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Objective. To investigate the eﬀect of isoﬂurane (ISO) on the proliferation, apoptosis, and inﬂammatory response of
lipopolysaccharide- (LPS-) induced normal human astrocytes (NHAs) by regulating the miR-206/BDNF axis. Methods. NHA
proliferation activity was measured by MTT; NHA apoptotic rates were measured by Annexin V-FITC/PI; western blotting was
used to measure the BDNF expression; ELISA was used to measure the IL-6, IL-1β, and TNF-α expression in NHAs; qPCR was
used to measure the expressions of miRNAs that are related to NHAs proliferation and apoptosis; dual-luciferase reporter was
constructed to validate the targeting relationship between miR-206 and BDNF. Results. LPS increased the proliferation activity
and decreased the apoptosis rate of NHAs which were eﬀectively reversed by the ISO (p < 0:05); LPS signiﬁcantly inhibited the
expression of miRNAs related to proliferation and apoptosis in NHAs (p < 0:05, p < 0:01), whereas ISO signiﬁcantly increased
the expression of miR-206 (p < 0:01) by downregulating the expression of BDNF, thus inhibiting NHA proliferation and
inﬂammatory response and enhancing apoptosis. Conclusion. ISO can inhibit the expression of BDNF by upregulating the
expression of miR-206, thereby inhibiting the proliferation and inﬂammatory response of NHAs and promoting its apoptosis.

1. Introduction
Recently, the incidence of neurodegenerative diseases such as
amyotrophic lateral sclerosis (ALS) and spinal cord injury
(SCI) is increasing, and the central nervous system inﬂammatory response is a potential mechanism for various neurodegenerative diseases [1]. It has been reported that the
normal human astrocytes (NHAs) can minimize primary
damage and repair damaged tissues. However, under certain
pathological conditions, NHAs can change to become reactive NHAs [2], and reactive NHAs are one of the main
sources of proinﬂammatory cytokines in the brain [3]. NHAs
are involved in the development of a variety of neurodegenerative diseases [4]; therefore, studying the mechanism of
reactive NHAs is helpful for the development of protective
strategies for neurodegenerative diseases induced by central
nervous system inﬂammation. Lipopolysaccharide (LPS) is

the main component of Gram-negative endotoxin [5], and
it is an eﬀective immune system-activating factor, which is
usually used to study inﬂammation-related diseases [6].
Therefore, in this study, LPS was used to treat NHAs to
establish an in vitro LPS-induced NHA injury model. Isoﬂurane (ISO) is a commonly used inhalation anesthetic and has
been shown to have neuroprotective eﬀects by inhibiting
inﬂammatory responses [7], but its regulatory eﬀect on reactive NHAs has not been reported. It has been demonstrated
that miR-206 was able to inhibit the inﬂammatory response
to reduce neural pain [8] and also to regulate the proliferation and apoptosis of nerve cells [9], but the eﬀect on NHA
cells is unknown. A bioinformatics study suggests that
brain-derived neurotrophic factor (BDNF) is a target protein of miR-206 and has been proved to be an important
target for the treatment of neurodegenerative diseases
[10]. Therefore, this study aimed at investigating the eﬀects
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of ISO on the proliferation, apoptosis, and inﬂammatory
response of NPS cells induced by lipopolysaccharide through
the miR-206/BDNF axis.

