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by PreventingMitochondrial Fission in BV-2Microglial
Cells
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Abstract— Excessive microglial cell activation in the brain can lead to the production of va-
rious neurotoxic factors (e.g., pro-inflammatory cytokines, nitric oxide) which can, in turn,
initiate neurodegenerative processes. Recent research has been reported that mitochondrial
dynamics regulate the inflammatory response of lipopolysaccharide (LPS). Isoliquiritigenin
(ISL) is a compound found in Glycyrrhizae radix with anti-inflammatory and antioxidant
properties. In this study, we investigated the function of ISL on the LPS-induced pro-
inflammatory response in BV-2 microglial cells. We showed that ISL reduced the LPS-
induced increase in pro-inflammatory mediators (e.g., nitric oxide and pro-inflammatory
cytokines) via the inhibition of ERK/p38/NF-κB activation and the generation of reactive
oxygen species (ROS). Furthermore, ISL inhibited the excessive mitochondrial fission
induced by LPS, regulating mitochondrial ROS generation and pro-inflammatory response
by suppressing the calcium/calcineurin pathway to dephosphorylate Drp1 at the serine 637
residue. Interestingly, the ISL pretreatment reduced the number of apoptotic cells and levels
of cleaved caspase3/PARP, compared to LPS-treated cells. Our findings suggested that ISL
ameliorated the pro-inflammatory response of microglia by inhibiting dephosphorylation of
Drp1 (Ser637)-dependent mitochondrial fission. This study provides the first evidence for the
effects of ISL against LPS-induced inflammatory response related and its link to mitochon-
drial fission and the calcium/calcineurin pathway. Consequently, we also identified the
protective effects of ISL against LPS-induced microglial apoptosis, highlighting the pharma-
cological role of ISL in microglial inflammation-mediated neurodegeneration.
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INTRODUCTION

Microglia are immune cells found in the human brain,
which play an important role in the CNS given their role in
neuroprotection [1, 2]. Microglia normally help neurons
function and monitor the neuronal homeostasis; however,
excessive microglial activity (e.g., caused by neuroinflam-
mation, nerve damage, or neurodegeneration) can lead to
apoptosis in neurons [3]. Activated microglia induced an
inflammatory response, such as nitric oxide production,
tumor necrosis factor-alpha, or NF-kB-mediated pathways
[3]. Given the prominence of excessive microglial activity
in several degenerative diseases [4, 5], it is essential to
understand the specific mechanisms of pro-inflammatory
response by activated microglia.

Isoliquiritigenin (ISL), isolated from Glycyrrhizae ra-
dix, is known to have an antimicrobial, anti-inflammatory,
and antiviral properties [6, 7]. ISL has been found to induce
apoptosis in tumor cells [8], inhibit the NF-kB-mediated
inflammatory response, and downregulate mitogen-
activated protein kinase (MAPK) using lipopolysaccharides
(LPS) in raw 264.7 cells, a macrophage [9]. Additionally,
ISL mitigates inflammatory response through the Nrf2 and
NF-kB pathways [6]. Based on the above facts, we hypoth-
esized that ISL could mitigate the LPS-induced inflamma-
tory response in microglia and investigated the specific
mechanism of protective effects against inflammation.

Many neurological disorders are closely associated
with the regulation of reactive oxygen species (ROS) and
mitochondrial dynamics [10, 11]. ROS participate in various
cellular functions (e.g., acting as secondary messengers), but
excessive ROS can damage DNA, proteins, and lipids intra-
cellularly, consequently causing cellular dysfunction [12,
13]. Furthermore, ROS are known to cause an inflammatory
response in microglia [14]. LPS-induced ROS production
activates MAPK (e.g., ERK, JNK, and p-38), and NF-kB
mediates inflammation signaling [15]. Several studies have
shown that mitochondrial ROS plays an important role in
innate immunity through the activation of MAPK [16, 17].
Dysregulation of mitochondrial functions has been reported
in many neurological disorders, such as Alzheimer’s and
Parkinson’s disease [18, 19]. The balance of mitochondrial
dynamics (e.g., fission and fusion) plays an important role in
cell function [19, 20]. Mitochondrial fission is regulated by
dynamin-related protein 1 (Drp1) and mitochondrial fission
1 (Fis1), while fusion is regulated by mitofusin 1 (Mfn1),

