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Abstract

Background: Clinical and experimental evidence indicates that copper has the ability to promote the progressive development of de-
myelinating diseases such as multiple sclerosis. Microglia-mediated neuroinflammation is believed to play a crucial role in this process.
Scutellarin, a flavonoid compound, has anti-inflammatory, antioxidative, and neuroprotective effects. Aim: We investigated the effect
of scutellarin on copper-induced inflammatory foam cell formation in microglia. Methods: We exposed BV2 murine microglial cells to
copper, then collected the conditioned medium and co-cultured it with MO3.13 human glial cells to mimic myelin damage in vitro. The
Cell Counting kit-8 assay, quantitative (polymerase chain reaction) PCR, enzyme-linked immunosorbent assay, Luxol fast blue staining,
and western blotting were used to detect the cell phenotype. To investigate whether exposure of BV2 cells to copper can cause neurotox-
icity and indirect damage to myelin cells, we determined whether BV2 cells promote inflammation through foam cell formation by oil
red O staining and detection of malondialdehyde (MDA) content. Finally, we treated cells with scutellarin to investigate its therapeutic
effects. Results: Exposure to copper activated the pro-inflammatory phenotype of microglia, as assessed by measuring the transcription
of M1/M2-related biomarkers. In addition, increased copper intake by microglia promoted intracellular lipid accumulation and oxida-
tion, facilitating foam cell formation. Rescue experiments showed that copper chelator ammonium tetrathiomolybdate (ATTM) and the
lipid oxidation inhibitor ferrostatin-1 (Fer-1) significantly inhibited copper-induced inflammation, reduced intracellular lipid accumula-
tion and MDA levels, and decreased foam cell formation. Moreover, copper-induced phosphorylation of p38 mitogen-activated protein
kinase (MAPK) in microglia led to a shift towards the M1 phenotype and foam cell transformation, which were effectively inhibited by
ATTM, Fer-1, and the p38 MAPK inhibitor SB203580. Lastly, after treatment with scutellarin, copper-induced foam microglia exhibited
inhibited p38 MAPK phosphorylation, increased production of neurotrophic factors, decreased expression of inflammatory mediators,
reduced lipid accumulation, and induced polarization towards the M2 phenotype. Conclusions: Here, we demonstrated that copper can
induce microglia to damage myelinating cells, with the key mechanism involving the phosphorylation of p38 MAPK. Scutellarin par-
tially reversed the positive effects of copper on promoting microglial M1 polarization, lipid deposition, and lipid oxidation by mediating
the p38 MAPK signaling pathway. Taken together, these results suggest that scutellarin may be a promising drug for the treatment of
demyelinating diseases such as multiple sclerosis.
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1. Introduction hinder the development of CNS inflammatory lesions to a
certain extent [3—06].

Multiple sclerosis (MS) is a progressive autoimmune

disease that affects the central nervous system (CNS) [1,2].
One of the pathological features of this disease is dam-
age to oligodendrocytes caused by inflammatory mediators
produced by microglia, leading to demyelination and ulti-
mately causing neurological decline. Although microglia
can produce neurotrophic factors to repair the CNS, mi-
croglia can also contribute to neuroinflammation and neu-
rodegeneration in MS by releasing inflammatory mediators.
In the early and late stages of MS, activated microglia are
present, which secrete a large number of inflammatory and
neurotoxic mediators. Microglia activation occurs before
the onset of MS; thus, inhibiting this early activation can

“Foam cells” are a type of cell that have accumulated
large amounts of lipids in their cytoplasm, giving them a
foamy appearance under a microscope [7]. The formation
of foam cells in demyelinating lesions is accompanied by
inflammatory responses or repair mechanisms, which can
cause damage to the CNS or promote its repair [5,6,8—
12]. Studies have shown that microglia form foam cells
by phagocytosing myelin debris generated from myelin in-
jury, thereby exacerbating myelin damage and promoting
MS progression [5,6]. However, little is known about how
pro-inflammatory foam-like microglia participate in the ini-
tiation and progression of MS.
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Although the pathogenesis of MS remains unclear,
studies have shown that toxic substances in the environment
can activate the immune system, causing neuronal damage
[13—15]. Therefore, it is necessary to study the role of en-
vironmental toxins in MS. Humans may inadvertently be
exposed to metals in their daily lives, and metals play an
important role in neurodegenerative diseases [16,17]. Dys-
regulation of metal homeostasis may contribute to the onset
and progression of MS [18].

