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Abstract

Background Microglia is the major contributor of post-stroke neuroinflammation cascade and the crucial cellular
target for the treatment of ischemic stroke. Currently, the endogenous mechanism underlying microglial activation
following ischemic stroke remains elusive. Serglycin (SRGN) is a proteoglycan expressed in immune cells. Up to now,
the role of SRGN on microglial activation and ischemic stroke is largely unexplored.

Methods Srgn knockout (KO), Cd44-KO and wild-type (WT) mice were subjected to middle cerebral artery occlu-
sion (MCAQ) to mimic ischemic stroke. Exogenous SRGN supplementation was achieved by stereotactic injection

of recombinant mouse SRGN (rSRGN). Cerebral infarction was measured by 2,3,5-triphenyltetrazolium chloride (TTC)
staining. Neurological functions were evaluated by the modified neurological severity score (mNSS) and grip strength.
Microglial activation was detected by Ibal immunostaining, morphological analysis and cytokines' production. Neu-
ronal death was examined by MAP2 immunostaining and FJB staining.

Results The expression of SRGN and its receptor CD44 was significantly elevated in the ischemic mouse brains,
especially in microglia. In addition, lipopolysaccharide (LPS) induced SRGN upregulation in microglia in vitro. rSRGN
worsened ischemic brain injury in mice and amplified post-stroke neuroinflammation, while gene knockout of Srgn
exerted reverse impacts. r'SRGN promoted microglial proinflammatory activation both in vivo and in vitro, whereas
Srgn-deficiency alleviated microglia-mediated inflammatory response. Moreover, the genetic deletion of Cd44 par-
tially rescued rSRGN-induced excessed neuroinflammation and ischemic brain injury in mice. Mechanistically, SRGN
boosted the activation of NF-kB signal, and increased glycolysis in microglia.

Conclusion SRGN acts as a novel therapeutic target in microglia-boosted proinflammatory response follow-
ing ischemic stroke.

Keywords Ischemic stroke, Neuroinflammation, Microglia, Serglycin, CD44

*Yi Qian, Lixuan Yang and Jian Chen contributed equally to this work.

*Correspondence:

Yun Xu

xuyun20042001@aliyun.com

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-024-03026-6&domain=pdf

Qian et al. Journal of Neuroinflammation (2024) 21:35

Background

Ischemic stroke is a worldwide disease with high mortal-
ity and disability rates [1, 2]. Current intravenous throm-
bolysis and mechanical thrombectomy therapies can only
benefit a small fraction of patients due to the narrow
time window and potential secondary damage caused
by ischemia—reperfusion. Accumulating evidence has
shown that microglia-mediated neuroinflammation con-
tributes greatly to the secondary damage after stroke [3,
4]. Tt can lead to blood-brain barrier breakdown, neu-
ronal damage, neurological deficits and so on [5].

After the onset of ischemic stroke, microglia are acti-
vated and release proinflammatory cytokines such as
IL-1B, IL-6 and TNF-« to the ischemic brain regions [6,
7]. Meanwhile, they also recruit peripheral immune cells
to brain parenchyma by releasing chemokines [8, 9].
Hyperactivated microglia and the gathered infiltrating
immune cells could release more inflammatory media-
tors, further amplifying the inflammatory response and
damaging the brain [10]. Thus, targeting microglia-medi-
ated inflammatory cascades is the key to immunomodu-
latory treatment of stroke. However, firm evidence on the
key factors for microglia-mediated neuroinflammation
are still lacking, and the underlying mechanism is in its
infancy.

To discover new molecules in controlling microglia-
mediated proinflammatory response after ischemic
stroke, we screened all genes encoding secretory pro-
teins in microglia from our single-cell RNA sequencing
(scRNA-seq) data in a murine model of ischemic stroke
[11]. We found that Srgn, among the top 10 differentially
expressed genes (DEGs), was increased at 3 h, 12 h and
3d after brain ischemia. Additionally, Srgn was expressed
among different microglia subpopulations, indicating the
potential vital role of Srgn in regulating post-stroke neu-
roinflammation. Serglycin (SRGN, encoded by the gene
Srgn) is a secretory granule proteoglycan with a 17.6 kDa
core protein and glycosaminoglycan (GAG) chains, and
was first discovered in a rat yolk sac tumor by Oldberg
et.al. in the 1980s [12]. SRGN is capable of signal trans-
duction through the transmembrane protein receptor
CD44 [13]. After activated by SRGN, CD44 can mediate a
variety of signaling pathways including the NF-kB, AKT,
MAPK/ERK and the p-catenin [14—17]. Previous studies
showed that SRGN participated in various cancer pro-
gression including myeloid leukemia [18], multiple mye-
loma [19], breast cancer [20], lung cancer [21-24] and
giant cell tumor of bone [25]. Also, it plays an important
role in immune response. For instance, SRGN secreted by
peritoneal macrophages could regulate their own TNF-a
secretion under LPS stimulation [26]. In adipose tis-
sue, immune cells-derived SRGN is linked with obesity-
induced inflammation. Srgn-knockout (KO) mice showed
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a lower expression of inflammatory genes and less infil-
tration of proinflammatory M1 macrophages in adipose
tissue [27].

Despite the vital roles of SRGN in regulating cancer
progression and immune response, few studies were
aimed to investigate the role of SRGN in the central
nervous system [28]. Especially, the function of SRGN
in ischemic stroke and microglia-mediated neuroin-
flammation is still unknown. In this study, we found that
SRGN was remarkably elevated in the ischemic brain,
and microglia were the main source of the upregulation.
In addition, activated microglia secreted SRGN to acti-
vate the homeostatic state microglia, thus amplifying the
post-stroke inflammation cascade. We further investi-
gated the impact of SRGN on the outcome of ischemic
brain injury and explored the underlying mechanisms
regarding the actions of SRGN in ischemic stroke.

Materials and methods

Regents and antibodies

Recombinant mouse SRGN (rSRGN) was purchased
from Cusabio (Wuhan, China). Primary antibody dilution
factors and vendor information for the western blotting
and IF staining protocols are listed in Additional file 1:
Table S1.