mitofusin 2 (Mfn2), and optic atrophy 1 (Opa1) [18, 19]. In
a previous study, LPS-induced mitochondrial fission was
achieved via the dephosphorylation of Drp1 at serine 637
residue in microglia [21]. The dephosphorylation of Drp1
serine 637 is regulated by calcineurin, a serine/threonine
phosphatase. Calcineurin is activated by calcium/
calmodulin-dependent or calmodulin-independent (calci-
um/calpain) pathways [22]. Because ISL has been reported
to have protective effect against mitochondrial dysfunction
through its antioxidant properties [23, 24], we hypothesized
that antioxidant-ISL has a protective effect against LPS-
induced mitochondrial fission and inflammatory response.

Based on the above research, this study aims to in-
vestigate the effect of ISL against LPS-induced inflamma-
tory response and how this relates to mitochondrial dynam-
ics and signaling pathways. It also aims to establish the
precise mechanism of protective effects in BV-2microglial
cells. The results will clarify whether ISL is suitable can-
didate for drug therapy in inflammatory-mediated neuro-
logical disorders.

MATERIAL AND METHODS

Chemicals and Reagents

Lipopolysaccharides from Escherichia coli serotype
O26:B6 and isoliquiritigenin (ISL) were obtained from
Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture and Treatment

BV-2 murine microglial cells were immortalized by
infection with v-raf/c-myc recombination retrovirus (Blasi
et al., 1990), provided by Dr. Jau-Shyong Hong of the
National Institute of Environmental Health Sciences (NC,
USA). BV-2 cells were reproduced in Dulbecco’s Modi-
fied Eagle’sMedium (Welgene, Daegu, Korea), containing
10% fetal bovine serum (Thermo Fisher Scientific, Wal-
tham, MA, USA) and 1% penicillin/streptomycin
(Welgene). Cells were maintained at 37 °C in a humidified
5% CO2 incubator (SANYO, Osaka, Japan) then
subcultured at a density of 2 × 105 cells in 60 Φ plates
and left to grow for 24 h before the experiments started.
Exponentially growing BV-2 cells were pretreated with
ISL for 1 h, followed by stimulation with 1 μg/mL LPS.
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Plasmid Construction and Stably DsRed2-Mito Trans-
duced BV-2 Cells

The DsRed2-mito gene was obtained from pDsRed2-
mito (Clontech, Mountain View, CA, USA). The coding
nucleotide sequences for DsRed2-mito were amplified by
PCR using LA Taq polymerase (Takara, Shiga, Japan).
This gene was cloned into pCR8/GW/TOPO (Invitrogen,
Carlsbad, CA, USA) and inserted into pLenti6.3/V5-DEST
(Invitrogen) using LR Clonase (Invitrogen). Constructed
vectors were confirmed by restriction mapping and DNA
sequencing. Approximately 1 × 105 BV-2 cells were seed-
ed into 6-well plates and grown for 24 h before transfec-
tion. Then, 1 μg of pLenti6.3-DsRed2-mito plasmid was
transfected into BV-2 cells using Effectene (QIAGEN,
Valencia, CA, USA), according to the manufacturer’s in-
structions. One day after transfection, DsRed2-mito
transfected BV-2 cells were selected using 8 μg/mL
blasticidin (Invitrogen).

