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Abstract

Microglia-mediated neuroinflammation plays a vital role in the pathophysiological processes of multiple neurodegenerative
diseases. Lipopolysaccharide (LPS) is an environmental poison that can induce inflammatory microglial activation. Matrix
metalloproteinases (MMPs) are vital factors regulating microglial activation, and CD147 is a key MMP inducer, which
can induce inflammation by inducing MMPs. However, whether it is involved in the regulation of microglial activation has
not been reported. In this study, the role of CD147 in LPS-induced microglial inflammatory activation was investigated by
establishing in vivo and in vitro models. The results suggested that LPS-induced microglial activation was accompanied by
the induction of CD147 expression while the inhibition of CD147 expression could inhibit LPS-induced microglial inflam-
matory activation. In addition, the results also indicated that the role of CD147 in LPS-induced pro-inflammatory activation
of microglia was related to its downstream MMP-3, MMP-8, and autophagy. Furthermore, the inhibition of MMP-3, MMP-8,
and autophagy attenuated LPS-induced inflammatory activation of microglia. At the same time, there was a certain interaction
between MMPs and autophagy, which is shown that inhibiting the expression of MMPs could inhibit autophagy, whereas
inhibiting autophagy could inhibit the expression of MMPs. Taken together, we provided the first evidence that CD147/
MMPs can be involved in LPS-induced inflammatory activation of microglia through an autophagy-dependent manner.
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Introduction

Neuroinflammation has been recognized as a pathophysi-
ological process associated with multiple neurological
and neurodegenerative diseases, such as Alzheimer’s
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disease (Calsolaro and Edison 2016), Parkinson’s dis-
ease (Hirsch and Hunot 2009), and acute ischemic stroke
(Lee et al. 2014b). Microglia are innate immune cells in
the central nervous system (CNS), which is an impor-
tant defense line of central nervous system (Hickman
et al. 2018; Prinz et al. 2019). Under physiological con-
ditions, microglia play an immune monitoring role by
clearing injured neurons and pathogens, and maintaining
the homeostasis of central nervous system (Gehrmann
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et al. 1995). Under pathological conditions, microglia
switch to activated state, and the activated microglia can
be classified as M1 phenotype and M2 phenotype. M1
microglia damage the central nervous system by releas-
ing pro-inflammatory factors and neurotoxic substances.
On the contrary, M2 microglia can remove dead neuron
debris and degenerate synapses through immune phago-
cytosis, secrete anti-inflammatory cytokines, and protect
the central nervous system (Perry et al. 2010). During
inflammatory responses, excessive or long-term activa-
tion of microglia leads to neuronal death and increases
the release of pro-inflammatory cytokines (Rodriguez-
Gomez et al. 2020; Zhang et al. 2021b).

Lipopolysaccharide (LPS) is an important immu-
nomodulatory and structural component in the outer
membranes of Gram-negative bacteria (Sweeney and
Lowary 2019). It is also regarded as an important envi-
ronmental poison. For example, in the study of Thrasher
JD et al., LPS was identified as one of 9 biological pol-
lutants in humid indoor spaces (Thrasher and Crawley
2009). Another study by Tschernig T et al. has found
that LPS from tobacco smoke and various environmen-
tal and occupational dusts can be a harmful substance
that causes lung inflammation (Tschernig et al. 2008).
Meanwhile, it has long been confirmed to be an environ-
mental poison that induces neuroinflammation through
the induction of microglial activation (Campbell 2004).
It has been shown that LPS treatment can cause learning
and memory impairment, hippocampal microglial activa-
tion, and neuron loss in mice (Ji et al. 2012; Zhao et al.
2019). In vitro studies have also confirmed that LPS acti-
vates microglia to release proinflammatory cytokines and
a series of neurotoxic factors to promote neurodegenera-
tions (Ali et al. 2022; Fan et al. 2015; Yao et al. 2019).
Therefore, it is often used to establish neuroinflamma-
tory models in vivo and in vitro.