Animals

Male C57BL/6] (B6) mice were purchased from the
Model Animal Center of Nanjing University (Jiangsu,
China). Srgn-KO mice on B6 background were gener-
ated by the Cyagen Biosciences (Jiangsu, China). Male
Cd44-KO mice on B6 background were kindly provided
by Professor Sun Cheng (Nantong University). The gene
knockout efficiency of Srgn and Cd44 was validated prior
to the formal experiments (Additional file 2: Fig. S1A, B).
All mice were housed in a specific-pathogen-free (SPF)
environment with a consistent 12-h light/12-h dark cycle
and were given ad libitum access to food and water. All
animal-based experimental protocols were sanctioned
by, and executed in adherence to, the guidelines set by
Animal Care Committee of Nanjing University (approval
number: 2023AE01024).

Murine model of ischemic stroke

In this study, the middle cerebral artery occlusion
(MCAO) mouse model was employed as previously
described [29]. Briefly, 8- to 10-week-old male mice
weighing 20-25 g were anesthetized with Avertin and
body temperature was maintained at 37.5+£0.5 °C using
a controlled heating system throughout all procedures.
A 6-0 silicone-coated suture (Doccol Corporation, MA,
USA) was carefully inserted into the right internal carotid
artery until reaching the origin of the MCA, ensuring
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proper occlusion. Cerebral blood flow was monitored
using Laser Doppler flowmetry (Perimed Corporation,
Stockholm, Sweden). After 60 min of occlusion, the fila-
ment was removed to initiate cerebral blood reperfu-
sion. Once reperfusion was confirmed, all incisions were
meticulously closed, and the subjects were monitored in
a recovery cage until they regained alertness. Sham pro-
cedures followed similar steps, with the omission of MCA
suture insertion. The animals were randomly assigned to
the MCAO or the sham groups by a lottery box.

Quantification of brain infarct volume

Infarct volume was assessed either 24 h or 72 h post
MCAO surgery using 2,3,5-triphenyltetrazolium chloride
(TTC) stain (Sigma-Aldrich, Darmstadt, Germany) as
previously described [30]. Briefly, mice were euthanized,
and the brains were excised and positioned in mouse
brain matrix slicers. The brains were then briefly frozen
at — 20 °C for 15 min before being sectioned into 1-mm-
thick coronal slices. These slices were subsequently
stained with 2% TTC for 15 min. Regions devoid of red
staining indicated infarcted tissues. Digital photographs
of the slices were captured, and infarct areas were quan-
titatively analyzed using Image ] software. The percent-
age of infarct volume was determined with the formula:
Infarct volume=(contralateral area — ipsilateral non-
infarct area)/2 X contralateral area x 100%.

Neurological behavior tests

The neurological functions were evaluated by the modi-
fied neurological severity score (mNSS) and grip strength
tests as previously described with minor adjustments
[29]. The mNSS test was conducted on mice 24 h or 72 h
after MCAO. The mNSS test evaluates various domains:
sensory, motor, reflex, and balance. Scoring for this test
ranges from O to 12, where higher scores indicate more
pronounced neurological impairments. The grip strength
test was employed to assess the forelimb muscle strength
of the mice. Each mouse’s tail was lifted to force it to
grasp the platform of the grip strength meter (Ugo Basile,
Gemonio, Italy). Subsequently, the mouse was pulled
away from the platform in a linear manner. The maximal
grip strength exerted by the forelimbs during this process
was documented.

Drug preparation and administration

The rSRGN was dissolved in 50% glycerol to a final con-
centration of 2.5 mg/mL. Mice of the same genotype
were randomly assigned to two groups, either adminis-
tered with rSRGN or the solvent control (50% glycerol)
within 10 min after MCAO.
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Stereotaxic intracranial injection

Stereotaxic intracranial injection was performed as pre-
viously described [9]. In brief, mice were anesthetized
and securely positioned in a stereotaxic frame. An inci-
sion was made to expose the skull, followed by drill-
ing at the designated coordinates. The targeted site for
the lateral ventricle injection was determined based on
a standardized brain atlas with the following coordi-
nates: 1.5 mm lateral to the midline, 1.1 mm posterior to
bregma, and 2.0 mm ventral from bregma). A volume of
2 pl rSGRN (2.5 mg/mL) or 50% glycerol was precisely
injected into the lateral ventricle. To prevent reflux of the
infused solution, the microelectrode was kept in place for
an additional 10 min post-infusion. The incision was sub-
sequently sutured, and the mice were allowed to recover
on a thermostatic heat.

Microglial depletion

For the purpose of depleting microglia, mice were admin-
istered either a control diet (AIN-76A, SYSE Bio, China)
or a diet containing PLX5622 (based on AIN-76A with
1200 ppm PLX5622, SYSE Bio) [31]. Dietary treatment
was commenced 14 days prior to surgical procedures and
was maintained until the conclusion of the experiments.
Typically, one adult mouse consumes approximately 3.5 g
of this chow diet daily.

Cell culture

Primary microglia were harvested and cultured as
described previously [32]. Briefly, neonatal C57BL/6]
mouse cortices (P2) were dissociated and cultured in
DMEM with 10% FBS and 1% antibiotics (100 U/ml peni-
cillin and 100 pg/ml streptomycin). Culture medium was
replaced every other day. After 10-11 days of culture,
primary microglia were isolated through a gentle shaking
method (250 rpm, 10 min) and seeded onto fresh plates.
The resultant primary microglial cultures exhibited a
purity exceeding 95%. BV2 cells were purchased from
the China Infrastructure of Cell Line Resources (Bei-
jing, China) and were cultured using the same medium
employed for primary microglia.

Primary neuronal cells were harvested from mouse
embryos (E15) as described previously [32]. Briefly,
mouse embryonic cortices were dissected under the
guidance of an anatomical microscope using Hanks’ Bal-
anced Salt Solution (HBSS). After digestion, the tissue
suspension was passed through a 40-pm cell strainer to
achieve a single-cell suspension. Cells were then seeded
onto poly(l-lysine)-coated culture plates at a density of
5%1075 cells/mL in neurobasal medium enriched with
2% B27 supplement. Every alternate day, half of the cul-
ture medium was refreshed. On the seventh day in vitro



Qian et al. Journal of Neuroinflammation (2024) 21:35

(DIV7), neurons were retrieved. The resulting neuronal
cultures achieved a purity exceeding 95% for subsequent
experiments.