2. Materials and Methods
2.1. Cell Lines and Reagents. NHAs (Cat. No. 1800) were
purchased from Shanghai Fumeng Gene Biotechnology
Co., Ltd. The DMEM complete medium, penicillin, streptomycin, fetal bovine serum, Lipofectamine 2000 transfection
reagent, one-step reverse transcription kit, TRIzol kit, and
dual-luciferase reporter gene kit were purchased from
Thermo Fisher. The Annexin V-FITC/PI Apoptosis Detection Kit was purchased from Biotech Bioengineering (Shanghai) Co., Ltd. The ELISA kit was purchased from Shanghai
Gaining Biotechnology Co., Ltd. RIPA cell lysates were purchased from Beijing Solaibao Technology Co., Ltd. LPS was
purchased from Shanghai Guchen Biotechnology Co., Ltd.
Isoﬂurane was purchased from Jinan Huifengda Chemical
Co., Ltd. BDNF primary and secondary antibodies were purchased from Wuhan Aimeijie Technology Co., Ltd.
2.2. Cell Culture. NHAs were cultured and incubated in the
DMEM medium containing 10% fetal bovine serum, 1% penicillin, and streptomycin and cultured in a 37°C, 5% CO2
incubator. The culture medium was replaced every day. The
passage was performed at a conﬂuency of 70 to 80%, and cells
from passages 3 to 4 were used for subsequent experiments.
Drug treatment. NHAs in logarithmic growth phase were
taken and treated with diﬀerent concentrations of LPS
(0 μg/mL, 0.2 μg/mL, 0.5 μg/mL, and 1 μg/mL) for 24 h, and
the appropriated LPS concentration was selected. After 24 h
of treatment with LPS (0.5 μg/mL), the NHAs were placed
in a closed anesthesia box. The inlet end was connected to
an ISO gas volatilizer, and 95% air and 5% CO2 were passed
in. The outlet end was connected to an anesthetic gas monitor for the ISO concentration examination. Diﬀerent concentrations of ISO (0.7%, 1.4%, and 2.1%) were passed in for 2 h,
and then cell proliferation, apoptosis, and inﬂammatory factors were measured.
2.3. Cell Transfection. NHAs in the logarithmic growth phase
were taken, inoculated into 6-well plates, and cultured in a
37°C, 5% CO2 incubator. When the conﬂuence of the cells
reaches 70~80%, miR-206 mimics, anti-miR-206, NCmimics, and si-BDNF were transfected into NHAs and cultured in a 5% CO2 incubator at 37°C for 48 h before use.
2.4. NHA Proliferation Activity Measured by MTT. Each
group of NHAs to be tested in the logarithmic growth phase
was taken and inoculated in a 96-well plate at a density of
1 × 104 cells/well. 10 μL MTT solution was subsequently
added when the cells cultured for 0, 24, 48, 72, and 96 h. After
a further 4 h of incubation, the culture supernatant was aspirated, and 100 μL of dimethyl sulfoxide (DMSO) was added;
ﬁnally, the absorbance (OD) was measured at 450 nm using a
microplate reader.
2.5. NHA Apoptotic Rates Detected by Annexin V-FITC/PI
Double Staining. NHAs to be tested in each group were col-
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Table 1: qPCR primer sequences.
Primer
miR-211

miR-146a

miR-140

miR-206

U6

Sequence (5 ′ -3 ′ ); F: forward primer, R: reversed primer
F: 5 ′ -TTGTGGGCTTCCCTTTGTCATCCT-3 ′
R: 5 ′ -TGCTGTGGGAAGTGACAACTGA-3 ′
F: 5 ′ -CCTGAGAAGTGAATTCCATGGG-3 ′
R: 5 ′ -TGGTGTCGTGGAGTCG-3 ′
F: 5 ′ -CCCAAGCTTTTTCCGTGGTGACCTCCTCT-3 ′
R: 5 ′ -CGCGGATCCTGCTGGGCTGTTTGTGGGGG-3 ′
F: 5 ′ -CGGGCTTGTGGAATGGTAAGC-3 ′
R: 5 ′ -GCTTCGGCAGCACATATACTAAAAT-3 ′
F: 5 ′ -CTCGCTTCGGCAGCACA-3 ′
R: 5 ′ -AACGCTTCACGAATTTGCGT-3 ′