Copper is a metal contaminant that has garnered at-
tention due to its widespread use in agriculture, electronics,
dyes, cosmetics, food processing, and other industries. Al-
though environmental studies have suggested that copper
may increase the risk of MS [19-23], the effects of cop-
per on MS remain unclear. It has been shown that copper
accumulation precedes inflammation and myelin lesions
in N,N-diethyldithiocarbamate-induced demyelinating dis-
eases. Moreover, its applications in agriculture, medicine,
and industry provide opportunities for copper to enter the
nervous system and participate in demyelination [24-30].
Currently, there is ample clinical evidence supporting the
adverse effects of copper on myelin. Studies have demon-
strated that the levels of copper in the cerebrospinal fluid
(CSF) and blood of patients with MS are significantly ele-
vated [31-35]. Notably, while the copper content is lower
in secondary progressive MS compared to primary pro-
gressive MS, levels in both are still higher than those in
healthy individuals [32]. Additionally, female patients with
MS exhibit increased copper absorption and half-life, re-
sulting in greater copper accumulation compared to male
patients and healthy individuals [23]. Proteomic analyses
further revealed an imbalance in the expression of copper-
related proteins in female patients with relapsing-remitting
MS [36]. Moreover, increased copper levels in CSF have
been detected in Skogholt disease, a neurological disorder
characterized by myelin damage [37,38]. Furthermore, de-
myelinating lesions have been observed in patients with
Wilson’s disease, a genetic disorder where the body is un-
able to metabolize copper [39-44]. Wilson’s disease has
also been confirmed in animals [45,46]. However, little is
known about the potential pathogenic mechanisms of cop-
per in MS. Moreover, there are no reports on the involve-
ment of copper exposure in the formation of foam cells in
microglia in the CNS. Therefore, one objective of this study
was to investigate whether copper can induce inflammation
in the nervous system by promoting the transformation of
microglia into foam cells.

Scutellarin, a flavonoid compound, possesses signif-
icant neuroprotective effects including anti-inflammatory,
antioxidative, and anti-apoptotic properties, and is widely
used in the treatment of neurological diseases [47-51].
Scutellarin promotes M2 polarization by inhibiting phos-
phorylation of the p38 mitogen-activated protein kinase
(MAPK) signaling pathway. Previous studies have demon-
strated the therapeutic potential of scutellarin in MS using

various cellular and animal models [52,53]. However, the
mechanism by which scutellarin treats neuroinflammation
induced by microglia with a foam cell phenotype remains
unclear.

Generally, excessive metal ions and inflammation
significantly contribute to demyelination. The results of
this study showed that scutellarin can attenuate copper
overdose-induced foam cell formation and inflammation in
microglia through the p38 MAPK signaling pathway, and
promote myelin sheath protection.

2. Materials and Methods
2.1 Cell Culture and Treatment

BV2 murine microglial cells were kindly provided by
Dr. Qiuye Jia (Kunming Medical University, Kunming,
China). MO3.13 human glial cells were purchased from
Warner Bio (WN-51194; Wuhan, China). All cell lines
were validated by short tandem repeat profiling and tested
negative for mycoplasma. Cell lines were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) high glucose
(Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS) (Opcel, Inner Mongolia, China),
and incubated at 37 °C in air containing 5% COs. A to-
tal of 6 x 10° cells in 2 mL DMEM containing 10% FBS
were plated per well in 6-well plates. After 1 day, the cells
were pretreated overnight with a p38 inhibitor (SB203580,
10 uM; MedChemExpress (MCE), Monmouth Junction,
NJ, USA), ferrostatin-1 (Fer-1, 1 uM; MCE), ammonium
tetrathiomolybdate (ATTM, 10 uM; MCE), and scutellarin
(20 uM; MCE) followed by copper exposure (Merck, Bil-
lerica, MA, USA). After 24 h, cell supernatants were col-
lected for co-culture with MO3.13 human glial cells and
the enzyme-linked immunosorbent assay (ELISA). Cells
were collected for quantitative polymerase chain reaction
(qPCR) and western blot analysis. Cell viability (Cell
Counting Kit-8 [CCK-8] Assay Kit; Beyotime, Shanghai,
China), intracellular lipid level (Oil Red O Staining Kit;
Solarbio, Beijing, China), and myelin maturation (Luxol
Fast Blue Staining Kit; Servicebio, Wuhan, China) were
assessed according to the manufacturers’ instructions. Ex-
periments were performed in triplicate and repeated three
times.

2.2 Intracellular Copper Assay

After cells were treated with copper, copper absorp-
tion levels were measured using a copper assay kit accord-
ing to the manufacturer’s instructions (Solarbio). Three in-
dependent experiments were conducted for statistical anal-
yses.

2.3 Quantitative Polymerase Chain Reaction

Total cellular RNA was extracted with RNAiso Plus
(TaKaRa, Dalian, China). For the reverse transcription of
total RNA, PrimeScript RT Master Mix (TaKaRa) was used.
The primer sequences are listed in Supplementary Table
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1. After reverse transcription, qPCR analyses of mRNA
levels were performed using the SYBR Green Real-Time
PCR Master Mix Kit (TaKaRa) under the following condi-
tions: initial pre-incubation at 95 °C for 30 s, followed by
39 cycles at 95 °C for 5 s and 60 °C for 30 s. Gene levels
were calculated by the 222 method. Three independent
experiments were conducted for statistical analyses.