Neuron-microglia co-culture: Twenty-four hours post-
rSRGN treatment, microglia were collected, resuspended
in neurobasal media (Gibco) and replated among neu-
rons in confocal dishes. Another 24 h later, the co-cul-
tures were washed three times with phosphate-buffered
saline (PBS) and fixed by 4% paraformaldehyde (PFA) for
further study.

Oxygen-glucose deprivation/reoxygenation (OGD/R)

OGD/R was performed as previously described [33]. In
brief, microglia were transitioned to deoxygenated glu-
cose-free DMEM (Invitrogen, CA, USA) and then incu-
bated in an anaerobic chamber filled with a gas mixture
of 5% CO, and 95% N2 for a period of 3 h at 37 °C. Fol-
lowing the OGD exposure, the cells were returned to
normal culture conditions with DMEM supplemented
with 10% FBS and high glucose, and incubated at 37 °C in
a humidified atmosphere of 5% CO, for an additional 6 h.

Glucose consumption

Microglial glucose metabolism was evaluated as previ-
ously described [34]. Before the assay, BV2 cells were
incubated in media with rSRGN for 24 h. Then, glucose
uptake was measured using glucose assay kit (Solarbio®
BC2500) according to the manufacturer’s instructions.

Quantification of lactate levels

Initially, BV2 cells were treated with rSRGN for 24 h.
Following stimulation, the cell culture supernatant was
collected. The quantity of lactate present in the superna-
tant was determined using a L-lactic acid (L-LA) Con-
tent Assay Kit (Solarbio, Beijing, China) according to the
manufacturer’s instructions.

Flow cytometry

Mice underwent transcardial perfusion with 50 mL of
cold PBS supplemented with 5 IU/mL heparin. Subse-
quently, brains were swiftly excised and immersed in
1xHBSS fortified with 25% glucose and HEPES buffer.
Tissue was minced and subjected to gentle mechanical
dissociation in DMEM media. The resulting tissue—media
mixture was filtered through a 70-um mesh to achieve a
single-cell suspension. This suspension was subsequently
layered onto a 30-70% percoll gradient (GE Healthcare
BioSciences, NJ, USA) and centrifuged at 2500 rpm for
20 min. Cells localized at the gradient interface were
harvested and stained with fluorophore-conjugated anti-
bodies targeting mouse CD45, CD11b, Ly6G, CD44 and
IL-1P. Flow cytometric analysis was conducted using a
FACS system from BD Biosciences (Carlsbad, CA, USA).
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Co-immunoprecipitation (Co-IP)

For immunoprecipitation, a total of 500 pg proteins were
pretreated with 1 pg anti-SRGN antibody or normal
mouse IgG overnight at 4 °C. Then, the proteins were
incubated with pre-cleaned protein A/G agarose beads
(Millipore) at 4 °C for 2 h. After three times of wash-
ing, co-immunoprecipitated proteins were eluted with
1 x western blot loading buffer and processed by western
blotting using corresponding antibodies.

Western blotting

Brain tissue and cells were lysed using RIPA lysis buffer
(Beyotime, Shanghai, China) containing 1% protease
inhibitor cocktail (Sigma-Aldrich). Protein concentra-
tions in the lysates were quantified using the bicin-
choninic acid assay (Beyotime). Samples were then
subjected to SDS-PAGE on 8-12% polyacrylamide gels,
and proteins were transferred to PVDF membranes. Fol-
lowing a 2-h block in 5% non-fat dry milk at room tem-
perature, the membranes were probed with specific
primary antibodies overnight at 4 °C. Subsequently, the
membranes were incubated with the appropriate horse-
radish peroxidase (HRP)-conjugated secondary anti-
bodies. After three washes in PBS-T, protein bands
were visualized using the ECL Detection Kit (Bioworld).
Images of the bands were captured with the Gel-Pro sys-
tem (Tanon Technologies, Shanghai, China) and then
quantitatively analyzed using Image J software.

Enzyme linked immunosorbent assay (ELISA)

The concentration of SRGN in both mouse serum and
cerebral cortex homogenates was determined using an
ELISA kit (SAB, China), strictly adhering to the manufac-
turer’s protocol. Optical density (OD) values at a wave-
length of 450 nm were recorded using a Tecan microplate
reader (Tecan, Switzerland), facilitating the quantifica-
tion of SRGN levels.

Immunofluorescence staining

Mice were anesthetized and subsequently perfused tran-
scardially with PBS followed by 4% PFA. The mice brains
were carefully extracted, post-fixed, and dehydrated. Sub-
sequently, brain frozen sections of 20 pm thickness were
prepared. Brain sections were permeabilized with 0.25%
Triton X-100 for 20 min and blocked with 2% bovine
serum albumin (BSA) for 2 h at room temperature. The
sections were then incubated with primary antibod-
ies at 4 °C overnight. Following thorough washing with
PBS, the slices were incubated with appropriate second-
ary antibodies for 1 h at room temperature. Nuclei were
counterstained using DAPI (Beyotime) for 15 min. Fluo-
rescent imaging was taken by an Olympus FV3000 confo-
cal microscope (Olympus, Japan).
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Transcriptome sequencing

Total RNA was extracted from primary microglia, both
stimulated and unstimulated by rSRGN, using TRI-
zol (Invitrogen). The quality and quantity of RNA were
assessed using the NanoDrop 2000 spectrophotometer
(Thermo), while RNA integrity was determined using
the Agilent 2100 Bioanalyzer (Agilent Technologies,
CA, USA). RNA-sequencing transcriptome analysis and
subsequent downstream analysis were performed by OE
Biotech Co., Ltd. (Shanghai, China). DEGs were selected
based on the criteria of |LogFC|>2 and a p value <0.05.
Subsequently, Gene Ontology (GO) analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis
were applied to elucidate the functional roles of these
differentially expressed mRNAs, followed by further
analysis.