lected and cultured for 48 h and digested with 0.25% trypsin
and centrifuged at 1000 r/min for 5 min. After that, the cells
were adjusted to a concentration of 5 × 105 cells/mL, and
5 μL Annexin V-FITC was added and mixed well. After
homogenization, the cells were incubated at room temperature for 15 min in the dark, then 5 μL of PI staining solution
was added, mixed, and incubated for 5 min; and ﬁnally, ﬂow
cytometry was used to detect the apoptosis level of NHAs.
2.6. Expression of IL-6, IL-1β, and TNF-α in NHAs Determined
by ELISA. Each group of NHAs to be tested was collected and
prepared into a cell suspension, and the expression of IL-6,
IL-1β, and TNF-α in NHAs was determined according to
the corresponding ELISA kit instructions.
2.7. miRNAs Expression in NHAs Measured by qPCR. The
TRIzol method was used to extract the total RNA, which
was then reverse transcribed into cDNA according to the
instructions of the miRNA reverse transcription kit. qPCR
was used according to the instructions on the miRNA qPCR
kit. U6 was used as an internal reference, and the primer
sequences are shown in Table 1. The relative expressions
were calculated using 2-ΔΔCt.
2.8. BDNF Expression in NHAs Detected by Western Blotting.
NHAs of each group in the logarithmic growth phase were
taken and washed twice with PBS. A total of 0.5 μg/mL LPS
were added to the experimental group, and cells were rinsed
with PBS twice after 24 h of culture. After that, 1 mL of PBS
was added before centrifugation (3000 r/min) for 5 min. After
centrifugation, the supernatant was discarded, and the cells
were washed three times by adding icy PBS before the addition of the RIPA lysis buﬀer. The BCA protein quantiﬁcation
kit was used to determine the protein concentration. An
equal amount of protein samples was then taken from each
group for the SDS-PAGE electrophoresis. After electrophoresis, the SDS-PAGE gel was transferred to a PVDF membrane and placed in a 5% skim milk powder for blockage
for 1.5 h. A primary antibody (1 : 1000) was added and
incubated at 4°C overnight. On the next day, after washing
the membrane once with TBST, an HRP-labeled secondary
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Figure 1: Eﬀects of ISO on LPS-induced NHAs proliferation, apoptosis, and inﬂammatory response. ∗ p < 0:05 vs. the NC group; Δp < 0:05 vs.
the LPS group. (a–c) The proliferation of NHAs measured by MTT. (d) NHA apoptosis measured by Annexin V-FITC/PI. (e–g) Expression of
IL-6, IL-1β, and TNF-α in NHAs determined by ELISA.
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Figure 2: ISO upregulated the expression of miR-206 in NHAs cells.
∗
p < 0:05, ∗∗ p < 0:01 vs. the NC group; Δp < 0:05, ΔΔp < 0:01 vs. the
LPS group.

antibody (1 : 5000) was added to the sample and incubated
for 1.5 h at room temperature. After that, the membrane
was washed three times with TBST, and the ECL kit was used
for the development of the protein bands. The ImageJ software was then used to analyze the grayscale of the bands
and calculate the relative expression.
2.9. Targeting the Relationship between miR-206 and BDNF
Veriﬁed by Dual-Luciferase Reporter. The StarBase database
was used to predict the binding site of miR-206 and BDNF.
The BDNF wild-type vector (WT-BDNF) was constructed;
gene mutation technology was used to change the binding
site of miR-206 and BDNF, and the BDNF mutant vector
(MUT-BDNF) was constructed by the same method. WTBDNF or MUT-BDNF was then cotransfected with miR206 mimics or miR-NC into NHAs and cultured for 48 h,
and the luciferase activity of each group was measured using
the dual-luciferase reporter gene kit [8].
2.10. Statistical Analysis. All experiments in this study were
repeated three times, and data were expressed as x ± s. The
GraphPad 7.0 software was used for statistical analysis and
related ﬁgure drawing. t-test was used for comparison between
two groups, and one-way analysis of variance was used for

