
Am J Transl Res 2016;8(3):1437-1446
www.ajtr.org /ISSN:1943-8141/AJTR0025357

Original Article
Anesthetic isoflurane attenuates activated microglial 
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Abstract: Isoflurane (ISO) exhibits neuroprotective effects against inflammation and apoptosis. However, the role of 
ISO in motoneuronal apoptosis induced by activated microglia remains poorly studied. We investigated the protec-
tive effects of ISO on the apoptosis of ventral spinal cord 4.1 (VSC4.1) motoneurons induced by lipopolysaccharide 
(LPS)-activated BV-2 microglia. Results indicated that ISO inhibited NF-κB activation and pro-inflammatory cytokine 
release in LPS-treated BV-2 microglia. Conditioned medium (CM) from activated BV-2 cells treated by ISO directly 
prevented VSC4.1 motoneurons from LPS-CM-induced neuronal apoptosis, as determined by the following: reduc-
tions in caspase-8, caspase-9, and caspase-3 activities; downregulation of pro-apoptotic procaspase-8, cleaved 
(cl)-caspase-8, procaspase-9, cl-caspase-9, caspase-3, cl-caspase-3, Bid, Bax, and cytochrome c expression; and 
upregulation of anti-apoptotic Bcl-2 expression in LPS-CM-cultured VSC4.1 motoneurons. Findings demonstrated 
that ISO inhibits BV-2 microglia activation and alleviates VSC4.1 motoneuronal apoptosis induced by microglial 
activation. These effects suggest that ISO can be used as an alternative agent for reducing neuronal apoptosis.
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Introduction

Neurodegenerative diseases, such as amyo-
trophic lateral sclerosis (ALS) and spinal cord 
injury (SCI), lead to progressive and selective 
death of motoneurons [1]. The mechanisms of 
motoneuron death in both ALS and SCI involve 
inflammation, ischemia, free radical injury, exci-
totoxicity, and protease activation [2]. Despite 
significantly improved therapies for these disor-
ders, no effective interventions for preventing 
excessive neuroinflammation and progressive 
neurodegeneration have been studied, particu-
larly in motoneurons. Thus, discovering a new 
therapeutic agent for promoting motoneuron 
survival and enhancing neurological outcomes 
is urgently imperative.

Microglia, the resident macrophage-like cells 
within the central nervous system (CNS), results 
in neuron injury and death in the pathology of 
many neurodegenerative diseases [3]. Micro- 
glia-mediated cytotoxicity significantly contrib-
utes to the pathogenesis of neurodegeneration 

[4]. Microglia can be activated by various patho-
logical states, including CNS injury, ischemia, 
and endotoxin (LPS). Microglia activation can 
exert synergistic effects on neurotoxicity by 
activating NF-κB signaling via release of pro-
inflammatory mediators, such as tumor necro-
sis factor-α (TNF-α), interleukin-1β (IL-1β), and 
IL-6, which mediate neuronal cell death, partic-
ularly in neurodegenerative diseases [5-7]. Pro-
inflammatory cytokines may cause secondary 
damage to motoneurons, leading to decr- 
eased function and recovery in SCI patients [8]. 
Thus, modulation of microglia-mediated inflam-
matory responses is important in the develop-
ment of a new therapeutic agent against neuro-
degenerative diseases.

Isoflurane (ISO) is a commonly used inhaled 
anesthetic with anti-inflammatory, anti-oxida-
tive, and anti-apoptotic properties through its 
inhibition of NF-κB signaling and subsequent 
reduction of pro-inflammatory cytokines and 
chemokines [9-11]. ISO post-treatment pre-
vents neonatal rat hypoxic-ischemic brain injury 
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by impeding cell apoptosis triggered by inflam-
matory stress [12]. However, whether ISO elic-
its protective effects on motoneurons insulted 
by activated microglial cells remains unclear.

In this study, we demonstrate that ISO inhibits 
nuclear factor (NF)-κB activation and pro-
inflammatory cytokine release in lipopolysac-
charide (LPS)-activated BV-2 microglia. More- 
over, ISO reduces the apoptosis of ventral spi-
nal cord 4.1 (VSC4.1) motoneurons stimulated 
with LPS-conditioned medium (CM) in vitro. Our 
results suggest that ISO can be used as a 
potential therapeutic agent against neurode-
generative diseases.

