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Abstract

Short-chain fatty acids (SCFAs) are known to be actively involved in neurological diseases, but their roles in hypoxic-
ischaemic brain injury (HIBI) are unclear. In this study, a rat model of HIBI was established, and this study measured the
changes in IL-6 and NOD-like receptor thermal protein domain associated protein 3 (NLRP3), in addition to proliferation and
apoptosis indicators of oligodendrocyte precursor cells (OPCs). The mechanism of action of SCFA on astrocytes was also
investigated. Astrocytes were subjected to hypoxia in vitro, and OPCs were treated with IL-6. The results showed that SCFAs
significantly alleviated HIBI-induced activation of astrocytes and loss of OPCs. SCFA pretreatment (1) downregulated the
expression of NLRP3, IL-6, CCL2, and IP-10; (2) had no effect on the proliferation of OPCs; (3) ameliorated the abnormal
expression of Bax and Bcl-2; and (4) regulated IL-6 expression via the SGK1-related pathway in astrocytes. Our findings
revealed that SCFAs alleviated the loss of OPCs by regulating astrocyte activation through the SGK1/IL-6 signalling pathway.
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OLs Oligodendrocytes

OPCs Oligodendrocyte progenitor cells
SCFAs  Short-chain fatty acid

OGD Oxygen-glucose deprivation

PBS Phosphate-buffered saline
FBS Foetal bovine serum
Introduction

Stroke is often associated with a poor neurological progno-
sis, and hypoxic-ischaemic brain injury (HIBI) is the main
mechanism underlying this effect [1]. Axonal demyelination
and neuroinflammation are important features of HIBI [2—4].
The adult brain contains a large population of oligodendro-
cyte progenitor cells (OPCs), which affect myelination and
astrocyte-related neuroinflammation. Our previous study
showed that HIBI results in axonal demyelination [3, 5-7],
but the relationship between astrocytes and OPCs is unclear.
Activation of astrocytes may be involved in OPC injury.
Recent studies have shown that activated astrocytes
secrete inflammatory factors and chemokines that are
involved in the regulation of neuroinflammation and that reg-
ulating astrocyte overactivation is a promising strategy for
the treatment of HIBI [8, 9]. The NOD-like receptor thermal
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protein domain associated protein 3 (NLRP3) inflammasome
is one of the best studied and characterized inflammasomes
due to its unique response to a wide diversity of stimuli.
NLRP3 has been suggested to play a role in a variety of
disorders, and its over-activation may lead to severe impair-
ments (i.e., cell swelling, tissue damage, internal bleeding
and respiratory disablement) [10, 11]. These effects are
mediated by caspase-1 activation and secretion of IL-1f,
which ultimately triggers the pathophysiological changes of
OPCs [3]. There is evidence that IL-1 leads to the increase
of IL-6 in inflammatory states, and the latter cytokine may
also be involved in NLRP3 mediated OPCS injury. However,
the specific mechanism is not clear [12].

Recent studies have highlighted the important effects
of natural products on brain diseases. Increasing evidence
shows that short-chain fatty acids (SCFAs) are closely
related to a variety of brain diseases. SCFAs, including ace-
tate, propionate and butyrate, are produced by the metabo-
lism of dietary fibre by intestinal flora. SCFAs can migrate
from the intestine to the brain, play a variety of roles and
regulate the function of the central nervous system [3, 13].
However, the mechanism by which SCFAs regulate neuroin-
flammation and OPC loss remains unclear and may involve
astrocyte activation. Serum and glucocorticoid-induced
protein kinase 1 (SGK1) is a protein kinase that is involved
in cell metabolism [14], but the role of SGK1 in astrocyte
activation is not clear. Whether SCFAs increase the acti-
vation of astrocytes during HIBI through the regulation of
the SGK1 signalling pathway is unclear. The present study
aims to explore the molecular mechanism of astrocyte acti-
vation after treatment with SCFAs in the context of HIBI
and to provide a scientific theoretical basis for the treatment
of HIBI.