RNA Isolation and RT-PCR

Total RNA was isolated from BV-2 cells using the
TRI-Solution (BioScience Technology, Seoul, Korea), ac-
cording to the manufacturer’s instructions. cDNA was
synthesized from 1 μg total RNA using a Reverse Tran-
scription (RT) Premix (Bioneer, Daejeon, Korea). PCR
was performed using gene-specific primers and the PCR
premix (Bioneer). The following PCR primers were used:
TNF-α forward (5′- AGTTCTATGGCCCAGACCCT -
3′), TNF-α reverse (5′- GTGGGTGAGGAGCACGTAGT
-3′), IL-1β forward (5′- CGACAAAAACCTGTGGCCT -
3′), IL-1β reverse (5′- AGGCCACAGGTATTTTGTCG -
3′), IL-6 forward (5′- AGTTGCCTTCTTGGGACTGA -
3′), IL-6 reverse (5′- TTCTGCAAGTGCATCATCGT -
3′), GAPDH forward (5′- ACCACAGTCCATGC
CATCAC -3′), GAPDH reverse (5′- TCCACCAC
CCTGTTGCTGTA -3′).

Western Blot Analysis

Whole protein lysates were prepared using a PRO-
PREP protein extraction solution (Intron Biotechnology,
Korea). Protein quantification was performed using an
Infinite F50 microplate reader (TECAN, Männedorf, Swit-
zerland). Equal amounts of protein were separated by
electrophoresis on 10–12% sodium dodecyl sulfate
(SDS)-polyacrylamide gel. The separated proteins were
then transferred onto nitrocellulose membranes (Pall Cor-
poration, NY, USA). Membranes were blocked with 5%
skimmed milk (BD Biosciences, New Jersey, USA) and

membranes were incubated overnight at 4 °C with the
following primary antibodies: anti-ERK, anti-
phosphorylated (p)-ERK, anti-JNK, anti-p-JNK, anti-p38,
anti-p-p38, anti-p-IκB, anti-p-Drp1 (Ser616), anti-p-Drp1
(Ser637) anti-cleaved caspase-3, and anti-PARP (Cell Sig-
naling, MA, USA); anti-iNOS (Abcam, MA, USA); anti-
Cox-2, anti-β-actin, anti-IκB, anti-Drp1, anti-Bcl-2, and
anti-Bax (Santa Cruz, TX, USA); and NF-κB(Ab Frontier,
Korea). Membranes were washed six times with 10 mM
Tris–HCl (pH 7.5) containing 150 mM NaCl and 0.1%
Tween 20 (TBST) and then subsequently incubated with
horseradish peroxidase-conjugated goat anti-rabbit and
anti-mouse antibodies (Thermo Fisher Scientific) before
being incubated overnight at 4 °C. After removing excess
secondary antibodies, membranes were washed six times
with TBST. Specific binding was detected using Clarity
Western ECL Substrate (Bio-Rad, CA, USA), according to
the manufacturer’s instructions.

Cell Viability (CCK) Assay

BV-2 cells were cultured 1 × 105 cells in 6-well
plates, and then different concentrations of ISL were added
to the wells. After 24 h, cells were treated with 50 μL CCK
for each well and incubated for 1 h at 37 °C. Absorbance
was then measured at 450 nm using an Infinite F50 micro-
plate reader (TECAN, Switzerland).

Flow Cytometry

BV2 cells (2 × 105) were cultured in 60 Φ plates for
24 h. Cells were then incubated with or without ISL for
30min before LPS treatment, which lasted 24 h. Next, cells
were harvested by trypsinization. To measure intracellular
mitochondrial ROS and calcium levels, harvested cells
were washed with PBS, then incubated with 2.5 μM of
CM-H2DCFDA, MitoSOX, and Fluo-4 AM (Thermo
Fisher Scientific) for 15 min at 37 °C. Finally, cells were
washed twice with PBS and analyzed by flow cytometry
(FACSverse; BD Biosciences).