Materials and methods

Reagents

LPS (Escherichia coli serotype 055:B5) was 
obtained from Sigma-Aldrich (St. Louis, MO, 
USA). ISO was supplied by Baxter Healthcare 
Corporation (Deerfield, IL, USA). All reagents for 
cell culture were purchased from Gibco BRL 
(Grand Island, NY, USA). Rabbit anti-mouse 
NF-κB p65, phospho-IκB-α, procaspase-8, 
cleaved (cl)-caspase-8, procaspase-9, cl-cas-
pase-9, procaspase-3, and cl-caspase-3 poly-
clonal antibodies (pAbs) were obtained from 
Santa Cruz Biotechnology (Dallas, TX, USA). 
Rabbit anti-mouse Bax, Bcl-2, and cytochrome 
c pAbs were supplied by Cell Signaling Tech- 
nology Inc. (Danvers, MA, USA). Rabbit anti-
mouse b-actin and histone-3 monoclonal anti-
bodies (mAbs) were procured from Sigma. Ho- 
rseradish peroxidase-conjugated anti-rabbit 
IgG was obtained from Chemicon (Temecula, 
CA, USA). All other chemicals were purchased 
from Sigma-Aldrich, unless otherwise stated.

Microglial cell culture and treatment

An immortalized mouse BV-2 microglial cell line 
was purchased from Union Cell Resource 
Center, Chinese Academy of Medical Sciences 
(Beijing, China). The cell line was characterized 
by the provider using a gene profiling analysis, 
and the cells were used no later than 6 months 
after receipt. The cells were routinely grown in 
Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% heat-inactivated fetal bovine 
serum (FBS), streptomycin (10 μg/ml), and pen-
icillin (10 U/ml) at 37°C under 5% CO2, and cells 
from passages 2-4 were used for experiments. 

Cells were seeded in 6-well plates, incubated 
overnight, and then subjected to LPS (100 ng/
ml) or control (Ctrl) culture media treatment for 
0.5 h. The cells were subsequently exposed to 
room air (RA) with or without ISO for 0.5 h at 2 
L/min in a metabolic chamber (Columbus Ins- 
truments, Columbus, OH, USA). During ISO ex- 
posure, the ISO concentration was continuous-
ly verified by sampling the exhaust gas with a 
Datex Capnomac (SOMA Technology Inc., Ch- 
eshire, CT, USA) [13]. Four treatment groups 
were established, namely, Ctrl + RA, Ctrl + ISO, 
LPS + RA, and LPS + ISO.

VSC4.1 motoneuron cell culture and CM treat-
ment

VSC4.1 motoneurons were formed by fusion of 
dissociated embryonic rat ventral spinal cord 
neuron with mouse N18TG2 neuroblastoma 
cells [14]. VSC4.1 cells were grown in 24-well 
plates containing a DMEM/F12 medium with 
HEPES, pyridoxine, and NaHCO3, supplemented 
with 2% Sato’s components, 1% penicillin/
streptomycin, and 2% FBS. CMs were collected 
as previously described [15]. After 24 h of LPS 
or Ctrl treatment, the supernatants of BV-2 
cells in the four groups was collected, centri-
fuged at 1000 g for 5 min, filtered through 0.22 
µm pore-diameter Millipore filters, and dialyzed 
using the Slide-A-Lyzer Dialysis Cassette 
(Pierce Biotechnology Inc., Rockford, IL) over-
night to exclude any possible influence of LPS. 
The fresh media with CMs at 1:1 were supple-
mented to incubate VSC4.1 cells for the subse-
quent experiments.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay

Cell viability was measured using an MTT assay. 
BV-2 cells (1×104 cells/well) were seeded in 
96-well plates and treated with different con-
centrations of ISO (0.7%, 1.4%, and 2.1%) for 
24 h. MTT (0.5 mg/ml) was then added into 
each well and incubated at 37°C for 4 h. The 
supernatants were removed, and 150 µl of 
dimethylsulfoxide was added to each well. The 
plates were immediately read at 540 nm with 
the use of a microplate reader (BioTek Ins- 
truments Inc., Winooski, VT, USA). For VSC4.1 
cell viability assay, cells (1×104 cells/well) were 
cultured in a proliferative medium with various 
CMs and measured by MTT assay as described 
in BV-2 cells.
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Lactate dehydrogenase (LDH) assay

The membrane integrity of BV-2 and VSC4.1 
cells was evaluated using Thermo Scientific 
Pierce LDH Cytotoxicity Assay Kits (Thermo 
Scientific, Rockford, IL, USA) in accordance 
with the manufacturer’s instructions. Assays 
were performed after a 7-day culture to evalu-
ate the membrane integrity of the cells, and 
data were recorded at a wave length of 490 
and 680 nm by using a microplate reader 
(BioTek).