2.4 ELISA

Tumor necrosis factor alpha (TNF-«) concentrations
in the cellular culture medium were determined by an
ELISA kit (BOSTER, Wuhan, China) according to the man-
ufacturer’s instructions. Three independent experiments
were performed for statistical analyses.

2.5 Western Blot Analysis

Cells were lysed in 200 pL Radio Immunoprecipita-
tion Assay Lysis Buffer (RIPA buffer, Beyotime) with 1%
Phenylmethanesulfonyl fluoride (PMSF, Beyotime) and
1% phosphoprotein inhibitor, and boiled at 100 °C for
10 min. Protein concentrations were determined with the
Bicinchoninic Acid Assay (BCA assay, Beyotime). Pro-
teins (30 mg) were resolved by electrophoresis with 12%
polyacrylamide gels (Yamei, Shanghai, China) and electro-
transferred to polyvinylidene fluoride (PVDF) membranes
(Merck). The membrane was then incubated with appropri-
ate primary and secondary antibodies, including JNK An-
tibody (1:1000, #9252, Cell Signaling Technology (CST),
Danvers, MA, USA), p-JNK Antibody (1:1000, #9251,
CST), p38 MAPK Antibody (1:1000, #9212, CST), p-p38
MAPK Antibody (1:1000, #9211, CST), ERK1/2 Anti-
body (1:1000, #9102, CST), p-ERK1/2 Antibody (1:1000,
#9101, CST), MBP Antibody (1:1000, #78896, CST),
MAG Antibody (1:1000, #9043, CST), and $-actin Anti-
body (1:10000, #BA2305, BOSTER). Three independent
experiments were performed for statistical analyses. All
original western blot images are shown in Supplementary
file 1.

2.6 Statistical Analyses

All experiments were independently repeated at least
three times. Pairwise ¢-test analysis of data was performed
using GraphPad Prism 8 (GraphPad software Inc., La Jolla,
CA, USA). Quantitative results are shown as the mean +
standard error of the mean. Images were adjusted with
Adobe Photoshop and Adobe Illustrator (Adobe Inc., San
Jose, CA, USA). p < 0.05 was considered statistically sig-
nificant. * was considered p < 0.05 that significant statisti-
cally. ** and *** were considered p < 0.01 and p < 0.001
that highly statistically significant, respectively.

3. Results

3.1 Copper can Induce Indirect Damage to Myelin Cells
through Activation of Microglia

The CCK-8 assay was performed to detect the vi-
ability of BV2 cells after exposure to different copper
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concentrations (0, 2.5, 5, 10, 20, 30, 40, 50 pg). The
results showed that copper inhibited cell viability in a
concentration-dependent manner after 24 h of treatment
(Fig. 1A). In addition, the copper content increased with in-
creasing copper concentrations (Fig. 1B); this effect was in-
hibited by the ATTM copper chelator (Fig. 1C,D). Changes
in the gene expression levels of copper transporter 1 and di-
valent metal transporter 1 copper transporters supported this
finding (Fig. 1E,F). To determine whether copper indirectly
induced myelin cell damage at doses that activate microglia,
we observed the effects of copper treatment on MO3.13 cell
viability after 24 h (Fig. 1G). Exposure to 0-20 pg copper
for 24 h had no significant effect on MO3.13 cell viability,
whereas 40 pg copper for 24 h led to significant MO3.13
cell death. Based on the viability of BV2 and MO3.13 cells
under copper exposure, we next treated microglia with 20
pg copper. After 24 h of copper exposure, diluted (50%)
microglia cell culture conditioned medium (Cu-BV2 CCM)
was used to culture MO3.13 cells. The results showed that
MO3.13 cell viability and maturation decreased under Cu-
BV2 CCM treatment, and the protein expression levels of
MAG and MBP were decreased. These effects were res-
cued with ATTM treatment (Fig. 1H-J, Supplementary
Fig. 1A,B). The results demonstrated that copper can in-
duce indirect damage to myelin cells through activation of
microglia.