3.1. Eﬀect of ISO on LPS-Induced NHAs Proliferation,
Apoptosis, and Inﬂammatory Response. MTT results showed
that the cell proliferation ability increased in a dosedependent manner after treatment of NHAs with diﬀerent
concentrations of LPS (0.0 μg/mL, 0.2 μg/mL, 0.5 μg/mL,
and 1.0 μg/mL) (Figure 1(a), p < 0:01), and there is no significant diﬀerence in cell proliferation activity when LPS was at
a concentration of 0.5 μg/mL and 1 μg/mL. After NHAs were
ﬁrst treated with 0.5 μg/mL LPS, diﬀerent concentrations of
ISO (0.7%, 1.4%, and 2.1%) were introduced, and the proliferation activity of NHAs was found to be the lowest at 1.4%
after 2 h (Figure 1(b), p < 0:01). MTT, Annexin V-FITC/PI,
and ELISA were used to measure the proliferation activity,
apoptosis rate, IL-6, IL-1β, and TNF-α expression of NHAs
in the NC group, LPS group, and LPS+ISO group. The results
showed that compared with the NC group, the proliferation
activity and the expression of IL-6, IL-1β, and TNF-α were
signiﬁcantly increased, and the apoptosis rate was signiﬁcantly reduced in the LPS group, whereas the LPS+ISO group
reversed the eﬀects of the LPS on NHA proliferation, apoptosis, and inﬂammatory response (Figures 1(c)–1(e), all p <
0:05). Therefore, taken together, ISO can reverse the promotion eﬀect of LPS on the proliferation and inﬂammatory
response of NHAs and the inhibitory eﬀect on apoptosis.
3.2. ISO Upregulated miR-206 Expression in NHAs. qPCR
results showed that LPS signiﬁcantly inhibited the expression
of miRNAs [2, 11–13] associated with proliferation and
apoptosis of NHAs (p < 0:05, p < 0:01), and the addition
of ISO reversed these inhibitory eﬀects to a certain extent.
In particular, among all examined miRNAs, miR-206 was
the most signiﬁcantly reversed one (Figure 2, p < 0:01).
Therefore, it can be concluded that ISO upregulated the
expression of miR-206 in NHAs.
3.3. miR-206 Downregulated BDNF. The bioinformatics database StarBase was used to predict that BDNF is a potential
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Figure 3: miR-206 targeted downregulation of BDNF. (a) The bioinformatics analysis result showed that BDNF was a target gene of miR-206.
(b) The dual-luciferase reporter gene assay was used to verify the relationship between miR-206 and BDNF. (c) Western blotting was applied
to measure the expression of BDNF. ∗∗ p < 0:01 vs. the NC group.

target gene for miR-206 (Figure 3(a)). The results of the
dual-luciferase reporter gene showed that the overexpression of miR-206 signiﬁcantly reduced the luciferase activity
of the WT-BDNF plasmid (p < 0:01); however, it had no signiﬁcant eﬀect on the luciferase activity of the MUT-BDNF
plasmid (p > 0:05). Western blotting results (Figure 3(c))
also conﬁrmed that the overexpression of miR-206 signiﬁcantly inhibited BDNF expression in NHAs (p < 0:01). These
results suggested that miR-206 targeted and downregulated
BDNF expression.
3.4. ISO Regulated the LPS-Induced Proliferation, Apoptosis,
and Inﬂammatory Response of NHAs via the miR-206/BDNF
Axis. Western blotting was used to detect BDNF expression
in NHAs after treatment with LPS, and the results showed
that after knocking down BDNF, BDNF expression in NHAs
was signiﬁcantly reduced (p < 0:01); in addition, after simultaneous knockdown of BDNF and miR-206, BDNF expression was signiﬁcantly increased compared with knockdown
of BDNF alone (p < 0:01), and there was no signiﬁcant diﬀerence compared with the NC group. After NHAs were treated
with LPS, MTT, Annexin V-FITC/PI, and ELISA were used
to detect the proliferation activity, apoptosis rate, and IL-6
IL-1β expression of NHAs in NC group, ISO group, ISO
+anti-miR-206 group, ISO+si-BDNF group, and ISO+antimiR-206+si-BDNF group. The results showed that compared
with the NC group, the proliferation activity, IL-6, IL-1β, and

TNF-α expression of NHAs in ISO group were signiﬁcantly
reduced, while the apoptosis rate increased signiﬁcantly,
whereas addition of anti-miR-206 eﬀectively reversed the
eﬀects of the ISO on NHAs proliferation, apoptosis, and
inﬂammatory response. However, in the ISO+si-BDNF group,
the eﬀects of the ISO group on NHAs proliferation, apoptosis, and inﬂammatory responses were further heightened.
Compared with the ISO+anti-miR-206 group, the proliferation activity and inﬂammatory response of NHAs cells in
the ISO+anti-miR-206+si-BDNF group were reduced, while
the apoptosis rate was increased.
Compared with the ISO+si-BDNF group, the proliferation activity and inﬂammatory response of NHAs in the
ISO+anti-miR-206+si-BDNF group increased, whereas the
apoptosis rate decreased as shown in Figures 4(b)–4(d) (all
p < 0:05). Taken all these together, it seems that ISO can
reverse the eﬀects of LPS on NHAs including the promotion
of proliferation, inﬂammatory response, and inhibition of
apoptosis by regulating the miR-206/BDNF axis.