Quantitative real-time PCR (qPCR)

Total RNA from BV-2 cells was isolated and 
extracted using TRIzol Reagent (Invitrogen, 
Carlsbad, CA, USA) in accordance with the man-
ufacturer’s instructions. cDNA was generated 
using a reverse transcription kit (Promega, 
Madison, WI, USA). qPCR was performed using 
a standard iQ™ SYBR Green Supermix Kit (Bio-
Rad, Berkeley, USA), and PCR-specific amplifi-
cation was assessed using Mastercycler® ep 
realplex (Eppendorf, Hamburg, Germany). Glyc- 
erinaldehyd-3-phosphate dehydrogenase (GA- 
PDH) was used as an endogenous control. 
Relative mRNA levels were calculated by the 
comparative 2-ΔΔCt method [16]. The primers 
used for PCR amplification were as follows: for 
TNF-α, forward 5’-TTGACCTCAGCGCTGAGTTG-3’ 
and reverse 5’-CCTGTAGCCCACGTCGTAG C-3’; 
for IL-1β, forward 5’-CAGGATGAGGACATGAGC- 
ACC-3’ and reverse 5’-CTCTGCAGACTCA AACT 
CCAC-3’; for IL-6, forward 5’-GTACTCCAGAAG- 
ACCAGAGG-3’ and reverse 5’-TGCTGGTG ACA- 
ACCACGGCC-3’; for GAPDH, forward 5’-AGGTC- 
GGTGTGAACGGATTTG-3’ and reverse 5’-TGTA- 
GACCATGTAGTTGAGGTCA-3’.

Enzyme-linked immunosorbent assay (ELISA)

Production of TNF-α, IL-1β, and IL-6 in the 
supernatants of the cultured BV-2 cells was 
measured with commercial ELISA kits (R&D, 
Minneapolis, MN, USA) in accordance with the 
manufacturer’s instructions. The absorbance 
was read at 490 nm on a microplate scanner 
(BioTek), and the samples were run in 
triplicate.

Western blot analysis

Cytosolic and nuclear proteins of BV-2 cells 
were prepared using a Nuclear Extract Kit 
(Active Motif, Carlsbad, CA, USA). NF-κB p65 

levels were quantified in nuclear fractions. 
Phospho-IκB-α level was quantified in cytosolic 
fractions. Proteins in VSC4.1 cells were prepa- 
red using RIPA lysis buffer (Beyotime Biote- 
chnology, Jiangsu, China). The ultimate extracts 
were boiled, separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis, elec-
trotransferred onto nitrocellulose membranes, 
and immunoblotted with primary antibodies. 
Equivalent sample loading was confirmed by 
probing with anti-β-actin mAb and anti-lamin B 
mAb. Detection was performed using an en- 
hanced chemiluminescence assay kit (Pierce, 
Rockford, IL, USA). Standards and samples 
were run in triplicate in accordance with the 
manufacturer’s instructions.

NF-κB DNA-binding activity assay 

The NF-κB DNA-binding activity was quantified 
using a TransAM NF-κB p65 Transcription 
Factor Assay Kit (Active Motif). Nuclear extracts 
of the BV-2 cells were prepared using the 
Nuclear Extraction Kit (Active Motif). All stan-
dards and samples were analyzed in triplicate 
in accordance with the manufacturer’s instru- 
ctions.

Apoptosis assay by flow cytometry

The apoptosis of VSC4.1 cells was assessed by 
Annexin V-fluorescein isothiocyanate (FITC) and 
propidium iodide (PI) staining. The cells were 
harvested, centrifuged, and resuspended in 
binding buffer. Approximately 10 µl of ready-to-
use Annexin V-FITC (BD Bioscience, MA, USA) 
was added into the mixture, incubated at 37°C 
for 15 min, and counterstained with 5 µl of PI in 
the dark for 30 min. Annexin V-FITC and PI fluo-
rescence were assessed by BD FACSCalibur 
flow cytometry (BD Bioscience, MA, USA). 
Results were analyzed with the CellQuest soft-
ware (BD Bioscience). Each sample was pre-
pared in triplicate.