NO Detection

The amount of NO was measured in the cell-free
culture supernatant using a commercially available NO
detection kit (Intron Biotechnology), according to the man-
ufacturer’s instructions. Content absorbance was measured
at 450 nm.
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Mitochondria Imaging and Analysis

DsRed2-mito expressing BV-2 cells were seeded on
0.1% poly-D-lysine-coated round coverslips (diameter,
24 mm; Marienfeld, Lauda-Königshofen, Germany). The
cells were then pretreated with or without ISL (10 μM) for
30 min before treatment with 1 μg/mL LPS for 24 h. The
BV-2 cells were washed twice with PBS and then fixed
with 4% paraformaldehyde (Sigma) in PBS for 1 h. After
washing twice with PBS, coverslips were mounted on
slides using VECTASHIELD mounting medium (VEC-
TORLaboratories, CA, USA). Images were obtained using
an LSM-710 confocal microscope (Carl Zeiss,
Oberkochen, Germany) with a plan apochromatic 100×/
1.40 oil DIC M27 objective lens. Images were processed
using a Zeiss LSM image examiner, ZEN 2009 Light
Edition (Carl Zeiss). Mitochondrial length was measured
using the ImageJ software (NIH, Bethesda, MD, USA),
computed from more than 50 mitochondrial particles per
cell in a sample of 20 cells.

Intracellular Calcium

The level of intracellular Ca2+ was determined using
Fluo-4 AM (Invitrogen), a Ca2+-sensitive fluorescent
indicator. BV-2 cells were incubated with 5 μM Fluo-4
AM at 37 °C for 30 min. After washing with PBS, the
images were observed using a DE/DMI 3000Bmicroscope
(Leica, Wetzlar, Germany). Quantification of Ca2+ was
performed using the ImageJ software (NIH).

Calpain and Calcineurin Activity

BV-2 cells were seeded at 2 × 105 cells in 60Φ plates
and were grown for 24 h before starting the experiments.
Cells were pretreated with or without ISL for 30min before
treatment of LPS for 24 h. Next, whole protein lysates were
prepared using an ice-cold NP-40 cell lysis buffer (Thermo
Fisher Scientific). Calpain and calcineurin activity was
measured using a Calpain-Glo™ Protease Assay (Promega
Corporation, Madison, USA) and a Calcineurin Phospha-
tase Activity Assay Kit (Abcam), respectively, according
to the manufacturer’s instructions.

Statistical Analysis

Statistical analysis was conducted using the Prism
software (GraphPad Prism version 5.0; La Jolla, CA,
USA). Data are shown as mean ± standard deviation
(SD), as the average of at least three independent experi-
ments (n ≥ 3). For group comparisons, one-way analysis of
variance and Dunnett’s multiple comparison tests were

performed. Statistical significance was set at p < 0.05. Sig-
nificance is indicated on graphs by an asterisk, whereas
p values < 0.01 and < 0.001 are indicated by two and three
asterisks, respectively.

RESULTS

ISL Attenuated LPS-Induced Pro-inflammatory Re-
sponse, Activation of NF-κB, and Phosphorylation of
ERK, p38, but Not JNK in BV-2 Microglial Cells

The cytotoxicity of ISL was assessed in dose-
dependent (1–20 μM) exposure to BV-2 cells using a
CCK assay before investigating the effect of ISL. The
result showed that cell viability of BV-2 cells was not
affected by ISL at concentrations lower than 10 μM, but
was significantly lower at 20 μM ISL (Fig. 1a). Based
on this result, we used 10 μM ISL in the following
experiments. As high levels of NO production via iNOS
are known to have toxic effects on the brain, and Cox-2
induces secondary damage to neurons in activated mi-
croglia [25, 26], we examined the effect of ISL on LPS-
induced microglial activation by measuring NO produc-
tion and expression of iNOS and Cox-2. Results show
that increased LPS-induced NO production was reduced
by ISL pretreatment (Fig. 1b) and ISL ameliorated LPS-
induced iNOS and Cox-2 expression in BV-2 cells (Fig.
1c). Some studies suggest that NF-κB and MAPK (e.g.,
ERK, JNK, and p38) are important transcription factors
for various pro-inflammatory mediators in activated
microglia [27, 28]. Thus, to confirm the effects of ISL
on MAPK regulation and NF-κB pathways in LPS-
induced BV-2 cells, we assessed the expression levels
of phosphorylated IκB, p65 NF-κB, and activation of
MAPK. Results show that ISL reduced LPS-induced
phosphorylation of IκB and levels of p65 NF-κB, as
well as MAPK activation and the consequent phosphor-
ylation of ERK, p38, and JNK (Fig. 1d and e). We also
found that LPS-induced increase in mRNA levels of IL-
1β, TNF-α, and iNOS were decreased by ISL (Fig. 1f),
suggesting that ISL inhibited pro-inflammatory re-
sponse through regulation of the NF-κB and MAPK
pathways in LPS-stimulated BV-2 microglial cells.