3.2 Copper Promotes Inflammatory Responses by
Regulating the Polarization of Microglia towards the M1
Phenotype

Next, we were interested in determining how copper
induces microglia-mediated cellular damage. First, BV2
cells were exposed to copper for 24 h, followed by light
microscopy to visualize their morphology. We found that
microglia were significantly activated after 24 h of copper
exposure, as we observed marked changes in the morphol-
ogy of BV2 cells, transitioning from a resting state with
short cell bodies and elongated branches to an activated
state with swollen cell bodies, narrow shapes, and shorter
branches (Fig. 2A). Subsequently, qPCR analysis revealed
significant increases in the gene expression of microglial
activation markers cluster of differentiation 68 (Cd68) and
(Cd45) under copper exposure (Fig. 2B,C), confirming the
activation of microglia. Given that microglial activation
can be categorized into pro-inflammatory M1 and anti-
inflammatory M2 phenotypes, we next investigated the
phenotypic changes. As shown in Fig. 2D-I, qPCR analysis
revealed the significant upregulation of mRNA expression
of M1-related markers (7Tnf-c, prostaglandin-endoperoxide
synthase 2 [Ptgs?2], interleukin 6 [//-6]) and downregulation
of M2-related markers (transforming growth factor beta
[Tgf-p], arginase 1 [Arg-1], insulin-like growth factor 1
[Zgf-1]) after 24 h of copper exposure, indicating a shift to-
wards the M1 phenotype in microglia following copper ex-
posure. Consistently, expression of the pro-inflammatory
cytokine (7nf-) in microglial cultures increased under cop-
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Fig. 1. Imbalance in copper homeostasis of microglia can cause neurotoxicity, resulting in indirect damage to myelin sheath cells.
(A) Detection of BV2 cell viability treated with different concentrations of copper using the CCK-8 method. (B) Cu content in BV2

cells after 24-hour copper exposure. (C,D) Changes in BV2 cell viability and Cu content in cells under copper exposure after overnight
ATTM pretreatment. (E,F) gPCR analysis of the mRNA levels of Ctrl and Dmtl in copper-treated BV2 cells after overnight ATTM
pretreatment. (G) Detection of MO3.13 cell viability treated with different concentrations of copper using the CCK-8 method. (H-J)

Changes in myelin sheath cell damage after CCM treatment following overnight ATTM pretreatment. Diameter =40 mm. All experiments

were independently repeated at least three times. Pairwise #-test analysis of data was performed using GraphPad Prism. Quantitative
results were shown as mean + SEM. *p < 0.05, ***p < 0.001. CCK-8, Cell Counting Kit-8; ATTM, ammonium tetrathiomolybdate;
qPCR, quantitative polymerase chain reaction; CCM, culture conditioned medium; SEM, standard error of the mean; N.C., negative

control; MBP, myelin basic protein; MAG, myelin-associated glycoprotein.

per stimulation (Fig. 2K), with Tnf-« being a key inflam-
matory factor contributing to myelin damage in MS [54].
Importantly, ATTM treatment reversed these phenomena,
promoting the transition of microglia from the M1 to M2
phenotype. These results demonstrate that copper promotes
inflammatory responses by regulating the polarization of
microglia towards the M1 phenotype.

3.3 Imbalances in Intracellular Copper Homeostasis
Trigger Foam Cell Formation in Microglia, Contributing
to Myelin Damage

Previous studies have shown that microglia in MS
phagocytose myelin debris, leading to the formation of
foam cells [5,6]. However, our study found that the transi-
tion of microglia into foam cells could be induced solely by

&% IMR Press


https://www.imrpress.com

-y /
nY:
7 3\ ) | 7
s
470 7
#, ":
L '
.
3
L
Control Cu
D E
c c
2 o
2 23 @
o o o
5520 *kk 82
w X905 QX9
|5°°.°2 =00
- -
2%s 2o
8 T ke k]
Q [T}
© ©
0
N.C. Cu Cu+ATTM
G H
*kk
c [
2 o
2 = ?
=
_2a032 9y
»E3 % I%3
2300 % o o
<owT 24w
>°% >°
s <1 2
X} Kol
Q [
© ¢
0
Cu Cu+ATTM
J ..
o5
%5
55
gE@
£2¢
g2
@ 3
2
£3
%ﬁ)
s

Blank

(fold of Cu)

(fold of Cu)

(fold of Cu)

3 Hkek
c c
o k)
0,92 o
0522 052
© X 0w S x0
T30 T oo
OCos3 Coy
> 3 >
g & i
& &
T
N.C. Cu
25 F 3
c
2.0 K]
2 =~
o 32
15 w520
25858
1.0 [
£%¢,
3
. ]
0.5 2
0.0 0
Cu+ATTM
1.5 ke 2.0
c
k3
a 15
S
1.0 ngﬂo
X8G40
o0 O E
o2
>2°%
0.5 2°¢g
& 0.5
©
['4
0.0 r 0.0
Cu Cu+ATTM
3
2
Cu Cu+ATTM

MDA

Relative level expression

of the cells

(fold of Cu)

(fold of N.C.)

4 ol o o »
o ° o o
T [ S E—

*kk

N.C.

N.C.

N.C.