Nucleosomal fragmentation assay

VSC4.1 cell apoptosis was quantified using a 
nucleosomal fragmentation kit (Cell Death 
Detection ELISA PLUS; Roche Applied Science, 
Indianapolis, IN, USA) in accordance with the 
manufacturer’s protocol. The absorbance val-
ues were normalized with reference to control-
treated cells to derive a nucleosomal enrich-
ment factor.
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Mitochondrial membrane potential analysis

The loss of mitochondrial potential was mea-
sured using the fluorescent probe JC-1 (MitoPT, 
Immunohistochemistry Technologies, Bloomi- 
ngton, MN, USA). The VSC4.1 cells were stained 
with JC-1, which exhibits potential-dependent 
accumulation in the mitochondria. At low mem-
brane potentials, JC-1 is present as a monomer 
and produces green fluorescence (emission at 
527 nm). At high membrane potentials or con-
centrations, JC-1 forms J aggregates (emission 
at 590 nm) and produces red fluorescence. 
Fluorescence was measured in a fluorescent 
plate reader (BioTek).

Quantitative caspase-8, caspase-9, and cas-
pase-3 activity assays

Activity of caspase-8, caspase-9, and caspa- 
se-3 in VSC4.1 cells was measured with com-
mercial caspase colorimetric assay kits (Bi- 
ovision, Palo Alto, CA, USA) in accordance with 
the manufacturer’s instructions. The colorimet-
ric assays were based on the hydrolysis of the 
amino acid chains acetyl-Ile-Glu-Thr-Asp p-ni- 
troanilide (Ac-IETD-pNA) by caspase-8, acetyl-
Leu-Glu-His-Asp p-nitroanilide (Ac-LEHD-pNA) 
by caspase-9, and acetyl-Asp-Glu-Val-Asp p- 
nitroanilide (Ac-DEVD-pNA) by caspase-3, re- 
sulting in the release of pNA. Proteolytic reac-
tions were carried out in an extraction buffer 
containing 200 μg of cytosolic protein extract 
and 40 μM Ac-IETD-pNA, 40 μM Ac-LEHD-pNA, 
or 40 μM Ac-DEVD-pNA. The reaction mixtures 
were incubated at room temperature for 2 h, 

and the formation of pNA was measured at  
405 nm by using a microplate reader (BioTek). 
Experiments were performed in triplicate.

Statistical analysis

All values are expressed as means ± SD. Dif- 
ferences were analyzed using one-way ANOVA, 
followed by Tukey post-hoc tests. All analyses 
were performed using a Prism software pack-
age (version 5.01; GraphPad Software, Inc., 
San Diego, CA, USA). P < 0.05 was considered 
statistically significant.

Results

Toxicity of ISO to BV-2 microglial cells

We first investigated the effect of ISO on the 
viability of BV-2 microglial cells. 1.4% ISO exhib-
ited no significant effect on the viability of BV-2 
cells. However, the number of survival cells was 
markedly reduced by 2.1% ISO (Figure 1A). LDH 
assay showed that cell membrane integrity was 
obviously impaired by 2.1% ISO, whereas 1.4% 
ISO showed no significant damage of cell mem-
brane integrity (Figure 1B). These results sug-
gested that ISO conferred toxicity to BV-2 cells 
at higher concentrations. Thus, we selected  
the 1.4% ISO dose for the subsequent experi- 
ments.

ISO inhibited LPS-induced NF-κB p65 activa-
tion in BV-2 cells

To confirm whether ISO-mediated inhibition of 
LPS-induced neuroinflammation is involved in 

Figure 1. Effects of ISO on the viability and LDH release of BV-2 cells. A. BV-2 cell viability was measured by MTT 
assay with varying concentrations of ISO treatment. B. LDH release of BV-2 cells was measured in the extracellular 
medium. Data are means ± SD. *P < 0.05 vs. control (Ctrl) group.
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NF-κB activation, Western blot was performed 
to evaluate IκB-α degradation and NF-κB p65 
nuclear translocation in LPS-treated BV-2 cells. 
As shown in Figure 2A and 2B, both the phos-
phorylation of IκB in the cytosol and the nuclear 
accumulation of NF-κB p65 were increased 
after LPS stimulation. By contrast, ISO treat-
ment significantly inhibited IκB-α phosphoryla-
tion and NF-κB p65 nuclear translocation. 
NF-κB DNA-binding assay also showed that ISO 
exposure notably reduced LPS-induced NF-κB 
DNA-binding activity (Figure 2C). These results 
indicated that ISO attenuated LPS-induced 
NF-κB activation in BV-2 cells.