CD147, also known as extracellular matrix metallopro-
teinase (MMP) inducer (EMMPRIN), HAb18G, or basigin
(BSG), belongs to the immunoglobulin superfamily and
is a single-chain transmembrane glycoprotein (Kosugi
et al. 2015; Muramatsu and Miyauchi 2003; Yurchenko
et al. 2010). CD147 has been found to be participated
in multiple physiological and pathological processes,
e.g., embryonic development and inflammation. CD147
is upregulated in several tumors and regulates the pro-
liferation, apoptosis, differentiation, invasion, migration,
and metastasis of tumor cells by stimulating the release
of MMPs and inflammatory factors, which is related to
poor prognoses (Xiong et al. 2014; Zhang et al. 2022).
In addition, CD147, MMP-2, MMP-3, and MMP-9 have
been found to be highly expressed in COVID-19 patients
and are associated with hyperinflammation and disease
severity (Springall et al. 2022). An earlier study has found

that CD147-knockout mice may have spatial learning and
memory impairment, suggesting that CD147 may have
certain biological functions in the nervous system (Naru-
hashi et al. 1997). Inhibition of CD147 reduces MMP
levels, attenuates histological damages, and improves
long-term cognitive outcomes of elderly mice after
experimental stroke (Patrizz et al. 2020). Moreover, pre-
vious studies have shown that CD147 is further involved
in the regulation of macrophage-mediated inflammatory
responses through regulating MMPs. For example, in ath-
erosclerosis, the suppression of macrophage CD147 may
exert an atheroprotective effect via various processes such
as the clearance of LDL and plasma lipoprotein, and the
decrease of platelet aggregation (Lv et al. 2020). Mean-
while, CD147 and MMP-9 are highly expressed in mac-
rophages of atherosclerotic plaques, and the inhibition
of CD147 can effectively reduce MMP-9 expression in
monocyte-derived foam cells and reduces the degradation
of matrix, which plays a vital role in stabilizing plaques
(Seizer et al. 2010). Furthermore, a study has found that
the expressions of CD147 and MMP-9 are ascended in
RAW?264.7 macrophages stimulated by LPS (Wang et al.
2019b). As resident immune cells of the brain, microglia
are similar to macrophages in many aspects. Whether
microglial pro-inflammatory activation is regulated by
CD147 remains to be further clarified.

Therefore, in this study, we investigated the expression of
CD147 in LPS-induced microglial inflammatory activation
through in vivo and in vitro models. On this basis, the role of
CD147 and its downstream effector, MMPs, in LPS-induced
inflammatory activation of microglia was determined by
in vitro experiments. This study aims to provide a new
theoretical basis and possible targets for the intervention of
neuroinflammatory injuries caused by exogenous toxicants
represented by LPS.

Materials and methods
Chemicals and antibodies

LPS (from Escherichia coli O111:B4) and 3-methyladenine
(3-MA) were purchased from Sigma-Aldrich Corp. (USA).
MMP-3 inhibitor NNGH was purchased from APExBIO
(USA), and MMP-8 inhibitor ((3R)-N-hydroxy-2-(4-meth-
oxyphenyl)sulfonyl-3,4-dihydro-1H-isoquinoline-3-carbox-
amide) was bought from Santa Cruz Biotechnology (USA).
Antibodies to CD147, MMP-3, MMP-§, MMP-9, MMP-
14, Beclin 1, and LC3-II were supplied by Abcam (USA),
ATG-5 antibody was supplied by Cell Signaling Technology
(USA). IBA1 antibody was obtained from Invitrogen (USA),
and Actin antibody was purchased from Sigma-Aldrich
Corp. (USA).
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Animal models

Our method of establishing animal models was referred to
the studies of other scholars (Joshi et al. 2021; Oliveira-
Lima et al. 2019; Zhang et al. 2021a). The 6-week-old
male C57BL/6 mice were purchased from the Laboratory
Animal Center of Army Medical University (Third Mili-
tary Medical University). All mice were fed with day/night
rhythm of 12/12 h (light on and off at 07:00 a.m. and 07:00
p.m.), room temperature 25+ 1 °C, and food and water
were supplied ad libitum. After 1 week of adaptive feeded,
animals were randomly assigned to 2 treatment groups and
intraperitoneal injection (i.p.) of normal saline (0.9% NaCl)
or LPS (10 mg/kg). Mice were used for follow-up tests 24 h
after LPS injection. Housing and all animal experiments
were approved by the Institutional Animal Care and Use
Committee of Army Medical University (Third Military
Medical University).

Cell culture

BV2 microglial cell line was purchased from Shanghai Cell
Bank (Chinese Academy of Sciences, China). Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
(HyClone, USA) with 10% fetal bovine serum (FBS) (Every
Green, China) and 1% penicillin (100 U/ml)/streptomycin
(100 pg/ml) (Beyotime, China) in a humidified incubator
with 5% CO, at 37 °C.