Quantitative PCR (qPCR)

Total RNA was extracted from primary microglia and
brain tissue with AG RNAex Pro Reagent (AG, China)
according to the manufacturer’s instruction. The
extracted RNA was reverse transcribed to ¢cDNA utiliz-
ing the PrimeScript RT Reagent Kit (Vazyme, Nanjing,
China). Real-time qPCR was performed using SYBR
Green qPCR Master Mix (AG) with a Step One Plus PCR
system (Applied Biosystems, CA, USA). The sequences of
primers used are listed in Additional file 3: Table S2.

Statistical analysis

The normality of data was evaluated with the Shapiro—
Wilk test. All results are presented as standard error of
mean (mean+ SEM). Statistical differences were evalu-
ated using Student’s t-tests for two groups, one-way
ANOVA followed by the Bonferroni’s post hoc test for
three or more groups. The statistical analysis was per-
formed by GraphPad Prism software (Version 8.0).
P<0.05 was considered as statistically significant.

(See figure on next page.)
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Results

SRGN is remarkably elevated after focal ischemia,
especially in microglia

To explore the potential key molecules underlying
ischemic stroke, single-cell RNA-sequence was con-
ducted at before, 3 h, 12 h, and 3d after MCAO. We
identified that Srgn was upregulated, especially at 12 h
post-stroke, among the top 10 DEGs (Fig. 1A). The
expression of SRGN in the ischemic brain was also veri-
fied by qPCR and immunoblot assays. Our results dem-
onstrated that SRGN was upregulated in the ischemic
mouse brains, peaking at 1 day after MCAO (Fig. 1B, C).
By ELISA assay, we also detected an increasing secre-
tion of SRGN in the homogenate of ischemic brain tis-
sue at 1d after MCAO (Fig. 1D). Then, we determined
the contribution of different cell types to the upregula-
tion of SRGN. Unsupervised clustering and cell type
annotation of our scRNA-seq demonstrated that Srgn
gene was mainly expressed in microglia and various
types of peripherally infiltrated immune cells, like mac-
rophage and T cells (Additional file 4: Fig. S2A). Given
that microglia are the predominant resident immune
cells in the brain and that SRGN expression peaked at
12-24 h after MCAO, by which time only a few periph-
erally immune cells would have infiltrated, we assumed
that microglia were the main contributors to the increase
of SRGN following stroke during the early stage. Immu-
nostaining confirmed that SRGN was mainly colocalized
with microglia (Ibal*), mildly in astrocytes (GFAP™) and
endothelial cells (Cd31%), but not in neurons (NeuN™),
and the change of SRGN expression before and after
MCAO was most dramatic in microglia (Fig. 1E, F, Addi-
tional file 5: Fig. S3A, B). Consistently, when microglia
were deleted by PLX5622, a CSFI1R inhibitor [31], serum
SRGN level after MCAO was significantly decreased
(Fig. 1G). According to the scRNA-seq data, microglial
Srgn was upregulated since 3 h after MCAO (Fig. 1H). In
another bulk-RNA seq of our team [35], microglia were

Fig. 1 SRGN is remarkably elevated after focal ischemia, especially in microglia. A Violin plot showing the total expression of Srgn gene

from the ischemic brain at different time points (Sham, 3 h, 12 h, 3d) after MCAO according to the scRNA-seq data from our previous work. B

The gPCR analysis of Srgn mRNA levels at different time points (Sham, 3 h, 6 h, 12 h, 1d, 3d, 7d) after MCAO. C Representative immunoblot image
showing the protein level of SRGN at different time points (Sham, 3 h, 6 h, 12 h, 1d, 3d, 7d) after MCAO. B-Actin served as the loading control.

D The statistical analysis of brain homogenate SRGN level after MCAO 1 day. n=3~4 mice per group. E Representative immunofluorescence
images of SRGN expression in cortex neurons (NeuN™), astrocytes (GFAP*) and microglia (Iba1*) of mice after MCAO 1 day. Scale bar, 30 um. F
Quantification of co-localization of SRGN with NeuN, GFAP or Iba1 in cortex of mice 1 day after MCAO. n=3 mice per group. G The statistical
analysis of serum SRGN level at MCAO 1 day with or without the pretreatment of microglia scavenger PLX5622. H Violin plot showing the microglial
expression of Srgn gene from the ischemic brain tissue at different time points (Sham, 3 h, 12 h, 3d) after MCAQ according to the scRNA-seq data
from our previous work. I Heat map showing part of the DEGs of sorted microglia from the ischemic brain tissue after MCAO 3 days according

to the bulk-RNA seq data from our previous work. J The FPKM of Srgn according to the bulk-RNA seq data from our previous work. K The gPCR
analysis of Srgn mRNA levels in primary microglia at different time points (0 h, 1 h, 3 h, 6h, 12 h) after LPS (100 ng/ml) stimulation. Data represented

as mean+SEM, * p<0.05, ** p<0.01, ***p <0.0001, #p < 0.05



Qian et al. Journal of Neuroinflammation (2024) 21:35 Page 6 of 19

15000 *
A Log Normalized Exp (Total Srgn) Cc MCAO D (Zp
[
6 2 E 10000
5 Sham 3h 6h 12h 1d 3d 7d °o 7
e
4 20
FT T R
3 £ 8 5000
2 S £
c
1) B-ACHn | A—— . ———— ‘ S

= T
Sham M3h M12h M3d Sham MCAO

8- ekk E
]
6 -
o
2

0-
Sham M3h M6h M12h M1d M3d M7d
#
F —

80 Hokk ok

O Sham s
60- o MCAO ‘
ol
40_ ..
o v
20

) ... .-
2
A
> o>

*

Sham

Relative Srgn mRNA level
EY
1

MCAO

Positive area(%)

()
2
G = 1000 I
o__ Log Normalized Exp
LT 800 (Microglial Srgn)
5 > I group
=2 600 Tmem119
P o
s g 400 P2ry12
§ » ‘ Cx3cr1
5 £ 2009 — Nr4a1
o 0 r Hifla
Sham  M3h  Mi2h  M3d { Cxcl2 group
Sha
11r2
S ; B
L Ptgs2
Tnf i 2
J - 40 Hmox1 1
600 g
2 . Srgn 0
< 304 I1b i
z % °© r Hspab 1
400 °E= " 2
= * r Spp1
£ 20
E > Saa3
[’
200+ ﬁ 10 Cd44
'% Cstdc5
E Aunip
0- 0- Rhov
Sham M3d Ctrl 1h 3h 6h 12h -
Srgn LPS

Fig. 1 (Seelegend on previous page.)