Cu+ATTM

%%k

Cu+ATTM

Cu Cu+ATTM

Fig. 2. Microglia promote inflammatory expression through foam cell formation under copper stimulation. (A) Morphological
observation of BV2 cells after 24 h of copper treatment. Scale bar = 100 um. (B,C) qPCR analysis of BV2 cell activation after copper
treatment (changes in mRNA levels of Cd68 and Cd45). (D-I) Changes in mRNA expression of M1 (7nf-a, 1I-6, Ptgs2) and M2 (4rg-1,
Igf-1, Tgf-53) related markers in BV2 cells exposed to copper after overnight ATTM pretreatment. (J) Elisa analysis of pro-inflammatory

cytokine (Tnf-«x) secretion by BV2 cells after copper treatment with overnight ATTM pretreatment. (K) Oil Red O staining reflects that

ATTM pretreatment can reduce copper-induced lipid droplet deposition in BV2 cells. Scale bar =100 pm. (L) Detection of MDA content

in BV2 cells after 24 h of copper and ATTM treatment. All experiments were independently repeated at least three times. Pairwise 7-test

analysis of data was performed using GraphPad Prism. Quantitative results were shown as mean + SEM. ***p < 0.001. Tnf-c, tumor

necrosis factor alpha; I1-6, interleukin 6; Ptgs2, prostaglandin-endoperoxide synthase 2; Arg-1, arginase 1; Igf-1, insulin-like growth

factor 1; Tgf-/3, transforming growth factor beta; MDA, malondialdehyde.

copper exposure. We hypothesize that imbalances in intra-
cellular copper homeostasis may trigger inflammatory foam
cell formation in microglia, contributing to myelin dam-
age. To verify this assumption, we first treated cells with
ATTM, which significantly inhibited foam cell formation

&¥ IMR Press

and reduced lipid oxidation levels (Fig. 2J-L). These re-
sults demonstrate that under copper stimulation, microglia
promote inflammatory expression through foam cell forma-
tion. Next, to confirm the regulatory role of lipid oxidation,
we conducted reverse validation using the lipid oxidation
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inhibitor Fer-1. We found that Fer-1 treatment significantly
reduced lipid oxidation levels in microglia and effectively
controlled foam cell formation (Fig. 3A,B). Additionally,
Fer-1 promoted M2 polarization in microglia (7Tnf-c, Ptgs2,
11-6 mRNA expression was downregulated, and Tgf-53, Arg-
1, Igf~1 mRNA expression was upregulated) (Fig. 3C-I)
and effectively mitigated the immune damage to MO3.13
cells under copper exposure (Fig. 3J,K). In addition, the de-
creased protein expression levels of MAG and MBP were
increased (Fig. 3L, Supplementary Fig. 1C,D). These re-
sults showed that the decreased cell viability and matura-
tion of MO3.13 cells were restored. In summary, copper
promotes foam cell formation in microglia, activating M1
polarization, which indirectly causes myelin cell damage.

3.4 Copper Promotes Pro-inflammatory Microglia and
Foamy Cell Formation via the MAPK Signaling Pathway

To investigate the underlying mechanisms in the
aforementioned studies, based on previous work [52], we
examined the MAPK signaling pathway. Western blot anal-
ysis revealed that copper upregulated the total protein lev-
els of extracellular signal-regulated kinase (ERK), c-Jun N-
terminal kinase (JNK), and p38 and promoted their phos-
phorylation (Fig. 4A). The results showed that the MAPK
signaling pathway was activated under copper stimulation.
However, under ATTM and Fer-1 treatment, only the to-
tal protein levels and phosphorylation levels of p38 were
consistently and effectively inhibited compared to copper
exposure alone, whereas the expression trends of ERK1,
ERK2, JNKI1, and JNK2 were inconsistent and unstable
in three independent experiments (Fig. 4B,C). Addition-
ally, this finding is in line with our previous research [52].
Therefore, we selected p38 for further research. Subse-
quently, we repeated the experiments using the p38 in-
hibitor SB203580. We found that similar to ATTM and
Fer-1 treatment, SB203580 also reversed MO3.13 cell dam-
age (increased cell viability and restored cell maturation of
MO3.13 cells) by promoting microglia polarization from
M1 to M2 (Fig. 4D-L). In addition, the decreased pro-
tein expression levels of MAG and MBP were reversed
(Fig. 4M, Supplementary Fig. 1E,F). Furthermore, the re-
sults of Oil Red O staining and MDA detection showed that
SB203580 pretreatment mitigated copper-induced lipid ac-
cumulation and oxidation (Fig. 4N,0). Together, these re-
sults suggest that copper may interfere with the p38 MAPK
signaling pathway, characterized by p38 phosphorylation,
participating in microglia-mediated foam cell formation
and subsequent inflammatory responses.