Immunofluorescence assay

After different treatments, mice were anesthetized with
10% chloral hydrate. The brains were taken out after rapid
perfusion, fixed with 4% paraformaldehyde (Beyotime,
China), and dehydrated in sucrose. On the cryostat, the
coronal section was performed at a thickness of 20 pm.
The sections were permeated with 0.3% Tritonx-100
(Beyotime) for 20 min, and then blocked with goat serum
(Nanjing Jiancheng Bioengineering Institute, China) for
30 min at room temperature. The sections were incubated
with mouse anti-IBA1 and rabbit anti-CD147 antibodies
overnight at 4 °C. After 3 times of washing with PBS
for 10 min each, the sections were incubated with fluo-
rescent second antibodies (Alexa Fluor 488-conjugated
anti-rabbit IgG or Alexa Fluor 546-conjugated anti-mouse
IgG, Invitrogen, USA) for 1 h at room temperature and
dark conditions. After washing again with PBS for 3
times and 10 min each time, nuclei were counterstained
with 4, 6-diamidino-2-phenylindole (DAPI) (Beyotime,
China). Sections were finally observed with a fluores-
cence microscope.

@ Springer

For cell immunofluorescence, cells were seeded on ster-
ile glass coverslips and treated with different factors for 2
or 24 h. Then, they were fixed with 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, blocked with goat
serum, and incubated with CD147 and LC3-II primary anti-
bodies. Next, the coverslips were incubated with fluores-
cein-labeled secondary antibodies for 1 h at room tempera-
ture, followed by nuclear counterstaining with DAPI and
photographed.

Transfection and generation of stable cell lines

Mouse CD147 shRNA lentiviral interference vector and
negative control (NC) were purchased from GenePharma
(China). Cells were seeded in 6-well plates (1x 10°
cells/well). After attachment, cells were transfected with
shRNA at a final concentration of 100 nM. The stably
transfected cells were screened under 5 pg/ml polybrene.
Total cell RNA was extracted for qRT-PCR to measure
the expression of CD147 in the transfected cells.

RNA extraction and qRT-PCR

Total RNA was extracted with Eastep®Super Total RNA
Extraction Kit (Promega, USA) according to manufactur-
er’s protocol. Approximately 500 ng RNA was reversely
transcribed with PrimeScript TM RT Master Mix
(TaKaRa, China). qRT-PCR was performed on aliquots
of the cDNA preparations to detect gene expressions.
RT-RCR primers from mice are presented in Table 1.

Table 1 The primers used in this study

Names Sequences (5'-3")

IL-6: F CTGCAAGAGACTTCCATCCAG

IL-6: R AGTGGTATAGACAGGTCTGTTGG

IL-1p: F CGCAGCAGCACATCAACAAGAGC

IL-1p: R TGTCCTCATCCTGGAAGGTCCACG

TNF-a: F CCTGTAGCCCACGTCGTAG

TNF-a: R GGGAGTAGACAAGGTACAACCC

CDI147: F GTCCGATGCATCCTACCCTCCTAT

CDI147: R CCCGCCTGCCCCACCACTCA

MMP-3: F CGGGGTGATCGGTCCCCAAAG

MMP-3: R GGAGGGCGTTGGCGCGCTGG

MMP-8: F CCAGAGATACAAAGAAATGATGG

MMP-8: R ACTCCAGAAGACCAGAGGAAA

MMP-9: F CGTCGTGATCCCCACTTACTATGGAAACTC
MMP-9: R GCAGAAGCCATACAGTTTATCCTGGTCATA
MMP-14: F GTGAGGAATAACCAAGTGATG

MMP-14: R CTCTCGTAGGCAGTGTTG

GAPDH: F CTTCACCACCATGGAGAAGGC

GAPDH: R GGCATGGACTGTGGTCATGAG
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Fig.1 High expression of microglial CD147 stimulated by LPS in vivo
and in vitro. A Mice brain Sects. (20 pm thick) were prepared 24 h
after LPS and saline i.p. injection (control), and the co-localization of
IBA-1 (red) and CD147 (green) was assayed by immunofluorescence.
Nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI). Scale
bar=200 um. BV2 cells were stimulated with control or LPS (0.5 pg/
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ml) for 6 or 24 h, then the expression of CD147 mRNA and protein
were detected by qRT-PCR (B) and Western blot (C). Data are shown as
mean=+SEM, *p<0.05 vs control group. (D) Immunofluorescence analy-
sis of CD147 expression in BV2 cells after 24 h of treatment with control
or LPS (0.5 pg/ml), nuclei were stained with DAPI. Scale bar=200 um
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Western blot analysis

Protein extraction and western blot were carried out as previ-
ously reported (Yao et al. 2019). In this study, primary anti-
bodies were as follows: CD147, ATG-5, Beclin 1, LC3-11,
MMP-3, MMP-8, MMP-9, MMP-14, and Actin antibodies.