ISL Prevents LPS-Induced Mitochondrial Fission via
Dephosphorylation of Drp1 at Ser637 by Inhibiting
ROS Production

Mitochondrial dynamics are known to mediate an in-
flammatory response in activated microglia [21]. Several
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studies have identified that ROS production induces mito-
chondrial fission, and excessive mitochondrial fission is
involved in mitochondrial ROS production in microglia
[21, 29]. We investigated the effect of ISL on LPS-
induced ROS production and mitochondrial dynamics in
BV-2 cells. Our results confirm the levels of intracellular
and mitochondrial ROS using CM-H2DCFDA and
MitoSOX, respectively, in LPS-stimulated BV-2 cells with
or without ISL. Results also show that ISL reduced the
levels of intracellular and mitochondrial ROS induced by
LPS (Fig. 2a and b). We then examined the effect of ISL on
LPS-induced change in mitochondrial dynamics. To ob-
serve mitochondrial morphology, we used DsRed2-mito

expressing BV-2 cells. Mitochondrial morphology was vis-
ibly fragmented by the LPS treatment and ISL prevented the
shortening of mitochondria (Fig. 2c). Additionally, the LPS-
induced decrease in average mitochondrial length was sta-
bilized by pretreatment with ISL (Fig. 2d). Previous
studies have shown that LPS mediates mitochondrial
fission via the dephosphorylation of Drp1 at Ser637
residue in BV-2 cells [21]. Therefore, we investigated
the effect of ISL on LPS-induced change in Drp1
phosphorylation levels. Our results showed that ISL
ameliorates decreased phosphorylation level of
Drp1 at Ser637 induced by LPS, while the Drp1 phos-
phorylation level at Ser616 remained unchanged (Fig.

(a) (b) (c)

iNOS

CoxII

ISL (10 µM)
LPS (1 µg/ml)

-actin

-
-

+
+

- +
- +

(d)

-actin

IκB

p-IκB

NF-κB p65

ISL (10 µM)
LPS (1 µg/ml)-

-

+
+

- +
- +

(e)

p-ERK

ERK

p-p38

p38

-actin

p-JNK

JNK

ISL (10 µM)

LPS (1 µg/ml)-
-

+
+

- +
- +

(f)
GAPDH

IL-

iNOS

TNF-

ISL (10 µM)

LPS (1 µg/ml)-
-

+
+

- +
- +

Fig. 1. ISL effects on LPS-induced inflammation. aRelative cell viability in BV-2 cells cultured under ISL concentrations (1–20μM) during 24 h. bRelative
NO production in 1 μg/mL LPS-treated BV-2 cells with or without ISL for 24 h. c Expression levels of iNOS and Cox II were evaluated by western blot
analysis. dThe expression levels of IκB, phosphorylated IκB (p-IκB), and p65NF-κBwere measured by western blot analysis in LPS-treatedBV-2 cells with
or without 10μM ISL. e Protein levels of ERK, p-ERK, p38, p-P38, JNK, and p-JNKwere confirmed by western blot analysis in LPS-treatedBV-2 cells with
or without 10 μM ISL. f The mRNA expression levels of pro-inflammatory cytokines such as IL-1β, iNOS, and TNF-α were analyzed by RT-PCR in LPS-
stimulated BV-2 cells with or without 10 μM ISL. Data are presented as means ± SD (n = 3). Significance levels: *p < 0.05, **p < 0.01, and ***p < 0.001.
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1e). Our findings suggest that ISL prevents LPS-
induced mitochondrial fission via dephosphorylation
of Drp1 at Ser637 by inhibiting ROS production.