4. Discussion
Normal human NHAs are the most abundant cell types in
the central nervous system, providing nutritional support
for neurons and maintaining the function of the central
nervous system [14]. Studies have shown that the function
of NHAs is regulated by microglia, microorganisms, and
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Figure 4: ISO regulated the eﬀects of miR-206/BDNF axis on LPS-induced NHA cell proliferation, apoptosis, and inﬂammatory response. (a)
Western blotting was applied to measure the expression of BDNF. (b) The proliferation activity of NHAs cells was detected by MTT. (c)
Annexin V-FITC/PI was used to detect NHA cell apoptosis. (d–f) Expression of IL-6, IL-1β, and TNF-α in NHAs cells was detected by
ELISA. ∗ p < 0:05 vs. the NC group; Δp < 0:05 vs. the ISO group; #p < 0:05 vs. the ISO+anti-miR-206; @p < 0:05 vs. the ISO+si-BDNF.

the internal environment [15], and under the stimulation
of the inﬂammatory environment, NHAs can lose most
of the normal astrocyte functions and gain new neurotoxic
function [16]. It has also been reported that NHA cellderived inﬂammation is a common component of acute
or chronic damage to the central nervous system [17]
and plays a key regulatory role in the pathogenesis of various
neurodegeneration caused by neuroinﬂammation [18]. The
results in our study found that LPS can promote the proliferation and inﬂammatory response of NHA cells and
inhibit its apoptosis.
ISO is a commonly used inhalation anesthetic and is
widely used in various types of surgery to maintain general
anesthesia. In addition, ISO also has anti-inﬂammatory, antioxidant, and apoptotic eﬀects [1]. It has been reported that
ISO can regulate immune and inﬂammatory responses by
reducing neutrophil function and inhibiting cytokines release
by macrophages and attenuating the response of natural killer
cells to interferon-α4, ﬁnally to exert anti-inﬂammatory eﬀects
by reducing systemic inﬂammation and inhibiting cytokines
release by mononuclear cells and macrophages release [19].
Moreover, studies have demonstrated that ISO was able to
protect brain damage. For instance, Swissa [7] and others
found that ISO signiﬁcantly reduced the late-stage brain
damage in the rat model of epilepsy status induced by oxophosphate. However, it has not yet been reported whether
ISO regulates reactive NHA cell-derived inﬂammation. Our
results discovered that ISO can inhibit LPS-induced proliferation and inﬂammatory response and promote apoptosis of
NHAs cells.
miR-206 has been shown associated with neuronal activation and neuroinﬂammation [20] and is abnormally lowly
expressed in the serum of chronic neuropathy rats [21]. In
addition, miR-206 can regulate inﬂammatory responses.
For example, overexpression of miR-206 can reduce neuro-

pathic pain caused by overexpression of ZEB2 in microglia
in rats by inhibiting neuroinﬂammation [22]. BDNF is
produced and secreted by neurons, it can promote the
development of axons in an autocrine manner, and it is
essential in the development of brain circuits [3]. In addition, BDNF, as a neurotrophic protein, plays an important
role in the plasticity of the central nervous system and is
also involved in the pathogenesis of neurological diseases
[23], thus becoming an important target for the treatment
of neurodegenerative diseases. The results in this study illustrated that ISO can upregulate miR-206 expression, and miR206 can inhibit LPS-induced glial cell proliferation, inﬂammatory, and promote its apoptosis through downregulation
of BDNF expression.
In summary, ISO can reduce the inﬂammatory response
under pathological conditions by upregulating the inhibitory
eﬀect of miR-206, inhibiting LPS-induced NHAs proliferation, and enhancing apoptosis.
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