Materials and Methods
Animals and Study Design

The animals were purchased from Jihui Experimental Ani-
mal Breeding Co., Ltd. (Shanghai, China). A total of 100
male SD rats weighing 200-250 g were selected. Pentobar-
bital (30 mg/kg) was injected intraperitoneally, and anaes-
thesia induction time was 20 min. In this study, animals were
divided into the following groups: (1) the sham operation
group, (2) the bilateral common carotid artery occlusion
(BCCAO) group (two vessel occlusion, 2VO; data collec-
tion was stopped if an animal died prematurely), and (3) the
SCFA (3:1:1 acetate: propionate: butyrate, 500 mg/kg, intra-
gastric administration for 7 d before BCCAO) + BCCAO
group. The rats were fed under normal oxygen conditions
for 1, 3 and 7 d before sacrifice. The animals were eutha-
nized via cervical dislocation. The animal treatment and

experimental protocols were approved by the Shanghai
Municipal Commission for Animal Protection and Use.

To assess the effect of SCFAs (lentivirus injection via
the caudal vein) on astrocyte activation via SGK1, rats were
divided into the sham operation group, BCCAO group,
BCCAO + SCFA group, BCCAO + SCFA + SGK1 over-
expression group, BCCAO + SCFA +5i-SGK1 group, and
SCFA group. The rats were fed under normal oxygen condi-
tions for 1 d and then sacrificed.

Primary Culture of Astrocytes and Oligodendrocytes
(OLs)

Cells were cultured as described in the literature [3]. Briefly,
mixed cells were isolated from 1-day-old SD rats. The cells
were mixed for 10 d and then rotated at 180 RPM and
36.5 °C for 1 h to remove OPCs and microglia. The cells
were maintained under normal conditions for 24 h and then
subjected to different treatments. In this study, astrocytes
with a purity of more than 90% were cultured. The purified
OPCs were cultured in OPC medium (OPCM, proliferation
medium) (ScienCell Research Laboratories, USA, Cat. No.
1601) for 1 d in 5% carbon dioxide (CO,) and 95% air at
37 °C.

Treatment of OPCs and Astrocytes

The effect of SCFAs on OPCs under oxygen—glucose depri-
vation (OGD) conditions were explored. In the OGD study,
glucose-deprived DMEM (GD-DMEM) was incubated in
1% oxygen 94% N,/5% CO, in a tri-gas incubator (Astec,
Japan) overnight to obtain OGD-DMEM. The next day, the
cells were rinsed with GD-DMEM rather than OPCM and
incubated with OPCs in OGD-DMEM for 1 d [15].

The cells were divided into the following groups: the con-
trol group, OGD group, and OGD + 40 nmol/L. SCFA group.

To explore the effect of IL-6 on OLs, the following
groups were used: the control group, 20 ng/ml IL-6 group,
20 ng/ml IL-6 420 ng/ml IL-6 antagonist (IL-6Ra) (sari-
lumab) group, and 20 ng/ml IL-6Ra group.

To determine the effect of SCFAs on NLRP3, IL-6,
CCL2, and IP-10 levels in astrocytes, astrocytes were
divided into the following groups: the control group, the
OGD group, the OGD 440 nmol/L. SCFA group, and the
40 nmol/L SCFA group. In the OGD study, GD-DMEM was
incubated in 1% oxygen 94% N2/5% CO2 in a tri-gas incuba-
tor (Astec, Japan) overnight to generate OGD-DMEM. The
next day, astrocytes were rinsed with GD-DMEM and then
incubated in OGD-DMEM for 1 h [1].

To assess the effect of SCFAs on SGKI1 levels in astro-
cytes, cells were divided into the following groups: the
control group, OGD group, OGD +40 nmol/L SCFA
group, OGD +40 nmol/L. SCFA + SGK1 group, and

@ Springer



3478

Neurochemical Research (2022) 47:3476-3489

OGD +40 nmol/LL SCFA +5i-SGK1 group (the transfection
method is described in Ref. [6]).

To analyze whether SCFAs affect IL-6 levels via
the SGKI1 signalling pathway, cells were divided into
the following groups: the control group, OGD group,
OGD + 40 nmol/L SCFA group, OGD +40 nmol/L
SCFA + SGK1 group, OGD +40 nmol/L SCFA +5i-SGK1
group, and SCFA group.

In Vivo Lentivirus Transfection

A U6-sh-SGK1-CMV-GFP lentiviral vector, which was
used to silence SGK1 expression and a Ub-overexpression-
SGK1-CMV-GFP lentiviral vector, which was used to
increase SGK1 expression, were constructed by GeneChem
(Shanghai, China). The titres were 1 X 10° TU/ml, and 10 ul
lentivirus was injected into rats in the appropriate groups
via the caudal vein.