ISL Effect on LPS-Induced Calcium Signaling
Pathway

As dephosphorylation of Drp1 at Ser637 is reg-
ulated by calcineurin (a calcium-mediated serine/
threonine phosphatase) [30], we investigated the ef-
fect of ISL on LPS-induced mitochondrial fission
relating to the calcium/calcineurin pathways. As
shown in Fig. 3a, fluorescence intensity was signifi-
cantly higher in LPS-induced BV-2 cells, while ISL
pretreatment slowed the LPS-induced increase of in-
tracellular calcium (Fig. 3a). Our results also showed

that ISL ameliorated LPS-induced calcium levels
(Fig. 3b) and it is coincident with in a similar trend
as that shown in Fig. 3a. Our examination into the
effects of ISL on calcineurin activity in LPS-treated
BV-2 cells revealed that cleaved calcineurin levels
increased in LPS-induced BV-2 cells compared to
the control, while ISL decreased calcineurin levels
(Fig. 3c). To confirm these results, we performed an
enzyme activity assay in both calcineurin and calpain
(a calcineurin upregulator). The results showed that
ISL reduced calcineurin and calpain activity in LPS-
stimulated BV-2 cells (Fig. 3d and e). These results
indicated that LPS causes mitochondrial fission
through calcium/calcineurin activation, while ISL
inhibited it.
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Fig. 2. ISL effects on LPS-induced mitochondrial fission and oxidative stress. Relative intracellular (a) and mitochondrial (b) ROS levels were assessed
using CM-H2DCFDA and MitoSOX by flow cytometry in LPS-treated BV-2 cells treated with or without 10 μM ISL. (c) Mitochondrial morphology was
observed by confocal microscopy in LPS-treated DsRed2-mito-expressing BV-2 cells with or without 10 μM ISL. (d) Average mitochondrial length was
measured by Image J software. (e) The expression levels of Drp1, p-Drp1(616), and p-Drp (637) were assessed by western blot analysis in LPS-treated BV-2
cells with or without 10 μM ISL. Data are presented as means ± SD (n = 3). Significance levels: *p < 0.05, **p < 0.01, and ***p < 0.001.

719Isoliquiritigenin Reduces LPS-Induced Inflammation



ISL Effect on LPS-Induced Apoptosis

As excessive mitochondrial fission and inflammation
are known to cause apoptosis [31, 32], we investigated this
effect in LPS-induced BV-2 cells with or without ISL. LPS
treatment reduced cell viability, while ISL pretreatment
alleviated LPS-induced cell death (Fig. 4a). We also iden-
tified apoptosis-related protein factors, such as caspase3,
PARP, Bax, and Bcl-2 (Fig. 4b). The levels of Bax,
cleaved caspase3, and cleaved PARP were increased by
LPS, while the levels of Bcl-2 (an anti-apoptotic factor)
were decreased by LPS. ISL pretreatment reduced the
concentration of LPS-induced apoptotic factors back to
control levels. We further investigated the effect of ISL

on LPS-induced apoptosis by flow cytometry with an
Annexin V/PI staining. The number of LPS-treated cells
during late apoptosis (UR) was significantly higher than
the control, while ISL pretreatment alleviated it (Fig. 4c).
These results indicated that ISL inhibited the progression
of apoptosis induced by LPS in BV-2 cells.