A B

ELISA

Cell supernatant was collected, and the IL-6, IL-1f, and
TNF-a contents were measured by enzyme-linked immu-
nosorbent assay (ELISA) according to the manufacturer’s
instructions (Uscn Life Science Inc., China).
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Fig.2 Knockdown of CDI147 significantly inhibited LPS-induced
pro-inflammatory activation of microglia in vitro. CD147 interference
lentivirus was constructed and transfected into BV2 cells, the CD147
interference efficiency was measured by qRT-PCR (A) and Western blot
(B). C The effect of CD147 interference on mRNA expression of IL-6,
IL-1pB, and TNF-a of BV2 cells after LPS (0.5 pg/ml) treatment for 6 h,
as determined by qRT-PCR analysis. D The effect of CD147 interference
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on the release of IL-6, IL-1B, and TNF-a of BV2 cells after LPS
(0.5 pg/ml) treatment for 24 h, as determined by ELISA. NC, negative
control; sh-CD147, CD147 shRNA transfection group. *p<0.05,
#%p <0.01, **¥p <0.001 vs NC group; #p<0.05, #p <0.01, #*p <0.001
vs NC+LPS group. All data are presented as mean+SEM of three
independent experiments



Environmental Science and Pollution Research (2023) 30:35352-35365

35357

A

MMP-3

$
control LPS 3
100 * 3000 — Ef;:
< w0 : < 250 > MMP-3| & S | .,
2 o g T
E E 2000
2 4 2 1500 MMP-8
20 "0 MMP-8|  we | -
; .§ _gzo
g s 5 s Actin | s S— | i
4 ['4 o 10
control LPS control LPS €
- control s
20- 20~ 8-
Jekk <
; T g *kk E ek
g 15 % 151 SXE £ 6 T
@ < g #
=1 104 5 104 #H L 4 e
° - T =
2 2 2
e 59 5 5 % 2
o & °
#i## 4
o — _— o — == 0__- 2
LPS (pg/mL) - + . + LPS (pg/mL) - + - + LPS (pg/mL) - + - +
NNGH (M) - - + + NNGH () - - + + NNGH (M) - - + +
250+ 500 600+ sk
2004 i 4004 Ak
T T £ £ 400
E 4504 4 i ##
5 150 B 300 i ® .
& #t = ] >
© 100 == & 200+ h
= o Z 2001
i E Il e
-
LPS (pg/mL) - + - + LPS (pg/mL) - + - + LPS (pg/mL) - + - +
NNGH (M) - - + + NNGH () - - - + NNGH (M) - - - +
20 20- 4-
*kk <
§ T g ok ok E sk
& 154 % 154 T % 3 T
@ 5 y
=1 104 5 104 L 2
S ® 5 #t
] 2 st g
o 51 . 5 5 B 1 T
x . [ K
o — — o — == o =
LPS (pg/mL) - + - + LPS (pg/mL) - + . - LPS (pg/mL) - + - +
MMP8 | (M) - - + . MMP8 | (M) - - B + MMP8 | (V) - - + +
2504 5001 600+
: +
200 T 400 _*I*_
= I E 400 L
£ 150 - 5 300- # 2 T
s T = =~
© 100 £ 200 N
= o Z 2001
N i i E
-
LPS (pg/mL) - + - + LPS (pg/mL) - + - + LPS (pg/mL) - + - +
MMPS8 | (V) - - + + MMP8 | (V) - - + + MMPS | (V) - - + +

@ Springer



35358

Environmental Science and Pollution Research (2023) 30:35352-35365

«Fig.3 The effect of LPS on the expression of MMPs in microglia.
BV2 cells were treated with 0.5 pg/ml LPS for 6 h and 24 h, and the
mRNA and protein expressions of MMP-3 and MMP-8 were detected
by qRT-PCR (A) and Western blot (B). Then, BV2 cells were pre-
treated with 100 pM NNGH (MMP-3 inhibitor) or MMP-8 inhibitor
for 2 h and then treated with 0.5 pg/ml LPS for 6 h or 22 h, qRT-PCR
and ELISA were performed to measure the mRNA expression (C, E)
and release (D, F) of IL-6, IL-1f, and TNF-a. NNGH, the inhibitor
of MMP-3; MMPS I, the inhibitor of MMP-8. *p <0.05, **p <0.01,
##%p <(0.001 vs control group; *p<0.05, #p <0.01, ¥ <0.001 vs
LPS group. Data are expressed as means +SEM of three independent
experiments

Statistical analysis

Statistical analyses for comparison of mean values were
performed by One-way analysis of variance (ANOVA)
followed by LSD post hoc test using SPSS 11.0 for
windows. All data are presented as means + SEM. p <0.05
was considered statistically significant.