3.5 Scutellarin Attenuates Pro-inflammatory Foam Cell
Formation and Facilitates M2 Polarization via
Suppression of the MAPK Signaling Pathway

Based on previous experimental evidence of scutel-
larin regulating MS, oxidative stress, and MAPK signal-
ing pathways [52,53], we further investigated the effects of
scutellarin on MAPK signaling pathway-mediated inflam-

matory foam cell transformation in microglia under copper
stimulation. Cytotoxicity was evaluated by the CCK-8 as-
say, which showed that scutellarin had no significant ef-
fect on the viability of BV2 cells. In addition, cell viability
was significantly increased at a scutellarin concentration of
20 uM/mL (Supplementary Fig. 2). Indeed, consistent
with the aforementioned results, under copper exposure,
scutellarin reduced the phosphorylation level of intracel-
lular p38 in microglia (Fig. 5A). However, the expression
trend of ERK and JNK in three independent experiments
showed inconsistent and unstable results. After scutellarin
treatment, the phosphorylation level of ERK was mostly in-
creased, whereas the phosphorylation level of JNK tended
to be unchanged. Additionally, as indicated by Oil Red O
staining and MDA detection, scutellarin eliminated abnor-
mal foam cell transformation and lipid oxidation, thereby
significantly reducing the inhibition of BV2 cell viability
by copper (Fig. 5B,C) and the indirect damage to MO3.13
cells (increased cell viability and restored cell maturation of
MO3.13 cells) (Fig. SK,L). In addition, the decreased pro-
tein expression levels of MAG and MBP were increased
(Fig. 5M, Supplementary Fig. 1G,H). In particular, our
data analysis showed that scutellarin significantly reversed
the M1 polarization in microglia, promoted the expression
of M2-related biomarkers (7T¢f-f3, Arg-1, Igf-1), and inhib-
ited secretion of the inflammatory factor TNF-« (Fig. SD—
J). These findings are consistent with our previous research
results in MS animal models [52].

4. Discussion

Neurological diseases have significantly impacted hu-
man health and social development. MS is an autoimmune
disease that affects the CNS. The main pathological feature
of this disease is the production of demyelination [1,2]. MS
has many possible causes, one of which is damage to oligo-
dendrocytes caused by inflammatory mediators produced
by microglia [3-6].

Humans may unintentionally come into contact with
metals in their daily lives, and an imbalance in metal home-
ostasis may lead to the occurrence and development of MS
[18]. Copper is a widely used metal contaminant in various
industries that can easily pollute the environment. Environ-
mental investigations have shown that copper is one of the
risk factors for the development of MS [19-23]; however,
it remains unclear how copper exposure causes MS, and it
is even less clear how copper directly affects microglia in
MS. Therefore, we investigated the effects of copper on mi-
croglia in MS as our research direction, and found that neu-
roinflammation triggered by imbalanced copper levels can
cause demyelination.

Previous studies on copper in MS have mainly focused
on environmental investigations, clinical samples, and de-
tection of copper content in animal models. However, there
is no clear evidence confirming whether copper can acti-
vate microglia and damage myelin cells. In this study, we

&% IMR Press


https://www.imrpress.com

MDA
Relative level expression
of the cells
(fold of Cu)
i

4 Fekk e
0=
N.C. Cu Cu+Fer-1
C 4 D 3+ E 3
s s 8
g =3 2 = 2 =
8 P £237 " P
v 3 3 w T w
2L 2533 EH
£°%g 2°3 1 * 2°%8,4 ki ek
=, Kk kk z < £ £
) g sk 2
o-
N.C. Cu Cu+Fer-1 N.C. Cu Cu+Fer-1 N.C. Cu Cu+Fer-1
F 2.0 G 4 H *oke
Hkk
5 Fekk 5 s
o 159 B 31 .
_2ad ] 2,310
2T e T 2T oy 235
2352107 %585 2 5585
< o 53 —0s2 Fog 2
2 & 2 £ 2 Los
Kt 0.5+ &2 1 K]
Q Q [}
© 4 4
0. T T 0.0
Cu+Fer-1 Cu+Fer-1 Cu+Fer-1
g S
8
g 4
2=~
s Sa 33
£oes
222,
3352 *kk
238
= Fekek
=0 1
o
s 2
s
N.C. Cu Cu+Fer-1
K 15 PR Cu-BV2-
- u- .
= L N, CuBY2 T
o cCcM
>0
*kk
Zg 10 MAG — —
£ *kk
> 3
>0
3% 05
]
S MBP (s s o
°
-
~ 0.0
& & 00\* B-actin b N
o N
'
[ \\‘VQ
L
9

Fig. 3. Lipid oxidation inhibitors have a protective effect on copper-induced neuroinflammation. (A) Oil Red O staining analysis
of copper-induced lipid droplet deposition in BV2 cells under Fer-1 pretreatment. Scale bar = 100 pm. (B) Detection of MDA content
in BV2 cells after 24 hours of copper and Fer-1 treatment. (C—H) Changes in mRNA expression of M1 (7nf-a, 1I-6, Ptgs2) and M2
(Arg-1, Igf-1, Tgf-p) related markers in BV2 cells exposed to copper after overnight Fer-1 pretreatment. (I) Elisa analysis of copper-
induced proinflammatory cytokine (Tnf-a) secretion by BV2 cells after overnight Fer-1 pretreatment. (J-L) Fer-1 pretreatment can
reduce myelin cell damage induced by CCM. Diameter = 40 mm. All experiments were independently repeated at least three times.
Pairwise ¢-test analysis of data was performed using GraphPad Prism. Quantitative results were shown as mean + SEM. **p < 0.01,
**%p < 0.001. Fer-1, ferrostatin-1.