Qian et al. Journal of Neuroinflammation (2024) 21:35

sorted from ischemic brain tissue at different time points
after MCAO. Consistent with the scRNA-seq results,
the differential gene expression analysis of the bulk-RNA
seq also identified Srgn gene, which was significantly
increased within 3 days after MCAO (Fig. 11, J). Col-
lectively, we confirmed the upregulation of SRGN after
ischemic stroke, which was predominantly originated
from microglia.

In vitro, we found that lipopolysaccharide (LPS) stim-
ulation could induce the expression of microglial Srgn
remarkably (Fig. 1K). Interestingly, we did not observe
the upregulation of Srgn in microglia exposed to OGD/R
model (Additional file 4: Fig. S2B), an in vitro model of
ischemia, indicating that Srgn upregulation in microglia
might be due to the activation of toll-like receptor (TLR)
by damage-associated molecular patterns (DAMPs).

SRGN aggravates ischemic brain injury

In order to clarify the impact of SRGN on the outcome
of ischemic stroke, rSRGN or the solvent control were
injected into the lateral ventricles of mice immediately
after the MCAO surgery (Fig. 2A). Cerebral infarct vol-
ume was measured by TTC staining at 1d and 3d after
MCAO. As a result, exogenous injection of rSRGN led
to an enlarged infarct volume than solvent controls
(Fig. 2B, C). Sensorimotor deficits were evaluated by
mNSS score and grip strength test at 1d and 3d after
MCAO. We demonstrated that rSRGN-injected mice
exhibited more severe sensorimotor deficits, as indicated
by a higher mNSS score and lower grip strength than
solvent controls (Fig. 2D, E). Besides, the FJB staining of
brain slices illustrated that rSRGN induced a significant
loss of normal neurons (Fig. 2F, G). To further confirm
the importance of SRGN in ischemic stroke, Srgn-KO
mice were generated. The Srgn-KO mice and their wild-
type counterparts were subjected to MCAO operation.
The regional cerebral blood flow (CBF) was unaltered
during the stroke course after Srgn gene knockout (Addi-
tional file 6: Fig. S4A, B). Our results showed that Srgn-
knockout could improve the outcome of ischemic stroke,
as indicated by the decreased infarct volume (Fig. 2H, I),
lower mNSS score and higher grip strength (Fig. 2], K).
Also, the loss of normal neurons was alleviated (Fig. 2L,
M). Taken together, our results demonstrated that SRGN
aggravated ischemic brain injury.

SRGN amplifies microglia-mediated inflammation via CD44
after ischemic stroke

CD44 receptor is upregulated in microglia after ischemic
stroke

SRGN is identified as a secreted protein, which exerts its
function mainly through binding with its receptor, and
CD44 (encoded by the gene Cd44) is a well-recognized
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receptor of SRGN [17, 23, 36]. A few studies mentioned
that CD44 was induced under brain ischemia [37, 38].
In line with these reports, our previous bulk-RNA seq
[35] also saw a notable increase in Cd44 gene expression
(Fig. 3A). The immunoblot assay confirmed that CD44
was significantly upregulated 1d and 3d after MCAO
(Fig. 3B). Further, using flow cytometry (Fig. 3C, D) and
immunostaining (Fig. 3E, F), we found that CD44 was
mainly localized in Ibal* microglia. In addition, co-stain-
ing of SRGN, CD44 and Ibal demonstrated that CD44
was colocalized with SRGN on microglia (Fig. G). More-
over, Co-IP confirmed the binding of microglial SRGN
and CD44 in vitro (Fig. 3H). These results suggested that
CD44 was remarkably upregulated in microglia after
stroke and might mediate the function of SRGN.

SRGN induces microglial proinflammatory activation

and amplifies LPS-induced inflammation in vitro

In order to reveal the influence of SRGN on the activa-
tion status of microglia, RNA transcriptome sequenc-
ing was performed to detect the different patterns of
gene expression between the control primary microglia
and the rSRGN-treated microglia (Fig. 4A). GO analy-
sis (Fig. 4B) and KEGG enrichment (Fig. 4C) of the top
DEGs indicated that rSRGN exerted an apparent impact
on immune response, inflammatory response and chem-
otaxis of microglia. SRGN influenced several immune
response-associated signaling pathways, including TNF
signaling pathway, NF-kappa B signaling pathway, JAK-
STAT pathway and MAPK pathway. Subsequently, the
impact of SRGN on microglia-associated inflammation
was examined. Our results illustrated that microglia
treated with rSRGN displayed a more pronounced pro-
inflammatory phenotype, as evidenced by the elevated
mRNA level of 1l1b, Tnf, Nos2 and 1l6, along with the
upregulated mRNA level of chemotaxis factors includ-
ing Cxcll, Cxcl2, Cxcl10 and Ccl4 (Fig. 4D, E). Apart
from the classical division of microglial phenotype [pro-
inflammatory (M1) and anti-proinflammatory (M2)
[39], our scRNA-seq analysis of microglia subclusters
revealed that microglia can be divided into ischemic
core-associated microglia and ischemic penumbra-
associated microglia in ischemic stroke [11]. The for-
mer subcluster was thought to be destructive and was
marked by Lgals3, Plau, Srxnl, Ankrd33b, Ednl et al,
while the latter subcluster was less proinflammatory
and was marked by Pik3ip1, Cd300lf, Gpr65, Msdabc,
Cep152 et al. Intriguingly, treatment with rSRGN led to a
remarkable increase in Srxnl and Ednl (Additional file 7:
Fig. S5A), while there was an obvious decrease in Gpr65
and Ms4a6c (Additional file 7: Fig. S5B). It meant that
rSRGN promoted microglia to transit towards ischemic
core-related phenotype. Additionally, we co-cultured