Results

CD147 was involved in LPS-induced
proinflammatory activation of microglia in vivo
and in vitro

To investigate the expression of CD147 in LPS-induced
mouse, immunofluorescence staining was performed.
IBA1 was used as a specific marker for microglia. As
shown in Fig. 1A, co-localization of CD147 with IBA1
was seen in LPS-treated mouse brains but rarely observed
within control mouse brains. Furthermore, qRT-PCR
and Western blot were used to detect the expression of
CD147 mRNA and protein in BV2 cells after treatment
with 0.5 pg/ml LPS. As shown in Fig. 1B and C, LPS
significantly elevated the levels of CD147 mRNA and
protein compared with those in control group. Moreo-
ver, immunofluorescence assay suggested that CD147
expression was obviously elevated in LPS-treated
microglia (Fig. 1D). Thus, these data indicated that LPS
induced the expression of CD147 in microglia in vivo
and in vitro.

Then, to further address whether CD147 was involved
in LPS-stimulated microglial activation, BV2 cells with
downregulated CD147 expression were constructed
by shRNA-CD147 lentiviral vector (Fig. 2A, B). Sub-
sequently, the effects of CD147 interfering on LPS-
induced inflammatory cytokines (IL-6, IL-1p, and TNF-
a) were detected. As illustrated in Fig. 2C and D, the
expression and release of proinflammatory cytokines
IL-6, IL-1B, and TNF-a induced by LPS were signifi-
cantly alleviated after CD147 expression was knocked
down. Collectively, these results suggested that CD147
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may be involved in LPS-induced microglial pro-inflam-
matory activation.

The role of CD147 in LPS-induced pro-inflammatory
microglial activation was MMPs-dependent

In order to verify the expression of MMPs in LPS-stim-
ulated microglia, the expressions of MMP-3, MMP-8§,
MMP-9, and MMP-14 in BV2 cells were detected by qRT-
PCR and Western blot. As illustrated in Fig. 3A and B and
supplementary Fig. 1A,B, both mRNA and protein levels
of four MMPs were remarkably upregulated in LPS-treated
microglia.

Furthermore, to explore whether these MMPs were
involved in LPS-induced microglial pro-inflammatory
activation by CD147, the effect of CD147 silencing on
MMPs in BV2 cells stimulated by LPS was further deter-
mined. As shown in Fig. 4A-D, the mRNA and protein
expressions of MMP-3 and MMP-8 were significantly
induced after LPS treatment and such effect was dimin-
ished after the knock-down of CD147 expression. How-
ever, there was no significant change in the mRNA and
protein expression of microglial MMP-9 and MMP-14
induced by LPS after the knockdown of CD147 expres-
sion (supplementary Fig. 1C-F). So, the data indicate
that the role of CD147 in LPS-induced microglial pro-
inflammatory activation might be mediated via its effects
on MMP-3 and MMP-8.

Next, microglia were further pretreated with 100 pM
NNGH (MMP-3 inhibitor) and MMP-8 inhibitor for 2 h
and then stimulated with LPS. As depicted in Fig. 3C-F,
the inhibition of MMP-3 and MMP-8 activity could restrain
LPS-stimulated expression and release of IL-6, IL-1f, and
TNF-a. These results demonstrate that MMP-3 and MMP-8
can be involved in LPS-induced pro-inflammatory microglial
activation.