employed a conditioned media co-culture method to inves- from microglia exposed to copper could damage the cell vi-
tigate the cytotoxicity of microglia towards myelin cells. ability and maturity of oligodendrocytes (Fig. 3G,H).
Under the premise of excluding the direct effects of cop- The aforementioned findings raise new questions such

per on myelin cells, we found that the supernatant collected 35 does an imbalance in copper homeostasis cause dam-
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MAPKSs, mitogen-activated protein kinases.
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analyzed by Western Blot after pretreatment with Scutellarin. (B,C) Lipid droplet deposition and lipid oxidation in copper-induced BV2
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age to myelin cells and then trigger an inflammatory re-
sponse in microglia, thereby promoting the development of
MS? Similar to previous research hypotheses [55], in the
early stages of copper homeostasis disorder, copper may
first directly cause oligodendrocyte death, leading to de-
myelination. Then in such circumstances where oligoden-
drocytes are damaged, microglia may be activated through
the release of activating factors, mediating an immune re-
sponse that exacerbates the occurrence and development
of demyelination. Additionally, copper may also induce
innate immune responses. When excessive copper is in-
gested, innate immune cells such as microglia are activated,
which then induces damage to oligodendrocytes. Impor-
tantly, these mechanisms are likely to occur simultaneously.
Therefore, future research is necessary.

Copper indirectly damages myelin cells by promoting
the formation of foam cells in microglia and activating M1
polarization. The involvement of foam cells in the occur-
rence and development of MS has been reported. Although
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foam cells mainly function to repair myelin damage, in-
flammatory phenotype activation and neurological injury of
foam cells have also been observed in MS [3,8—12]. Previ-
ous studies have shown that microglia form foam cells by
phagocytosing myelin debris, which exacerbates the pro-
gression of MS [5,6]. However, our experimental results
indicate that the imbalance in intracellular copper home-
ostasis can directly cause the formation of inflammatory
foam cells in microglia, leading to myelin damage. Fur-
thermore, there have been no reports on the involvement
of copper exposure in the formation of foam cells in mi-
croglia of the CNS. Accordingly, we propose a scientific
hypothesis, namely, that high levels of copper exposure in
the cellular microenvironment cause an imbalance in cop-
per homeostasis in microglia, leading to the formation of
inflammatory foam cells and resulting in myelin damage in
vitro.

Differences in research results may be due to varia-
tions in cell models, cell culture environments, media, and
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other factors. In this study, we determined that copper
can directly mediate the transformation of proinflammatory
foam cells in the BV2 cell model (Fig. 2). The inhibition of
copper chelator ATTM and lipid oxidation inhibitor Fer-1
confirms the relevance of this discovery (Figs. 2,3). Addi-
tionally, Fer-1 promotes M2 polarization of microglia and
effectively alleviates the immune damage caused by copper
exposure to MO3.13 cells (Fig. 3). Therefore, copper is a
poor prognostic marker for MS, which is complementary
to our observations in environmental, clinical, and animal
models.

The formation of copper-induced inflammatory foam
cells is achieved by targeting the MAPK signaling path-
way. Since the hypothesis that demyelination can be altered
by the interaction between copper and microglia to form
foam cells has not been studied, as mechanistic evidence,
we chose and identified an effective mechanism to support
this hypothesis. Based on previous experimental results and
literature review, we selected the MAPK signaling pathway
and conducted mechanistic validation. Although the pro-
moting function of the MAPK signaling pathway in MS has
been reported, and treatment with copper chelators has been
shown to alleviate demyelination in the experimental au-
toimmune encephalomyelitis mouse model [56,57], before
this study, targeting MAPKs by copper in microglia had not
been reported from a positive perspective. The results in-
dicate that copper stimulation can activate phosphorylation
of the MAPK signaling pathway. However, only the to-
tal protein and phosphorylation levels of p38 were stably
and effectively inhibited under the treatment of ATTM and
Fer-1 (Fig. 4A—C). Therefore, we chose p38 as the main
research direction. The p38 inhibitor SB203580 promoted
the conversion of microglia to an anti-inflammatory phe-
notype (Fig. 4D-J), thereby alleviating damage to myelin
cells (Fig. 4K,L) and reducing fat accumulation and lipid
oxidation (Fig. 4M,N). Overall, we demonstrate that cop-
per mediates the transformation of foam cells and immune
responses in microglia by targeting the p38 MAPK sig-
naling pathway. The comprehensive mechanism of the
copper-p38 MAPK-foam cell-lipid oxidation-immune re-
sponse axis deserves further investigation, but it is beyond
the scope of the current study.