Qian et al. Journal of Neuroinflammation (2024) 21:35 Page 8 of 19

A B M1d c D
2 MCA * p=0.1048 o Ctrl 15
y 50 Pl x «
y _ o © rSRGN
MCAO & 401 °
o 104 o
£ ° o
5 304 o % 0o
PFA 3 2 6.0 © (] E ?g
- -1 Q S
ECA J)CCA 2 o K 5 @x
ol 10 om
£ T °
ICA . ® °
0 T T 0 T 1
; M1d M3d M1d M3d
110 min Ctrl rSRGN Ctrl rSRGN
! E 200+ F
rSRGN *
v —_ *
2 150 o
£ o)
- -
=) x> © o
< _ @f °o0 R0~ o
M8 g S
@ o 0" -0—
o 080 o
= 50 f
o ° @
o
0 1 1
M1d M3d
| J G
o WT o Srgn-KO NE
£
£ 2500+ -
- 15+ )
50 * % *% % =
= o o
4 104 o =
o ©
5 307 °o ko 8 |88 o &8 &
: e o o EI®E oW 8
- 204 o o
o © 5+ an oo @
E T oo 3
£ 104 )
[}
0 T T 0 T T ‘g
M1d M3d mM1d M3d 3 Ctrl rSRGN
K L M o *
E 15000 o
150 K] o
[ y
* % %k [*)
—_ _— [
-;3 100 o Z 1000+
= . lo) ©
g o E
E % wo 5
o 50 oo %_ %
15 o o 5
S
(3
0 T T 'g 0 T
M1d M3d é WT Srgn-KO
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rSRGN-stimulated microglia and cortical neurons to see
whether SRGN aggravated the neurotoxicity of micro-
glia (Fig. 4F). As expected, microglia treated with rSRGN
caused more neuronal death in the co-culture system
compared with the control group (Fig. 4G, H).

Moreover, primary microglia from Srgn-KO mice and
WT mice were cultured to observe the impact of Srgn
gene knockout on microglial inflammatory response. It
turned out that knockout of microglial Srgn blocked the
elevation of I/1b induced by LPS (Fig. 41I). Overall, these
results confirmed that SRGN promoted the immune
response of microglia and it might act as an intermedia

to amplify the microglial inflammatory response induced
by LPS.

SRGN amplifies post-stroke neuroinflammation in vivo

The impact of SRGN on post-stroke neuroinflammation
in vivo, especially on the microglia-associated inflam-
mation, was further explored. Firstly, we examined the
gene expression of proinflammatory cytokines in the
ischemic penumbra. After MCAO, mice injected with
rSRGN showed a higher expression of I/1b, Tnf and
Il6 and compared with the solvent controls (50% glyc-
erol) (Fig. 5A). Afterwards, we evaluated the microglia
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morphology in MCAOQ brain slices. Compared with the
control group, microglia from the rSRGN-injected mice
displayed a more ameboid shape, with rounder cell bod-
ies, more scarce dendrites and shorter branch length
(Fig. 5B—D). Moreover, flow cytometry analysis con-
firmed that rSRGN increased the production of proin-
flammatory IL-1f in CD45™CD11b* microglia (Fig. 5E,
F). Consistent with the upregulation of chemokines
induced by rSRGN in microglia, flow cytometry also

indicated that SRGN led to increased infiltration of
peripheral macrophages (CD45"¢" CD11b*) and neu-
trophils (CD45"8" CD11b* Ly6G*) (Additional file 8:
Fig. S6A-D). When SRGN was depleted, the expression
level of proinflammatory cytokines after MCAO was
decreased (Fig. 5G-I). Also, microglia shifted towards a
more ramified shape (Fig. 5]-L). Taken together, SRGN
activated microglia and amplified neuroinflammation
after stroke.
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SRGN exacerbates microglial inflammation

in a CD44-dependent manner

Next, we verified whether CD44 mediated the impact of
SRGN on microglial activation in ischemic stroke. Cd44-
KO mice were employed, and rSRGN was injected into
Cd44-KO mice after MCAO. The regional cerebral blood
flow (CBF) was unaltered during the stroke course after
Cd44 gene knockout (Additional file 6: Fig. S4C, D). Our
results demonstrated that Cd44-knockout could par-
tially reversed the effects of rfSRGN on infarct volume
(Fig. 6A, B), neurological behavior tests (Fig. 6C, D) and
production of proinflammatory cytokines (Fig. 6E, F)
in MCAO mice. Moreover, the microglial morphology
turned back towards a more ramified shape (Fig. 6G-I).
Of note, without CD44, the significant effect of rSRGN
on MCAO mice was eliminated (Fig. 6A-F). Thus, our
findings showed that microglial SRGN interacted with
CD44 to promote microglial activation and post-stroke
neuroinflammation.

SRGN activates NF-kB p65 signaling pathway in microglia
Since the KEGG enrichment uncovered NF-kB signal-
ing pathway as one of the key pathways, influenced by
rSRGN, we further determined whether SRGN pro-
mote microglial activation via activating NF-«xB sign-
aling pathway. Immunoblot illustrated that rSRGN
increased p-p65/p65 level, while the levels of p-IKBa/
IKBa, p-STAT3/STAT3 and p-ERK/ERK were not
affected (Fig. 7A-E). Meanwhile, immunofluorescence
indicated that rSRGN boosted the nuclear transloca-
tion of NF-kB p65 (Fig. 7F). Moreover, we used JSH-23,
a selective NF-«B p65 inhibitor [40, 41] to treat microglia
before adding rSRGN. After suppressing NF-kB p65 with
JSH-23, rSRGN-induced upregulation of proinflamma-
tory cytokines were partially reversed (Fig. 7G-I). Taken
together, these findings suggested the essential role of
NF-kB p65 signaling in rSRGN-mediated microglial
activation.