Autophagy can be involved in the role of CD147
in LPS-induced microglial activation

Autophagy is widely believed to be associated with
multiple neurodegenerative diseases, and microglial
activation is closely related to neuroinflammation (Plaza-
Zabala et al. 2017; Su et al. 2016). Previous studies have
reported that LPS stimulates autophagy in microglia (Qin
et al. 2018; Xie et al. 2021). To further determine the role
of autophagy in LPS-induced microglial activation, BV2
cells were treated with 3-MA (autophagy inhibitor) and
LPS alone or together. qRT-PCR analysis demonstrated
that 3-MA inhibited the mRNA expression of IL-6, IL-1p,
and TNF-a in LPS-treated microglia (Fig. SA). Next, the
potential effect of CD147 expression on LPS-induced
autophagy was evaluated. As illustrated in Fig. 5B, the
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Fig.4 The effect of CD147 knockdown on LPS-induced MMP
expression. After intervention of CD147, BV2 cells were treated with
LPS for 6 h or 24 h, the mRNA expressions of MMP-3 and MMP-8
were detected by qRT-PCR (A, C), and the protein expressions of
MMP-3 and MMP-8 were detected by Western blot (B, D). NC, nega-

suppression of CD147 reduced the protein expression of
key autophagy genes LC3-II, ATG-5, and Beclinl in LPS-
induced microglia. Moreover, immunofluorescence assay
also showed that the knockdown of CD147 significantly
reduced the expression of LC3-II (Fig. 5C). These data
suggested that autophagy can be involved in the role of
CD147 in LPS-induced microglial activation.

The interaction between MMPs and autophagy
during microglial activation induced by LPS

In order to validate the role of MMPs during LPS-induced
autophagy, we evaluated the influence of MMP activity
inhibition on LPS-induced autophagy. The results showed
that compared with LPS group, NNGH significantly
attenuated the protein expression of Beclinl, ATG-5,
and LC3-II in LPS-stimulated microglia (Fig. 6A). Sub-
sequently, immunofluorescence assay showed that inhibi-
tion of MMP-3 activity reduced the expression of LC3-11
in LPS-treated microglia (Fig. 6C). Identically, as illus-
trated in Fig. 6B and D, MMP-8 inhibitor also inhibited

tive control; sh-CD147, CD147 shRNA transfection group. NC, nega-
tive control; sh-CD147, CD147 shRNA transfection group. *p <0.05,
#p<0.01, **p<0.001 vs NC group; *p<0.05, #p<0.01,
###1 <0.001 vs NC+LPS group. Data are expressed as mean +SEM
of three independent experiments

the expression of autophagy-related genes (LC3-1I, ATG-
5, and Beclinl) stimulated by LPS. Further, we studied
whether inhibition of autophagy affects the expression
of MMP-3 and MMP-8. As illustrated in Fig. 6E and
F, 3-MA markedly attenuated LPS-induced mRNA and
protein expression of MMP-3 and MMP-8 stimulated by
LPS. Collectively, these data suggested that there could
be interaction between autophagy and MMPs in micro-
glia in response to LPS.

Discussion

In the current study, we found that LPS could increase the
expression of CD147 in microglia in vivo and in vitro.
Furthermore, the inhibition of CD147 expression could
alleviate LPS-induced pro-inflammatory activation of
microglia in vitro. In addition, the role of CD147 in LPS-
induced microglial activation was related to its downstream
MMP-3, MMP-8, and autophagy, as the inhibition of MMP-3,
MMP-8, and autophagy could reverse LPS-induced microglial
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Fig.5 The role of autophagy in the pro-inflammatory activation of
microglia regulated by CD147. BV2 cells were pretreated with 30 pM
3-MA for 2 h and then stimulated with 0.5 pg/ml LPS for 6 h, the
mRNA expression of IL-6, IL-1p, and TNF-a were assayed by qRT-
PCR (A). 3-MA: the inhibitor of autophagy. **p <0.01, ***p <(0.001
vs control group; *p <0.05, ¥p<0.01 vs LPS group. The BV2 cells
with sh-CD147 intervention were treated with LPS for 24 h, the pro-
tein levels of Beclin 1, ATG-5, and LC3-II were examined by West-

activation. Moreover, there was potential interaction between
MMPs and autophagy following LPS treatment.

As an extracellular matrix metalloproteinase inducer,
CD147 plays a vital role in various pathological processes
related to inflammation (e.g., atherosclerosis, tumors, etc.).
Recent studies have found that CD147 is highly expressed
and its DNA is demethylated in non-small cell lung cancer
(NSCLC), and CD147 targeting methylation can inhibit the
invasion and metastasis of NSCLC (Liao et al. 2022). Fur-
thermore, downregulation of CD147 reduces proliferation,
invasion, and drug resistance of oral cancer cells (Pan et al.
2021). CD147 is also associated with multiple CNS diseases,
including Alzheimer’s disease (Wang et al. 2021), multiple
sclerosis (Agrawal et al. 2013), ischemic stroke (Patrizz
et al. 2020), and glioma (Wang et al. 2020a). Jin et al. found
that the expression of CD147 in ischemic brain endothelial
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ern blot (B). Data are expressed as mean+SEM of three independ-
ent experiments. NC, negative control; sh-CD147, CD147 shRNA
transfection group. *p<0.05, **p<0.01 vs NC group; *p <0.05 vs
NC+LPS group. C The expression of LC3-II was detected by immu-
nofluorescence in CD147 knock-down BV2 cells after treatment with
0.5 pg/ml LPS for 24 h, then nuclei were stained with DAPI. Scale
bar=20 pm