DISCUSSION

Microglial activation regulation plays an important
role in the maintenance of neuronal function. The produc-
tion of abnormal pro-inflammatory factors in activated

(a) (b)

(c)

Total calcineulin

Cleaved calcineulin

-actin

ISL (10 µM)

LPS (1 µg/ml)- -+ +

- +- +

(d) (e)

Fig. 3. ISL effect on the LPS-induced calcium signaling pathway. BV-2 cells were incubated with LPS in the presence or absence of 10 μM ISL for 24 h. a
Intracellular calciumwasmonitored using Fluo-4 by fluorescencemicroscopy. Quantification of intracellular calciumwasmeasured using ImageJ software. b
Intracellular calcium levels were assessed using Fluo-4 by flow cytometry. cThe expression levels of calcineurin weremeasured bywestern blot analysis. The
activity of calcineurin d and calpain emeasured using the enzyme activity assay kit. Data are presented as means ± SD (n = 3). Significance levels: *p < 0.05,
**p < 0.01, and ***p < 0.001.
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microglial cells is an important factor leading to the devel-
opment of neurodegenerative disorders, such as
Alzheimer’s and Parkinson’s disease [33]. The interaction
of microglia with other neuroglia affects neurological dis-
eases [33, 34]. In addition, several studies have suggested
that abnormal mitochondrial dynamics are associated with
a variety of neurodegenerative diseases and neuroinflam-
mation [35–37]; for instance, excessive mitochondrial fis-
sion is thought to be involved in microglial activation [37].
There is evidence that isoliquiritigenin (ISL), a compound
found in Glycyrrhizae radix, has anti-immunomodulatory,
anti-oxidative, and antimicrobial effects [22, 38, 39]. More
specifically, ISL’s anti-inflammatory properties are known
to inhibit lipopolysaccharide (LPS)-induced inflammation
[22, 39, 40]. Moreover, ISL was found to mitigate mito-
chondrial fission in glutamate-induced neuronal cells by
inhibiting ROS [22]. Therefore, we investigated the

mechanism of ISL on LPS-induced inflammatory response
and mitochondrial fission in BV-2 cells.

First, we determined the concentration of ISL for
our experiment by referring to other studies. The var-
ious concentration of ISL is known for its anti-cancer
effect. Previous studies have reported successful anti-
cancer effects at 5–100 μM ISL in endometrial cancer
[7] and 3–10 μM ISL in lung cancer [41]. Furthermore,
10 μM ISL also reduced inflammation by inhibiting
NLRP3 inflammation in adipocytes [42], and LPS-
induced inflammation was reduced by 10 μM ISL in
RAW264.7 macrophages [43]. In another study, an ISL
dose of 20 mg/kg was used to alleviate against the
damage of blood-brain barrier after traumatic brain
injury [44]. In this study, we measured cell viability
after ISL treatment at different concentrations. As
shown in Fig. 1a, ISL caused apoptosis at > 20 μM;

(a)
Cleaved Caspase-3

Bax

Bcl-2

Cleaved PARP

(b)

-actin

ISL (10 µM)

LPS (1 µg/ml)- -+ +

- +- +

(c)

Fig. 4. ISL effect on LPS-induced cell death. BV-2 cells were incubated with LPS in the presence or absence of 10 μM ISL for 24 h. a Cell viability was
measured by theMTT assay. bThe protein levels of cleaved caspase3, Bax, Bcl-2, and PARPwere evaluated bywestern blot analysis. cRelative levels of cell
apoptosis were assessed using Annexin V/PI staining by flow cytometry. The LL quadrant (Annexin-V−/PI−), LR quadrant (Annexin V+/PI−), and UR
quadrant (Annexin V+/PI+) indicate the percentage of normal cells, early apoptosis, and late apoptosis, respectively. The graph on the right panel indicated
the percentage of late apoptotic cells (UR quadrant). Data are presented as means ± SD (n = 3). Statistical significance: *p < 0.05, **p < 0.01, and
***p < 0.001.
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hence, we used 10 μM ISL for the subsequent exper-
iments. We also showed that ISL alleviated the in-
crease of pro-inflammatory factors (e.g., NO produc-
tion, MAPK activation, and pro-inflammatory cyto-
kines; Fig. 1b–f), suggesting that 10 μM ISL effective-
ly decreased the pro-inflammatory response induced by
LPS in BV-2 cells.