SRGN modulates glycolysis and promotes the activation

of microglia

It was widely reported that microglial inflammation was
accompanied by metabolic reprogramming from oxida-
tive phosphorylation (OXPHOS) to glycolysis, which
is vital for microglial functions [42, 43]. Thus, targeting
microglial glycolysis might provide new insights into alle-
viating microglia-mediated neuroinflammation. CD44
was previously found to modulate energy metabolism
in tumor cells [44, 45]. Therefore, we speculated that
SRGN might influence the glycolytic process via CD44
and promote microglial activation. To confirm this,
we firstly tested the glucose consumption level and the
L-lactate (L-LA) production level in BV2 microglial cells.
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As a result, rSRGN significantly induced the cellular glu-
cose content and L-LA production (Fig. 8A, B). In vivo,
we also tested the L-LA level of the infarct hemisphere.
As shown in Fig. 8C, mice injected with rSRGN dis-
played a higher L-LA production after MCAO. Next, we
evaluated whether SRGN influenced glycolysis-related
genes. HIF-la is an important transcription factor in
glycolysis [46, 47]. We confirmed that rSRGN induced
microglial HIF1-a expression (Fig. 8D-F), while Srgn-
knockout downregulated the expression of microglial
HIF1-a under LPS stimulation (Fig. 8G, H). In addition,
we used the 2-deoxy-D-glucose (2-DG), a glucose analog
that can inhibit glycolysis [48] to treat primary microglia.
As a result, we found that the treatment of 2-D@ signifi-
cantly downregulated rSRGN-induced expression of //1b
(Fig. 8I). In total, the outcomes demonstrated that SRGN
promoted microglial glycolysis, probably through modu-
lating HIF-1a.

Discussion

This study provides the first evidence that secretory pro-
tein SRGN was remarkably elevated after brain ischemia
in mice. SRGN aggravated post-stroke neuroinflam-
mation and hindered functional recoveries of ischemic
stroke via promoting the microglial-mediated proinflam-
matory response. Mechanistically, SRGN modulated
microglial activation through binding with the CD44
receptor. Moreover, SRGN activated the NF-kB p65
signaling pathway and increased glycolysis in microglia
(Fig. 9).

SRGN is a dominant proteoglycan expressed in inflam-
matory cell types including macrophages [27], mast cells
[49], chondrocytes [14], astrocytes [15] and endothe-
lial cells [50], and the expression of SRGN is altered
under different pathophysiologic conditions. However,
the expression of SRGN in stroke and stroke-related
microglia has not been detected. Utilizing our previous
scRNA-seq data, we identified Srgn as one of the top
DEGs in brain ischemia. In this study, we further con-
firmed by multiple assays (e.g., immunostaining, micro-
glial depletion) that SRGN was significantly elevated in
mouse brains after MCAOQO, and was mainly originated
from microglia. In vitro studies illustrated that LPS but
not OGD could induce the upregulation of SRGN in
microglia, suggesting that microglial SRGN expression
level might be sensible to DAMPs’ stimulation, but not
hypoxia.

Of note, although microglia have been proved to be the
main source of SRGN during the acute stages of stroke,
as mentioned above, other cell types in brain (such as
endothelium) and peripheral infiltrated immune cells
(such as neutrophils) could still contribute to the expres-
sion and function of SRGN. Thus, the usages of global
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gene knockout mice may leave the interpretation of ani-  should be studied more comprehensively and conditional

mal experiments’ results open to other cell types. In the  knockout mice should be used if possible.

future, the function of SRGN/ CD44 in other cell types Previous studies demonstrated that SRGN take
vital roles in cell proliferation, tumor migration, and
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Fig. 7 SRGN activates NF-kB p65 signaling pathway in microglia. A-E Representative immunoblot images (A) and quantification of p-p65/ p65
(B), p-IKB/ IKB (C), p-STAT3/ STAT3 (D) and p-ERK/ ERK (E) for primary microglia treated with rSRGN (50 ng/ mL) or control solvent for 6 h. 3-Actin
served as the loading control. n=3 per group. F Representative immunofluorescence images showing the cellular localization of NFkB p65 (green)
in primary microglia induced by rSRGN (50 ng/ mL), LPS (100 ng/ mL) or a combination of both for 3 h. Scale bar, 20 um. G-I The gPCR analysis

of Il1b (G), 16 (H) and Tnf (I) mRNA levels in primary microglia treated with rSRGN (50 ng/ mL, 3 h), with or without the pretreatment of JSH-23
(30uM, 2 h). n=3 per group. Data represented as mean +SEM, * p <0.05, ** p <0.01, ***p <0.001, ns, no significant

inflammation [22, 51, 52]. In the neurological system,
SRGN was shown to regulate the progression of schizo-
phrenia [53], Alzheimer’s disease [54] and spine cord
injury repair [15]. Among these studies, the cellular
function of SRGN was investigated in astrocytes’ prolif-
eration, maturation and neuron-related pathology. How-
ever, the regulatory function of SRGN in microglia and
ischemic stroke was still undetected. Given the crucial
role of microglia-mediated neuroinflammation in neuro-
logical diseases, particularly in ischemic stroke, plus our
detection revealing the substantial increase in microglial
SRGN expression in the ischemic brain, we further inves-
tigated the function of SRGN in post-stroke microglial
activation and its influence on the outcome of ischemic
stroke. We revealed that SRGN amplified post-stroke
neuroinflammation via promoting microglial proinflam-
matory activation in MCAO mice, while Srgn deletion
alleviated microglia-mediated neuroinflammation. Taken

together, our results revealed the vital role of SRGN in
exacerbating microglia-mediated neuroinflammation in
ischemic stroke, suggesting the potential of SRGN to be
a novel therapeutic target. However, it is worth mention-
ing that considering the temporal expression of SRGN
after MCAO, our in vivo studies of SRGN were limited to
1 day and 3 days, leaving its function at 7 days or beyond
unexplored. Future studies could focus on the long-term
effects of SRGN on stroke.

Since SRGN is a secretory protein that mainly func-
tions through binding with its receptors, how SRGN
plays its function in the ischemic brain was also inves-
tigated. According to previous studies, CD44 is a well-
recognized receptor of SRGN functioning in immune
response [36, 55] and glucose/lipid metabolism [56, 57].
CD44 has been shown to mediate the impact of astro-
cytic glycoprotein on neuroinflammation in Parkinson’s
disease [36]. Furthermore, CD44 and its another classical
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Fig. 8 SRGN modulates glycolysis and promotes the activation of microglia. A Relative intercellular glucose level of BV2 cells treated with rSRGN
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solvent. E, F Representative immunoblot image (E) and quantification of HIF-1a protein level (F) in microglia treated with rSRGN (50 ng/ mL, 6 h)
or control solvent. GAPDH served as the loading control. G, H Representative immunoblot image (G) and quantification of HIF-1a protein level (H)
in the primary microglia extracted from neonatal Srgn-KO mice and their WT littermates, with or without LPS (100 ng/ mL, 6 h) induction. 3-Actin