cells increased rapidly after transient middle cerebral artery
occlusion, and the inhibition of CD147 supressed the infarct
size and neurological deficits (Jin et al. 2017). Yin et al.
found that inhibition of CD147 could inhibit proliferation,
invasion, and angiogenesis of glioma cell, arrest cell cycle,
and induce apoptosis in glioma (Yin et al. 2017). In addi-
tion, targeting CD 147 can modulate the resistance of glioma
cells to chemotherapeutics (Bu et al. 2021). In this study, we
preliminarily explored the role of CD147 in microglial pro-
inflammatory responses induced by exogenous neurotoxins.
The results showed that LPS-treated microglial activation
was accompanied by up-regulation of CD147 expression,
and the inhibition of CD147 expression could restrain the
activation of microglia induced by LPS, suggesting that
CD147 may participate in LPS-induced pro-inflammatory
activation of microglia.
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«Fig.6 The interaction between MMPs and autophagy during LPS-
induced microglial activation. BV2 cells were pretreated with 100 pM
NNGH or MMP-8 inhibitor for 2 h and then treated with 0.5 pg/
ml LPS for 22 h. The protein levels of Beclin 1, ATG-5 and LC3-
II were assayed via Western blot (A, B). C, D The immunofluores-
cence analysis results of LC3-II expression. Scale bar=20 pm. BV2
cells were pretreated with 30 pM 3-MA for 2 h, then treated with
0.5 pg/ml LPS for 6 h or 24 h, the mRNA expressions of MMP-3 and
MMP-8 were measured by qRT-PCR (E), and the protein expressions
of MMP-3 and MMP-8 were detected by Western blot (F). NNGH:
the inhibitor of MMP-3, MMP8 I: the inhibitor of MMP-8, 3-MA: the
inhibitor of autophagy. *p <0.05, **p<0.01, ***p<0.001 vs con-
trol group; *p <0.05, #p <0.01 vs LPS group. Data are expressed as
means + SEM of three independent experiments

Matrix metalloproteinases (MMPs) are zinc-containing
peptidases that can degrade extracellular matrixes. They
are not only the structural scaffolds of cells in tissues, but
also the mediators of cell to cell communication (Rivera
et al. 2019). MMPs are involved in tumor invasion and
metastasis in various tumors, and their high expression
is related to poor prognosis of tumors (Conlon and Mur-
ray 2019; Sang et al. 2021). Marcaccini et al. found that
the expression level of MMP-8 in periodontal tissue of
patients with periodontal disease was higher than that of
healthy people (Marcaccini et al. 2010), and it has been
considered to be a biomarker of periodontitis stage (Her-
nandez et al. 2020). Lerner et al. found that MMP-3 was an
important marker for the treatment and prognosis of rheu-
matoid arthritis (Lerner et al. 2018), and dexamethasone
treatment inhibited the proliferation, migration, and gene
expression of inflammatory factors, CD147, MMP-3, and
MMP-9 in collagen-induced arthritis (CIA) fibroblast-like
synoviocytes (Wang et al. 2020b). Knockout of MMP-3 in
the central nervous system has been found to inhibit the
degeneration of dopaminergic neurons in substantia nigra
in MPTP-induced PD mouse model (Kim et al. 2007),
while LPS stimulation promotes microglial activation
and MMP-3 expression in cerebral ischemia reperfusion
(CIRP) rat model, thereby aggravating neurological dam-
ages after acute stroke (Feng et al. 2021). MMP-8 degrades
tight junction protein occludin in blood-brain barrier and
causes neuroinflammation in bacterial meningitis (Schu-
bert-Unkmeir et al. 2010). Previous studies have found
that the expression of MMP-3 and MMP-8 expression is
upregulated in LPS-stimulated microglia (Lee et al. 2015),
and the inhibition of both MMP activities by inhibitors can
inhibit LPS-induced release of TNF-a in microglia (Lee
et al. 2017, 2014a). Our results are consistent with previous
reports, which further confirmed that MMP-3 and MMP-8
were related to pro-inflammatory activation of microglia.
Moreover, a recent study has found that resveratrol inhib-
its the activation of pro-inflammatory microglia by down
regulating CD147/MMP-9, which has a protective effect
against ischemic brain injury (Zhang and Zhao 2022). In
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this study, CD147 knockdown obviously abated the expres-
sion of MMP-3 and MMP-8 in microglia caused by LPS
rather than MMP-9 and MMP-14. These results indicated
that CD147 may participate in the pro-inflammatory micro-
glial activation by the induction of MMP-3 and MMP-8,
but not MMP-9 and MMP-14.