Plasmid Transfection

The SGK1 overexpression gene or sh-SGK1 was introduced
into the pEGFP vector to silence the SGK1 gene after OGD
exposure. Plasmids containing 4 ug DNA were dissolved in
240 pL of serum-free Opti-MEM. A total of 10 pL Lipo-
fectamine 2000 (Life, 11,668,027) was dissolved in 240 uL
serum-free Opti-MEM mixed with the plasmid solution in
a tube for 20 min at room temperature. Astrocytes were cul-
tured in a six-well plate and incubated under OGD condi-
tions for 1 h. Western blot analysis was then carried out as
described below.

Western Blotting

Proteins were extracted from cerebral cortex tissues or
primary astrocytes using a protein extraction kit (Pierce
Biotechnology Inc., IL) according to the manufacturer’s
protocol. The protein concentration in the supernatants
was determined by a BCA Protein Assay Kit (Beyotime
Biotechnology). Supernatant samples containing 50 pg of
protein were heated to 95 °C for 10 min and separated
by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis on a 10% gel in a Mini-Protein three apparatus
(Bio-Rad Laboratories, Hercules, CA). The proteins were
electroblotted onto 0.45 pm polyvinylidene difluoride
membranes (Bio-Rad) at 1.5 mA/cm? of membrane for
1 h in Towbin buffer (pH 8.3) mixed with 20% metha-
nol [volume/volume (v/v)]. After transfer, the membranes
were blocked with 5% (mass/vol) non-fat dried milk in
Tris-buffered saline containing 0.05% Tween 20 (TBST)
[0.05% (v/v) Tween-20 in 20 mmol/L (mm) Tris—HCI
buffer (pH 7.6) containing 137 mm sodium chloride] for
1 h and then incubated with primary antibodies according
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to the manufacturer’s recommendations. IL-6 protein
levels were determined by western blotting as described
previously [3]. The following primary antibodies were
used: IL-6 (1:1,000, Bosterm, China), NLRP3 (1:1,000,
CST; USA), IL-6 receptor (IL-6R) (1:1,000, Santa Cruz,
USA), Bax (1:1,000, Santa Cruz, USA); Bcl-2 (1:1,000,
Santa Cruz, USA), PCNA (1:1,000, Santa Cruz, USA),
Ki-67 (1:1,000, Santa Cruz, USA), GFAP (1:1,000), CCL2
(1:1,000), IP-10 (1:1,000) and B-actin (1:1,000) (all from
Cell Signalling Technology). After washing with TBST
three times, the cell membrane was incubated with HRP
for 1 h. Then, immunoluminescence was performed.

Double Immunofluorescence

Samples from each group were incubated with antibodies
against IL-6 (1:100) and GFAP (1:100) and IL-6R (1:100).
To assess the apoptosis and proliferation of OPCs, cells were
incubated with anti-cleaved caspase-3 (1:100) and anti-BrdU
(1:100) antibodies as described previously [6]. A total of
eight randomly selected microscopic fields (each with area
of 4.5 mm?) from each section were analyzed at 40 x Cells
with an NG2-positive (green) body and a cleaved Caspase-3
(red)- or BrdU (red)-positive nucleus were counted as apop-
totic or proliferating OPCs, and the number of apoptotic or
proliferating OPCs was divided by the total number of NG2-
positive cells. Cells that emitted green fluorescence only
were counted as nonapoptotic or nonproliferative OPCs. The
total number and percentage of apoptotic and proliferative
OPCs were calculated and averaged. Cells were incubated
with an anti-NG2 or anti-PDGFR-a (1:100) antibody over-
night at 4 °C followed by secondary antibody and observed
under a fluoroscope. The cells were then incubated with
an Alexa Fluor 555-conjugated goat anti-rabbit secondary
antibody (1:100, Life, Cat. No. A-21428) and FITC-conju-
gated goat anti-mouse secondary antibody (1:100 Chemicon
International, Cat. No. AP130F) for 1 h. Finally, the cells
were counterstained with DAPI and examined under a fluo-
rescence microscope (Olympus System Microscope Model
BX53, Olympus Company Pte, Tokyo, Japan).