It has been reported that cuprizone (CPZ)-induced de-
myelination in the mouse brain may not be dependent on
copper chelation, but rather is caused by CPZ+copper com-
plexes [54]. In BV2 cells treated with CPZ+copper com-
plexes, cell viability was significantly decreased, while the
marker of copper-induced cell death, Fdx1, increased. This
phenomenon can be alleviated by copper chelators ATTM
and BCS (data not shown). Future research is needed to in-
vestigate the role of CPZ in regulating copper-induced cell
death in MS.

Scutellarin is a flavonoid activity extracted from the
traditional Chinese medicine herb Erigeron breviscapus
Hand-Mazz from Yunnan Province, China. In the last cen-
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tury, scutellarin has been widely used in clinical practice,
mainly to treat cardiovascular and cerebrovascular diseases
and degenerative diseases of the nervous system [47-51].
After entering the brain, scutellarin is widely distributed,
thus playing a protective role. Scutellarin can reduce vas-
cular resistance, increase blood—brain barrier (BBB) perme-
ability, and improve the microenvironment of brain tissue
[58]. The possible protective effects of scutellarin against
cerebral infarction and Alzheimer’s disease have been stud-
ied. Scutellarin was shown to penetrate the BBB, reduce
nitric oxide release in brain tissue, and reduce cerebellar in-
farct size in cerebral infarction [50]. In addition, scutellarin
can inhibit the production and deposition of amyloid beta
(Ap) and protect neurons from AS toxicity and oxidative
stress, thereby alleviating the neurological dysfunction in
Alzheimer’s disease [59]. Because scutellarin can pass the
BBB and has therapeutic effects on CNS diseases, we chose
scutellarin as our research direction. Previous studies by
our group [52] and Ying et al. [53] have demonstrated the
therapeutic effects of scutellarin on different animal models
of MS.

Furthermore, studies have shown that scutellarin pro-
motes M2 polarization by inhibiting phosphorylation of
the p38 signaling pathway. Treatment with a p38 MAPK
inhibitor suppresses the expression level of phosphory-
lated p38 protein and decreases the expression of pro-
inflammatory mediators in BV2 microglia, while increasing
the expression of anti-inflammatory mediators. However,
treatment with p38 MAPK activators increases the expres-
sion of proinflammatory mediators, and reduces the expres-
sion of anti-inflammatory mediators. This trend is consis-
tent with the expression of microglia after scutellarin treat-
ment [47—49]. There is no clear report on how this drug
treats neuroinflammation induced by the foam cell pheno-
type of microglia. In this study, we demonstrate for the first
time that scutellarin can inhibit myelin damage caused by
abnormal activation of microglia by reducing the formation
of inflammatory foam cells. This is crucial for the treatment
and repair of neurological damage in MS.

Finally, since our study mainly focused on in vitro ex-
periments, the next step of our research is to conduct in vivo
experiments based on the in vitro data. Although scutel-
larin is soluble in saline, its structure is hydrophobic. Thus,
because of its physical properties, scutellarin has very low
absorption, low bioavailability, and does not easily cross
the BBB. The same is true for the physical properties of its
analogue baicalin. However, they do have significant thera-
peutic effects on neurological disorders. Therefore, how to
better solve the problems of extremely low absorption, low
bioavailability, and difficult passage of scutellarin through
the BBB will be our next concern.

In summary, the results of this study showed that cop-
per exposure induces an increase in the lipid uptake ca-
pacity of microglia, followed by activation towards the
M1 pro-inflammatory phenotype, which promote the pro-
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gression of MS, all of which may be mediated by p38
MAPK phosphorylation. This phenomenon could be re-
versed by treatment with scutellarin. Scutellarin targets mi-
croglia and is expected to be an effective treatment for de-
myelinating diseases. Therefore, inhibiting abnormal ac-
tivation of microglia through scutellarin is crucial for un-
derstanding the pathogenesis and repair therapy of MS.
Importantly, this study indicates the possibility of target-
ing pro-inflammatory foam cells as a therapeutic target for
microglia-mediated neuroinflammation. However, there is
a lack of in vivo evidence in this study. In addition, the spe-
cific connections among copper, foam cells, and neuroin-
flammation underlying the mechanism of action of scutel-
larin need to be further studied and explored. Therefore, in
vivo experiments and further elucidation of the mechanism
of action of scutellarin will provide insights into future clin-
ical applications of scutellarin.

5. Conclusion

Our study found that copper can induce the activation
of copper homeostasis imbalance in microglia, thereby se-
creting TNF-« and causing indirect damage to myelin cells.
In addition, the activation of microglia may be related to
copper-induced foam cell formation and further activation
of the p38 MAPK pathway. Finally, with the treatment of
scutellarin, the active promotion of copper on M1 polariza-
tion, lipid deposition and lipid oxidation of microglia were
inhibited via the p38 MAPK signaling pathway, thus allevi-
ating the sustained release of inflammation. However, the
therapeutic effects of scutellarin in vivo need to be further
studied.
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