Autophagy is an important homeostasis regulatory path-
way in eukaryote organisms, through which cellular materi-
als are transported to lysosomes for degradation (Limpert
et al. 2018). Neuroinflammation and autophagy dysfunction
are closely associated with neurodegeneration. The role of
autophagy in neuroinflammation is complex. It can miti-
gate the neuroinflammatory responses (Zhou et al. 2018), but
autophagy dysfunction may exacerbate neuroinflammatory
responses, leading to undesirable consequences (Berglund
et al. 2020). The activation of microglia is closely related
to neuroinflammation, and growing evidence has found
that autophagy in microglia is participated in the regula-
tion of neuroinflammation (Berglund et al. 2020; Su et al.
2016). For example, Qin et al. demonstrated that abnormal
autophagy of microglia can aggravate pro-inflammatory
responses of LPS and aggravate MPTP-induced neurode-
generation by regulating inflammatory responses of NLRP3
(Qin et al. 2021). Moreover, Yang et al. found that cerebral
ischemia could induce autophagy activation and inflam-
matory responses of microglia, while 3-MA inhibited the
autophagy and inflammatory responses of microglia, and
significantly reduced the infarct area, the formation of
edema, and neurological defects (Yang et al. 2015). Simi-
larly, our results found that the inhibition of autophagy with
3-MA restrained LPS-induced pro-inflammatory activation
of microglial, which further confirmed that autophagy was
involved in LPS-induced microglial activation.

CD147 has been shown to regulate autophagy. In nonal-
coholic fatty liver disease (NAFLD) mice, CD147-knock-
out can induce changes in liver autophagy (Lou et al. 2020).
The small molecule AC-73 is a specific inhibitor of CD147,
which can inhibit the proliferation of leukemia cells and
induce autophagy by blocking ERK/STAT?3 signaling path-
way (Spinello et al. 2019). Both autophagy and MMPs are
regulated by CD147. Recent studies have shown that there
can be potential interaction between autophagy and MMPs.
On the one hand, autophagy can be regulated by MMPs.
Pratt et al. have found that MT1-MMP promotes autophagy
in glioblastoma (Pratt et al. 2016). Lin et al. have found that
the inhibition of MMP-9 can prevent ssTBI-induced neuro-
degeneration through autophagy pathway (Lin et al. 2020).
On the other hand, autophagy may regulate MMPs. Wang
et al. found that MMP-13 in diabetic nucleus pulposus cells
was regulated by MAPK, NF-kB signaling pathways, and
autophagy (Wang et al. 2019a). However, the interaction
between them in LPS-induced microglial pro-inflammatory
activation remains unclear. In this study, the intervention of
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CD147/MMP-3/MMP-8 could inhibit autophagy, and the
inhibition of autophagy could also reduce the expressions
of MMP-3 and MMP-8. Our findings showed that the regu-
lation of CD147 on microglial pro-inflammatory activation
may be related to its regulation of MMPs and autophagy,
and there may be some interaction between MMPs and
autophagy in this process.

Conclusion

In summary, our results demonstrate that CD147-mediated
expression of MMP-3 and MMP-8 can be involved in LPS-
induced inflammatory activation of microglia through an
autophagy-dependent manner. Moreover, there may be an
interaction between autophagy and MMPs. However, there
are still some deficiencies in this study. For example, the role
of autophagy in CD147/MMP-mediated pro-inflammatory
activation of microglia has only been preliminarily studied,
and the specific mechanism needs to be further clarified.
Moreover, in our study, we did not explore how LPS induced
the increase of CD147 expression, which is worthy of our
further study. In conclusion, these results can provide new
ideas for further elucidating the molecular mechanism of
LPS-induced neurotoxicity and exploring new intervention
strategies.
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