Electron Microscopy

The animals were perfused with 0.1 M phosphate buffer
containing a mixture of 2% paraformaldehyde and 3% glu-
taraldehyde. Then, the brains were removed, and coronal
sections (approximately 1 mm thick) were cut. The sections
were then fixed in 1% osmium tetroxide for 2 h, dehydrated,
and subsequently processed. Ultrathin sections were cut and
observed under an electron microscope (FEI Corporation,
Hillsboro, OR).
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Statistical Analysis

All data were evaluated using SPSS 13.0. The data are
expressed as the mean + standard deviation. Univari-
ate data with homogeneity of variance were compared
between four groups by analysis of variance (ANOVA).
In addition, Welch’s ANOVA was used for analysis. If the
data had homogeneity of variance, the least significant dif-
ference (LSD) method was used for multiple comparisons.
P <0.05 was considered statistically significant.

Results
IL-6 and NLRP3 Expression Levels In Vivo

In the corpus callosum (CC), IL-6 expression levels
were measured (Fig. 1A-J). IL-6 immunoreactivity was
higher in the BCCAO groups (Fig. 1D-F) than in the con-
trol group (Fig. 1A-C). However, SCFAs decreased the
expression of IL-6 (Fig. 1G—I). The number of positive
cells is shown in K. The immunoreactive bands of NLRP3
and IL-6, which appeared at approximately 62 and 23 kDa,
respectively (Fig. 1L), increased significantly in optical
density at 1 day after BCCAO when compared with the
controls. This effect was significantly inhibited in the pres-
ence of SCFAs (Fig. 1)M and N.

OPC Apoptosis in the CC

After BCCAO, an increase in cleaved caspase-3 levels was
observed (Fig. 2A-J). Cleaved caspase-3 levels in the CC
were increased in the BCCAO group (Fig. 2D-F) com-
pared to the control group (2A-2C) 1 d after surgery. These
changes were reversed by SCFA treatment (Fig. 2G-J).
The observed trend in Bax immunoreactivity was iden-
tical to that revealed by double immunofluorescence
(Fig. 2K-L), and the trend in the expression of bcl-2 was
opposite that in the expression of Bax (Fig. 2K-M).

OPC Proliferation in the Cc

The number of PDGFR-a + OPCs was significantly
decreased in the BCCAO group (Fig. 3D-F) compared
with the control group (Fig. 3A-C). However, SCFAs had
no effect on the number of BrdU + OPCs (Fig. 3G-J). The
observed trends in the protein expression of PCNA and
Ki-67 were identical those revealed by double immunoflu-
orescence, and SCFAs had no effect on the levels of these
proteins (Fig. 3K-M). The experimental data showed that

SCFAs had no effect on the proliferation of OPCs. SCFAs
may affect the number of OPCs in other ways.

SCFAs Affect the Expression of SGK1 and GFAP
and OPC Apoptosis

SGK1 immunoreactivity in the CC was decreased in the
BCCAO group (Fig. 4B) compared with the control group
(Fig. 4A). These changes were reversed by SCFA treat-
ment (Fig. 4C). The observed trends in the expression of
GFAP and SGK1 were identical to those revealed by double
immunofluorescence, and SCFAs had no effect on GFAP
expression (Fig. 4D-F). We used electron microscopy to
observe nuclear fragmentation in OPCs. Nuclear breakage
occurred in the BCCAO group compared with the control
group (Fig.4 G-I). SCFAs decreased SGK1 levels and
reduced OPC loss, and in vitro experiments showed that
SCFAs alone had no effect on OPC apoptosis (Fig. 4J-L).
These results suggest that SCFAs affect the loss of OPCs in
other ways and that astrocyte-derived IL-6 may be involved
in this effect.

Expression of IL-6R in OPCs In Vivo

IL-6R was localized to OPCs and was colocalized with NG2
(Fig. 5A-J). IL-6R immunoreactivity in OPCs was increased
in the BCCAO group (Fig. 5D-F) compared with the control
group (Fig. 5A—C). SCFAs had no effect on IL-6Ra levels
(Fig. 5G-I). The number of IL-6Ra-positive cells is shown
in Fig. 5K. The observed trend in the IL-6R protein level
was identical to that revealed by double immunofluorescence
(Fig. 5SL-M).