ISO reduced LPS-induced pro-inflammatory 
cytokine release in BV-2 cells

qPCR and ELISA assays were used to deter-
mine the mRNA expression and production of 
pro-inflammatory cytokines in microglia acti-
vated by LPS. The increase in the mRNA expres-
sion of TNF-α (Figure 3A), IL-1β (Figure 3B), and 
IL-6 (Figure 3C) was attenuated by ISO treat-
ment in LPS-stimulated BV-2 cells. Consistently, 
the increased release of TNF-α (Figure 3D), 
IL-1β (Figure 3E), and IL-6 (Figure 3F) was 
reduced by ISO exposure. These results sug-
gested that ISO treatment reduced the mRNA 

Figure 2. ISO inhibited LPS-induced NF-κB p65 activation in BV-2 cells. A. Representative Western blot results of 
NF-κB p65 expression in the nucleus and p-IκB-α expression in the cytoplasm. B. Quantitative NF-κB p65 expres-
sion against lamin B and p-IκB-α expression against b-actin. The respective densitometric analysis of protein bands 
results from three independent experiments. C. The NF-κB DNA-binding activity was assayed by determining the 
optical density. Data are means ± SD. *P < 0.05 vs. Ctrl groups; #P < 0.05 vs. LPS + RA group.

Figure 3. ISO reduced LPS-induced pro-inflammatory cytokines release in BV-2 cells. (A-C) qPCR analysis of mRNA 
expression of TNF-α (A), IL-1β (B), and IL-6 (C) was normalized against GAPDH. (D-F) The production of TNF-α (D), 
IL-1β (E), and IL-6 (F) in the supernatants was measured by ELISA. Data are means ± SD. *P < 0.05, **P < 0.01 vs. 
Ctrl groups; #P < 0.05, ##P < 0.01 vs. LPS + RA group.
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expression and production of pro-inflammatory 
cytokines in LPS-activated BV-2 cells.

CM from ISO-treated microglia promoted sur-
vival of LPS-challenged VSC4.1 cells 

We investigated the effects of ISO on the sur-
vival of VSC4.1 cells simulated by LPS-activated 

microglia. MTT assay showed that cell viability 
was significantly inhibited after stimulation with 
LPS-CM. However, this decrease was restored 
by LPS + ISO-CM treatment (Figure 4A). In addi-
tion, the release of LDH in LPS + ISO-CM-
treated cells was markedly decreased com-
pared with that in the LPS-CM-challenged cells 
(Figure 4B). These data indicated that ISO pro-

Figure 4. ISO promoted the survival of LPS-CM-cultured VSC4.1 cells. A. MTT assay was used to measure the viability 
of VSC4.1 cells cultured in the four different CMs. B. LDH release of VSC4.1 cells was measured in the extracellular 
medium. Data are means ± SD. *P < 0.05 vs. Ctrl groups; #P < 0.05 vs. LPS + RA group.

Figure 5. ISO inhibited LPS-CM-trigged VSC4.1 cell apoptosis. 
(A) Flow cytometry analysis to evaluate apoptosis in VSC4.1 
cells. (B) Quantification of the apoptotic cell ratio in (A). (C) Cell 
apoptosis by nucleosomal fragmentation assay. (D) Changes 
in the mitochondrial membrane potential were used to assess 
cell apoptosis. Data are means ± SD. *P < 0.05, **P < 0.01 vs. 
Ctrl groups; #P < 0.05, ##P < 0.01 vs. LPS + RA group.
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moted the survival of LPS-CM-cultured VSC4.1 
cells.

ISO inhibited LPS-CM-induced apoptosis of 
VSC4.1 cells

To further confirm the neuroprotective effects 
of ISO, apoptosis in VSC4.1 cells was evaluated 
by flow cytometry, nucleosomal fragmentation, 
and mitochondrial membrane potential assays. 