served as the loading control. I The gPCR analysis of /76 mRNA level in primary microglia treated with rSRGN (50 ng/ mL, 6 h), 2-DG (1 mM, 2 h
before rSRGN) or a combination of both. Data represented as mean+SEM, * p<0.05, ** p<0.01, ***p <0.001, ns, no significant

ligand, hyaluronic acid (HA), are upregulated following
ischemic stroke and are correlated to enhanced inflam-
matory response and worse functional outcomes [38,
58, 59]. Several studies have previously investigated the
interaction between SRGN and CD44, mostly in cancers,
such as breast cancer and non-small cell lung cancer [20,
23]. However, the interplay between SRGN and CD44 has
not been explored in the context of stroke. As expected,
we verified the elevation of CD44 after MCAO. As to its
cellular distribution, multiple types of neural cells have
been reported to express CD44, including astrocytes,
oligodendrocytes and neurons [36, 58, 59]. Interestingly,
in this study, we found that CD44 was mainly expressed
by microglia and less expressed by other neural cells (like
astrocytes) at 1 day after brain ischemia. We further con-
firmed the interaction of SRGN and CD44 in microglia.
Our results indicated that SRGN secreted by microglia
may primarily work on microglia themselves and main-
tain the activated state of microglia in the acute phase of
ischemic stroke. Moreover, we confirmed that SRGN did

exert its proinflammatory effects via CD44, as CD44 defi-
ciency could rescue SRGN-induced poorer neurological
outcomes and the exacerbated neuroinflammation in
MCAO mice. Thus, by targeting SRGN and its interac-
tion with CD44, we can gain valuable insights into treat-
ment of stroke.

In this study, the mechanism underlying the impact
of SRGN on microglial activation in ischemic stroke
was further investigated. At first, our transcriptomic
sequencing revealed that NF-«B signaling is a key
regulator in SRGN-induced microglial proinflamma-
tory activation. NF-kB p65 signaling is involved in the
response of microglia to LPS stimulation and promotes
microglia-mediated neuroinflammation. Upon activa-
tion, p65 can translocate into the cell nucleus and pro-
mote the expression of proinflammatory cytokines [60].
Here, we uncovered that SRGN triggered the activa-
tion of NF-«kB p65 signaling, exhibiting a pattern simi-
lar to that of LPS. Recombinant SRGN protein induced
the phosphorylation and nuclear translocation of p65.
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Fig. 9 The schematic diagram of the proposed mechanisms regarding the role of microglial SRGN in ischemic stroke. By Figdraw

Moreover, we found that inhibiting the NF-kB p65
signaling with JSH-23 could partially blocked SRGN-
induced microglial activation. Apart from this, micro-
glial inflammation is always accompanied by energy
metabolic reprogramming, shifting from oxidative
phosphorylation to glycolysis. Inhibiting glycolysis
could reduce microglial activation and the production
of proinflammatory cytokines [42, 61]. Previous stud-
ies uncovered that CD44 participated in the modula-
tion of energy metabolism in tumor cells. Nam et al.
reported that the ablation of CD44 could induce glyco-
lysis-to-oxidative phosphorylation transition in human
breast cancer cells, with downregulation of HIF-la
and LDHA [44]. Thus, we hypothesized that SRGN
might modulate microglial activation via modulating
energy metabolism after binding to CD44. Consistently,
our finding illustrated that rSRGN induced upregula-
tion of glucose consumption and L-LA production in
BV2 microglial cells. HIF-1a, a transcription factor
induced by hypoxia, is the key element in glycolysis
[62, 63]. The suppression of HIF-1a was reported to
reduce microglia-associated inflammation after brain
ischemia [64]. In this study, we found that rSRGN could

promote HIF-la expression and microglial glycolysis,
while knockout of Srgn could downregulate its expres-
sion. These results confirmed our hypothesis that shift
of energy metabolism state mediated SRGN-induced
microglial activation, and SRGN holds potential to be a
novel therapeutic target for modulating energy metabo-
lism and activation of microglia.

As mentioned earlier, SRGN is made of a core pro-
tein and GAG chains. In this study, we mainly focused
on the function of the core protein. We added exog-
enous recombinant SRGN to observe the influence
of SRGN overload on microglial activation in vitro
and in vivo, while we utilized gene knockout mice to
eliminate SRGN. So far, we have proved the participa-
tion and importance of SGRN protein part in stroke
pathology. But beyond this, the GAG chains of SRGN
also carry valuable information and are necessary for
cell migration and cancer progression [17, 22]. Lord
et al. reported the binding of SRGN’s GAG chains with
platelet factor 4 (PF4) in modulating cellular events in
vasculature [65]. In the study of esophageal cancer [17],
the researchers identified midkine (MDK) as a novel
partner of SRGN’s function. Therefore, the cellular
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function and signaling pathways concerning SRGN’s
GAG chains in ischemic stroke merits further explo-
ration. Whether SRGN functions through receptors
beyond CD44 also needs further investigation.

As a matter of fact, microglia could exhibit sex-spe-
cific phenotypes. For example, in the study of autism
spectrum disorder, microglial structure, function and
proteome profile were mainly altered in male mice after
Nign4 gene knockout [66]. In gliomas, sex-specific gene
expression pattern was revealed by scRNA-seq and indi-
cated that male glioma-activated microglia had a higher
expression of MHCII encoding genes [67]. As to ischemic
stroke, a sexually dimorphic disease [68, 69], sex differ-
ences in microglia-related inflammatory response were
also reported [70]. However, we used only male mice in
our experiments, which may limit the generalizability
of our findings. Currently, the sex differences of micro-
glial SRGN are still unclear. In the future, both male and
female mice should be covered in the study of microglial
SRGN after stroke to better serve the stroke treatment
for both genders.

Conclusions

In conclusion, we revealed the important role of SRGN in
triggering microglial activation and amplifying neuroin-
flammation after ischemic stroke. We further confirmed
that SRGN interacted with microglial CD44 to exert its
function. Mechanically, SRGN promoted NF-«B signal-
ing along with glucose metabolism in microglia. Thus,
targeting SRGN might provide new strategies for alleviat-
ing post-stroke brain injury.
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