IL-6 Regulates OPC Apoptosis In Vitro

Double immunofluorescence showed that very few OPCs
were double labeled with NG2 and caspase-3 at 1 day after
treatment with IL-6 or IL-6+4IL-6Ra and the matching con-
trols (Fig. 6A-I). There were more NG2-labeled OPCs that
were caspase-3 immunoreactive at 1 d aftertreatment with
IL-6 (Fig. 6D-F) in comparison with the control (Fig.6A-
C). However, IL-6Ra significantly reversed the caspase-3
approximately 23KD and 30KD, respectively (Figs. 6K),
decreased (Bcl-2) or increased (Bax) significantly in opti-
cal density at 1 d after after treatment with IL-6 as compared
with the controls (Figs. 6L, M). However, IL-6Ra signifi-
cantly improve the above phenomena (Figs. 6L, M). These
data demonstrated that the apoptosis of OPCs was signifi-
cantly activated after treatment with IL-6 as compared with
the controls.
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Fig.1 A-M Double immunofluorescence staining showing the dis-
tribution of GFAP- (green) and IL-6- (red) labeled immunoreac-
tive astrocytes in vivo. C, F, and I, J the number of positive cells
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group, NLRP3 and IL-6 increased significantly after BCCAO. How-
ever, SCFAs can downregulate the expression of NLRP3 and IL-6 at
1 day. N=5 experiments were performed in independent preparations.
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SCFAs Can Inhibit IL-6 Expression In Vitro

Double immunofluorescence showed that IL-6 was increased
at 1 h after treatment with OGD (Fig. 7D-F) in compari-
son with the control (Fig. 7A-C). However, SCFAs sig-
nificantly reversed the IL-6 immunoreactivity in astrocytes
as treated with OGD (Fig. 7G-I). The immunoreactive
bands of NLRP3 and IL-6 protein levels that appeared

B 1d Control Caspase-3
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Bax
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improve the apoptosis. Panel K-M shows Bax and Bcl-2 immuno-
reactive bands. N=35. experiments were performed in independent
preparations. *P <0.05. Scale bars: A-I 50 pm

at approximately 62 kDa,23 kDa, respectively (Fig. 7J),
increased significantly in optical density at 1 h after after
treatment with OGD as compared with the controls. How-
ever, SCFAs significantly improve the above phenomena
(Fig. 7K, 1). These data demonstrated that the expression of
IL-6 and NLRP3 was significantly inhibited after treatment
with SCFAs as compared with the OGD.
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Fig.3 A-J show PDGFR-a and BrdU positive cells expressionlevel
in vivo at 1 days. PDGFR-a (green) and BrdU (red). Panels K-M
show bar graphs depicting significant decreases in PCNA and Ki-67

SCFAs Regulate CCL2 and IP-10 Levels in Astrocytes

CCL2 expression was upregulated in the OGD group
compared with the control group at 1 h. These changes
were reversed by SCFA treatment (Fig. 8G-I). The lev-
els of CCL2 and IP-10 were increased in the OGD group
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compared with the control group at 1 h (Fig. 8J-L). SCFAs
alleviated the overexpression of the CCL2 and IP-10
proteins. The above results show that SCFAs regulate
astrocyte activation in vitro; however, the mechanism is
unclear.



Neurochemical Research (2022) 47:3476-3489

3483

A 3d Control SGK1

3d

Sham 2V0

crAP D W

1d -8
Control OGD OGD+ SCFAs g

Bax S S S 30
-2 [N 30w S
x

B-actin guwes wm— - 42kD,§' 0

Fig.4 SCFAs improves expression of SGK1 protein in CC. SGK1
(red) immunoreactive in CC at 3d (A-C). Bar graph D-F depict-
ing significant decrease expression of GFAP and SGK1 expression.
H showed nuclear fragmentation in OPCs compared to controls (G),

SCFAs Regulate IL-6 Expression via SGK1 In Vivo
and In Vitro

We hypothesized that SCFAs regulate IL-6 expression
via the SGK1 signalling pathway. SGK1 expression was
markedly downregulated in the OGD group compared
with the control group at 1 h. SCFAs increased SGK1
protein levels, and this effect was weakened by treatment

B 3d 2VO SGK1

C 3d 2VO+SCFAs SGK1

GFAP protein F SCK1 protein

Control Control
V0 S 10 V0
2VO+SCFAs § 2VO+SCFAs
. a 5 _——

(]

-

—

g

: L :
Bax protein Bcl-2 protein
=)
Control
i gon oy, Control
2VO+SCFAs g 2VO+SCFAs
——— =2 £
g- B i
go

