxycholenamide attenuates neuronal death and retinal inflammation in retinal ischemiareperfusion injury by inhibiting Ninjurin 1
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Animals
	Pharmacologic treatment and RIR injury model
	Haematoxylin and eosin (HE) staining
	Serum analyses
	Simulation of in vitro ischemia with oxygen-glucose deprivationreoxygenation (OGDR) and microglia pharmacologic treatments
	Expression vector cloning and transfection
	Immunofluorescence staining
	Single-cell genomics
	scRNA-seq library preparation
	Analysis of scRNA-seq data
	Differential expression analysis
	Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
	Inflammatory score
	Cell–cell communication analysis
	Transcription factor (TF)

	Western blotting
	Reverse transcription-quantitative PCR (RT-qPCR)
	Molecular docking
	Statistics

	Results
	Impacts of systemic DMHCA treatment on the general physiological state
	DMHCA treatment restored IOP-induced RIR injury and RGC death
	Treatment with DMHCA decreased inflammation and inhibited the NF-κB signalling pathway
	Generation of single-cell transcriptome atlas from sham, RIR, and RIR + DMHCA-treated murine retina
	DMHCA suppressed inflammation in microglia and regulated the expression of Ninj1
	Comprehensive cell–cell communication landscape across the three samples
	Overexpressed Ninj1 reversed the effects of DMHCA via NF-kB pathway regulation

	Discussion
	Anchor 37
	References