As shown in Figure 5A and 5B, VSC4.1 cells 
with an LPS-CM insult promoted apoptotic cell 
death, whereas cell apoptosis was markedly 
inhibited by LPS + ISO-CM treatment. The in- 
hibitory effects of LPS + ISO-CM exposure on 
VSC4.1 cell apoptosis were also confirmed by 
nucleosomal fragmentation assay (Figure 5C). 
In addition, the mitochondrial membrane pot- 
ential loss of the VSC4.1 cell induced by LPS-

Figure 6. ISO reduced caspase-8, caspase-9, and caspasae-3 activities in LPS-CM-challenged VSC4.1 cells. (A-C) 
Caspase colorimetric assay kits were used to measure the activities of caspase-8 (A), caspase-9 (B), and caspase-3 
(C) in VSC4.1 cells with four different CM treatments. Data are means ± SD. **P < 0.01 vs. Ctrl groups; #P < 0.05, 
##P < 0.01 vs. LPS + RA group.

Figure 7. ISO reversed apoptosis-associated protein expression in LPS-CM-stimulated VSC4.1 cells. Western blot 
was performed to analyze the expression of (A) procaspase-8 and cl-caspase-8; (C) procaspase-9, and cl-caspase-9; 
(E) procaspase-3, and cl-caspase-3; (G) Bid, Bax, Bcl-2, and cytochrome c. b-actin was used as the loading control. 
Quantitative expression of (B) procaspase-8 and cl-caspase-8; (D) procaspase-9 and cl-caspase-9; (F) procaspase-3 
and cl-caspase-3, (H) Bid, Bax, Bcl-2, and cytochrome c was normalized against β-actin. Data are means ± SD. *P < 
0.05 vs. Ctrl groups; #P < 0.05 vs. LPS + RA group.
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CM was markedly inhibited by LPS + ISO-CM 
exposure (Figure 5D). These data demonstrat-
ed that ISO attenuated LPS-CM-induced VS- 
C4.1 cell apoptosis. 

ISO reduced caspase-8, caspase-9, and 
caspase-3 activities of VSC4.1 cells following 
LPS-CM exposure

To investigate whether the apoptotic inhibition 
of ISO depended on caspase activation, we ex- 
amined the activities of caspase-8, caspase-9, 
and caspase-3. As shown in Figure 6A-C, after 
treatment of VSC4.1 cells with LPS-CM, the 
activities of caspase-8, caspase-9, and cas-
pase-3 were enhanced by about 4-, 6-, and 
7-fold, respectively, compared with those of the 
control-CM group. However, ISO significantly 
attenuated these increases in caspase activi-
ties. These results suggested that ISO protect-
ed VSC4.1 cells from LPS-CM-induced apopto-
sis by inhibiting caspase-8, caspase-9, and 
caspase-3 activities.

ISO reversed changes in the expression of 
apoptosis-associated proteins in LPS-CM-treat-
ed VSC4.1 cells

To further investigate the protective effects of 
ISO on VSC4.1 cells with LPS-CM treatment, 
the expression of apoptosis-associated pro-
teins was analyzed by Western blot. The results 
showed an increase in the expression of pro-
apoptotic procaspase-8, cl-caspase-8 (Figure 
7A and 7B); procaspase-9, cl-caspase-9 (Figure 
7C and 7D); procaspase-3, cl-caspase-3 (Figure 
7E and 7F); and Bid, Bax, and cytochrome c 
(Figure 7G and 7H). A decrease in the anti-
apoptotic Bcl-2 (Figure 7G and 7H) of VSC4.1 
cells treated with LPS-CM was also shown. 
However, treatment with ISO reversed all 
changes in the proteins mentioned above 
(Figure 7). All data indicated that ISO inhibited 
LPS-CM-induced VSC4.1 cell apoptosis by 
downregulation of pro-apoptotic proteins and 
upregulation of anti-apoptotic protein.

Discussion

We explored the protective effects of ISO on 
LPS-activated BV-2 microglia-treated VSC4.1 
motoneurons. Key findings are as follows. First, 
ISO treatment significantly alleviated NF-κB 
activation and nuclear translocation as well as 
pro-inflammatory cytokine release in LPS-ch- 

allenged BV-2 cells. Second, ISO administration 
promoted LPS-CM-treated VSC4.1 motoneuron 
survival and inhibited neuronal apoptosis. 
Third, ISO treatment induced caspase-8, cas-
pase-9, and caspase-3 activities of VSC4.1 
cells treated with LPS-CM. Finally, ISO treat-
ment downregulated the expression of pro-
apoptotic proteins and upregulated anti-apop-
totic protein expression in LPS-CM-treated 
VSC4.1 cells. 