L 4

SCFAs could improvement this (I). SCFAs had no effect on the apop-
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independent preparations. *P <0.05. Scale bars: A-C 50 pm. EM
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with SGK1 siRNA. When SGK1 was overexpressed, the
opposite result was obtained (Fig. 9A-B). The protein
level of IL-6 was markedly increased in the OGD group
compared with the control group. Overexpression of the
SGK1 gene alleviated the overexpression of the IL-6 and
CCL2 proteins. si-SGK1 transfected had the opposite
effect (Fig. 9C-E). To further verify the regulatory effect
of SGK1 on IL-6 expression, in vivo experiments were
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D, G, green), caspase-3 (B, E, H, red). The co-localized expression
of NG2 and caspase-3 can be seen in panels C, F, 1. Bar graph in J
shows the number of caspase-3/NG2-positive OPCs/mm?2 at 1 d after
the IL-6 administration or IL-6+IL-6R atreatment when compared
with the corresponding control. Note that IL-6Ra attenuates the apop-

performed. The results showed that the effect of SCFAs
was weakened after transfection of si-SGK1. However,
SGKI1 overexpression had the opposite effect (Fig. 9F and
G). Therefore, the in vivo and in vitro data confirmed the
effectiveness of SCFAs in reducing astrocyte activation
via the SGK1/IL-6 signalling pathway.

tosis of OPCs and IL-6Ra may reverse the course. Panel K shows
Bcl-2 (30 kDa), Bax (23 kDa), and a-actin (42 kDa) immunoreactive
bands. Bar graphs in L and M show significant decreases or increases
in the optical density of Bcl-2 or Bax at 1 d after IL-6 administration
when compared with the corresponding controls. The IL-6Ra antago-
nist may attenuate the increment

Discussion

Excessive inflammatory factor release is a sign of astrocyte
activation [16]. SCFAs are known to be actively involved
in neurological diseases, but their roles in HIBI are unclear
[10]. The results showed that NLRP3 and IL-6 expression
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Fig.7 SCFAs inhibited the expression of IL-6 and NLRP3 in astro-
cytes after OGD in vitro. Immunofluorescence images show the
expression of GFAP (A, D, G, green), IL-6 (B, E, H, red). The co-
localized expression of GFAP and IL-6 can be seen in panels C, F,
I. Panel J shows NLRP3 (62 kDa), IL-6 (23 kDa), and &-actin (42

was upregulated in rats after BCCAO and that activated
astrocytes were the source of IL-6. Our results showed
that the expression levels of the IL-6R were increased by
BCCAQO, and IL-6R on OPCs and OPCs may be the target
cells of IL-6. OPCs are NG2- or PDGFR-a-positive bipolar
cells that sequentially differentiate into OLs [17-19]. OLs
are myelinating cells that are present in the central nerv-
ous system throughout adulthood. OPCs differentiate into
OLs, and loss of OPCs results in neurotransmission dys-
function [20-22]. The results showed that cleaved caspase-3
and bax were significantly increased and bcl-2 levels were
decreased after HIBI, suggesting that OPC apoptosis occurs
after HIBI and that SCFAs can ameliorate apoptosis. Our
results showed that SCFAs did not affect the proliferation
of OPCs at 1 d. GFAP is a marker of astrocytes. SCFAs did
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kDa) immunoreactive bands. Bar graphs in K and L show significant
increases in the optical density of NLRP3 and IL-6 at 1 h after OGD
administration when compared with the corresponding controls. The
SCFAs antagonist may attenuate the increment

not affect GFAP levels. SCFAs may affect the function of
astrocytes, but the mechanism is unknown. SGK1 is a mem-
ber of the AGC subfamily of protein kinases and is involved
in cell metabolism [22-25]. Our results showed that SCFAs
increased the expression of SGK1, indicating that they may
attenuate astrocyte overactivation via SGK1 and that IL-6
may be involved in this process. To verify these findings,
in vitro experiments were carried out. The results prelimi-
narily showed that SCFAs could regulate IL-6 and NLRP3
expression in vitro. NG2-positive cells are thought to be
mainly OPCs [26], and apoptosis of OPCs is recognized as
the main mechanism of OPC loss [27]. The in vitro results
showed that the number of NG2-/cleaved caspase-3-positive
cells was increased after IL-6 treatment. IL.-6Ra prevented
OPC loss, indicating that IL-6 can promote apoptosis of
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Fig.8 SCFAs regulates endoplasmic reticulum stress in astrocytes
in vitro. Immunofluorescence images show the expression of GFAP
(A, D, G, green), CCL2 (B, E, H, red). The co-localized expression
of GFAP and CCL2 can be seen in panels C, F, I. Panel J shows
CCL2 (14 kDa), IP-10 (23 kDa), and a-actin (42 kDa) immunoreac-