ROS are a well-known factor causing apoptosis or
mitochondrial fission in microglia [21, 37, 45]. ROS
are also strongly correlated with microglial activation
through the MAPK and NF-kB pathways [16, 21, 46,
47]. On the other hand, ISL is known to have a pro-
tective effect against neuronal damage by decreasing
oxidative stress [6, 24]. As shown in Fig. 2a and b, ISL
decreased both intracellular and mitochondrial ROS
induced by LPS in BV-2 cells, indicating that ISL’s
anti-inflammatory effect is related to its antioxidant
capacity. In recent experiments, mitochondrial dynam-
ics have been shown to be associated with cellular
functions and ROS regulation [48]. Drp1, an important
factor in mitochondrial fission, is known to be activat-
ed by the phosphorylation of serine 616 and the de-
phosphorylation of serine 637 [30]. Previous study has
been identified that LPS-induced microglial activation
causes mitochondrial fission through the dephosphory-
lation of Drp1 at serine 637 residues [21]. As shown in
Fig. 2c–e, LPS-induced mitochondrial fission via the
dephosphorylation of Drp1 at serine 637 was reduced
by ISL as it inhibited ROS production.

Drp1 serine 637 residues are known to be phos-
phorylated by PKA and dephosphorylated by calcine-
urin [30]. Calcineurin is a serine/threonine phospha-
tase, activated through calcium/calmodulin-dependent
or calcium/calmodulin-independent activation [49,
50]. The increase in calcium caused by LPS is close-
ly related to microglial activation [51]. Thus, we
hypothesized that ISL inhibi ts the calcium/
calcineurin pathway induced by LPS and mitigate
mitochondrial fission. Therefore, we investigated the
effect of ISL on intracellular calcium changes in-
duced by LPS. ISL inhibited the increase in calcium
levels induced by LPS in BV-2 cells (Fig. 3a and b)
and effectively reduced LPS-induced activation of
calcineurin and calpain (Fig. 3c–e), indicating that
ISL reduced LPS-induced mitochondrial fission by
inhibiting the calcium/calcineurin pathway, and con-
sequently alleviates the pro-inflammatory response.
However, the precise mechanism pathway explaining
the relationship between ISL’ s antioxidant effect and
calcium inhibition requires further research.

We also examined the effect of ISL on LPS-induced
microglial apoptosis. The inflammatory response of
microglial activation is also closely associated with apoptosis
[3]. A previous study has shown that microglial cells in LPS-
and INF-γ-exposed mice underwent apoptosis [52]. More-
over, treatment with 1 ng/mL of LPS activated TNF-α and
caspase-3 in microglial cells [3]. As shown in Fig. 4, LPS
induced apoptosis and increased apoptotic factors, which
were then attenuated by ISL, suggesting that ISL reduces
the inflammatory response by inhibitingmitochondrial fission
and consequently reducing microglial apoptosis.

Our results demonstrate for the first time that ISL
has a protective effect against LPS-induced inflamma-
tory response through the inhibition of mitochondrial
fission. Overall, our findings suggest that ISL signifi-
cantly reduced mitochondrial fission, inflammation,
and microglial apoptosis by inhibiting ROS and
calcium/calcineurin pathway in LPS-stimulated
microglial cells (Supplementary Fig. 1). These findings
suggest that ISL can play an important role in the
prevention of neuroinflammation and may provide
new treatment modalities for neuroinflammation-
mediated disorders. However, further research is re-
quired to investigate the exact mechanism through
which ISL induces anti-inflammatory effects and cal-
cium inhibition.
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