Activated microglia is identified as major cyto-
toxic effectors and is known to play an essen-
tial role in the pathogenesis of neurodegenera-
tive diseases [17, 18]. Previous studies 
indicated that activated microglia inhibit axonal 
growth and regeneration of neurons by the 
release of detrimental factors [19, 20]. In the 
present study, we showed that numerous pro-
inflammatory cytokines are released following 
activation of BV-2 cells with LPS. CM from acti-
vated microglia containing released cytokines 
resulted in VSC4.1 motoneuronal death, sug-
gesting that cytokines are the major detrimen-
tal factors released following activation of 
microglia in CNS diseases and are partly 
responsible for neuronal degeneration. How- 
ever, ISO treatment significantly inhibited pro-
inflammatory cytokine release from LPS-sti- 
mulated BV-2 cells and subsequently reduced 
VSC4.1 motoneuronal death. 

Neuroinflammation is one of the most distinct 
features of neurodegenerative diseases. 
Classical NF-κB signaling involving the p65/
p50 heterodimer is considered a major regula-
tor of inflammation, driving expression of pro-
inflammatory cytokines, chemokines, enzymes, 
and adhesion molecules, many of which are 
upregulated in neurodegenerative disorders. A 
previous study showed that activated microg-
lia-induced motoneuronal death via the classi-
cal NF-κB pathway in ALS [21]. Notably, NF-κB 
plays important roles in transcriptional regula-
tion of cytokine expression in microglia under 
LPS stimulation [22]. In the present study, we 
showed that NF-κB was activated in LPS-
treated BV-2 cells, which was significantly inhib-
ited by ISO treatment. 

Motoneuronal death is a well-known character-
istic of neurodegenerative diseases. Microglial 
activation is identified as a major regulator of 
cell apoptosis [23]. Previous studies indicated 
that VSC4.1 motoneuronal death is related to 
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both extrinsic and intrinsic apoptosis pathways 
[24-26]. Caspase-8 is involved in the extrinsic 
apoptotic pathway prior to mitochondrial per-
meabilization and cytochrome c release [27]. 
Caspase-8 activation may induce cleavage of 
Bid to tBid, resulting in tBid translocation from 
the cytosol to the mitochondrial membrane to 
stimulate more efficient oligomerization of Bax, 
thereby activating the intrinsic apoptotic path-
way [24]. The Bcl-2 family proteins are involved 
in the early stage of apoptosis, and the interac-
tion between the pro-apoptotic Bax and the 
anti-apoptotic Bcl-2 may be necessary for the 
intrinsic apoptotic process [28]. Increased 
Bax/Bcl-2 ratio enhances the release of cyto-
chrome c from mitochondria to cytosol, which 
activates caspase-9 and caspase-3, thereby 
inducing cell apoptosis [29]. We showed that 
exposure of VSC4.1 motoneurons to activated 
microglia CM significantly increased the expres-
sion and activity of caspase-8, caspase-9, and 
caspase-3, as well as the expression of pro-
apoptotic Bid, Bax, and cytochrome c; however, 
such exposure decreased the expression of 
anti-apoptotic Bcl-2. However, ISO treatment 
reversed the changes mentioned above in LPS-
CM-treated VSC4.1 motoneurons. 

We appreciate limitations of our present stud-
ies. According to the previous report, ISO acts 
not only on microglia but also the neurons 
directly in vivo. So, we can’t exclude the possi-
bility that ISO has a protective effect on LPS-
stimulated neurons directly. However, in the 
future, we shall perform in vivo experiments to 
further verify our in vitro findings and to investi-
gate the detailed molecular events, as well as 
to probe whether ISO reduces LPS-induced 
neuron apoptosis in vitro and in vivo.

In conclusion, we demonstrated that ISO exhib-
its neuroprotective effects on motoneurons 
under activated microglia stimulation by pro-
moting cell survival and inhibiting cell apopto-
sis via its anti-inflammatory and anti-apoptotic 
activities. In general, these results suggest that 
ISO can be used as a therapeutic agent for the 
treatment of neurodegenerative diseases.
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