OPC:s. Controlling the secretion of IL-6 is the key to reduc-
ing the loss of OPCs. Overexpression of chemokines is an
indicator of astrocyte activation [28—30]. The results showed
that SCFAs inhibited the overexpression of cytokines. We
hypothesized that SCFAs inhibit astrocyte activation by pro-
moting the SGK1 signalling pathway. This study found that
SGKI1 expression levels were decreased after OGD exposure
and that SCFAs increased SGK1 levels after OGD exposure.
IL-6 and CCL2 expression levels increased after OGD expo-
sure, whereas SCFAs increased IL-6 and CCL2 expression.
In addition, when siRNA-SGK1 was added, this effect was
ameliorated, indicating that SCFAs regulate the expression
of IL-6 and CCL2 through SGK1. However, when SGK1
was overexpressed, the effect of SCFAs was strengthened,
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tive bands. Bar graphs in K and show significant increases in the opti-
cal density of CCL2 and IP-10 at 1 h after OGD administration when
compared with the corresponding controls. The SCFAs antagonist
may attenuate the increment. *P < 0.05. Scale bars: A-I 50 pm

suggesting that SCFAs inhibit IL-6 expression via SGK1. To
further determine the underlying mechanism, we performed
in vivo validation experiments and obtained the same results.
Therefore, SCFAs alleviate the activation of astrocytes by
regulating the SGK1/IL-6 signalling pathway.

In summary, activated astrocytes in the CC produce
excess IL-6, which induces neuroinflammation and
OPC loss. However, SCFAs decrease IL-6 levels. Fur-
ther analysis revealed that SCFAs reduce IL-6 levels by
regulating the SGK1 signalling pathway in astrocytes.
Further research on this process will facilitate the devel-
opment of effective therapeutic strategies for relieving
neuroinflammation.

@ Springer



3488

Neurochemical Research (2022) 47:3476-3489

A 1h B SGK1 protein
Control
OCD+ OGD+SCFAs OCD+SCFAs 8
Control  OGD  gepas +5CKI  +sSCKI 3 30, scras
PPt B OGD+SCFAsS+SGK1
g_fclg -_—— - = 42kD 8 | OCDISCFAS+sI-SGKA
— ey G o o G 32kD = -
-
C 1h 5
OGD+ OGD+SCFAs OGD+SCFAs+
Coatml  OGD goppy 4Kl SCKI  gopy,
IL6 - - AR n . . - 23kD

ccL: HNEE e oo sl NE EE 140
B-actin “EGEG—-.— A ———— o 4 2KD

D IL-6 protein E CCL2 protein
Control Control
o 12 OGD ° OGD
S OGD+SCFAs =1 OGD+SCF
= B OGD+SCFAs+si-SGK1 a = OGD+SCFAs+sl-SGK1
8 | B OGD+SCFAs+SGK1 £ | H OGD+SCFAs+SGK1
= &
®
g z
g <
F G IL-6 protein
S |
+ - + s
A0 - . T T = . 2VO+SCFAS+SGK1
SCFAs = - + G 3 & * © 2VO+SCFAs+si-SGK1
scKl - N - + : = £ B SCFAs
- - = a 7
si-SCK1 g
IL-6 - - - - g - 78kD =
B-actin ——— +42kD < o

Fig.9 SCFAs regulates IL-6 via SGK1 in astrocyte. A Western blot
of protein expression levels of SGKI1 in astrocytes at 1 h (42 kDa).
B Significantly downregulated protein expression level of SGK1 at
after OGD. C IL-6 and CCL2 levels in astrocytes at 1 h. D-E) Sig-
nificantly upregulated protein level of IL-6 and CCL2 at 1 h after
treatment with OGD compared to control group. overexpression-
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SGK1 can improve IL-6 and CCL2 proteins. The effect weakens after
adding si-SGK1. (G) Significantly downregulated protein expres-
sion level of IL-6 after treatment with SGK1 gene overexpression
after OGD + SCFAs compared with that of the OGD + SCFAs. N=5
experiments were performed in independent preparations. *P <0.05
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