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Abstract
Astrocytes are vitally involved in the development of neurodegenerative diseases and brain cancers. In this work, we inves-
tigated the potential ameliorative role of microRNA-194-5p (miR-194-5p) against lipopolysaccharide (LPS)-induced astro-
cytes activation and the mechanism underneath. Astrocytes were transfected with miR-194-5p mimic or inhibitor and 
subsequently induced with LPS. Cell proliferation was measured using MTT assay while Transwell assay was used for 
assessing cell migration. The concentrations of cyclooxygenase 2 (COX2) and cytokines (tumor necrosis factor-α (TNF-α), 
transforming growth factor β (TGF-β), interleukin (IL)-1β and IL-6) were determined by enzyme-linked immunosorbent 
assay (ELISA). Gene expression was assessed by quantitative reverse transcription PCR (RT-qPCR) while western blotting 
was used for quantifying relative protein expression. We found that miR-194-5p, downregulated in LPS-induced astrocytes, 
significantly inhibited LPS-induced cell proliferation and migration. In addition, miR-194-5p inhibited the release of COX2 
and pro-inflammatory cytokines (TNF-α, TGF-β, IL-1β and IL-6). Moreover, the silencing of neurexophilin 1 (NXPH1), an 
in silico and mechanistically confirmed direct target of miR-194-5p, reverted the anti-inflammatory, anti-proliferative and 
anti-migratory effects of miR-194-5p. We anticipated that miR-194–5 inhibits the proliferation, invasion, and inflammatory 
reaction in LPS-induced astrocytes by directly targeting NXPH1. These findings hinted that miR-194-5p/NXPH1 axis exerts 
vital functions in astrocytes activation and neuroinflammation-associated diseases. This finding will open novel avenues for 
biomedical and neuroscience research.
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Introduction

Astrocytes are the major cells of the central nervous system 
and play an important role in maintaining the physiological 
activities of neurons, including the formation and mainte-
nance of the blood–brain barrier, synaptic development, neu-
rotransmission, metabolic regulation, axonal transmission 
and inflammation [1–4]. In case of nervous system injury, 
astrocytes are activated, proliferate and migrate to the lesion 
where they form a glial scar, thus preventing from neuronal 
regeneration [5, 6]. Therefore, exploring the pathways con-
trolling the phenotypes of astrocytes has become a hot spot 
for research in this area.

In recent years, many microRNAs (miRs) have been 
reported to be expressed in the brain and nerve cells. These 
miRs along with other non-coding RNAs regulate cerebral 
cortical neurons, synapses, and complex neurophysiologi-
cal network structures, and play a precise regulatory role in 
the development and function of the nervous system [7–9]. 
Once this regulatory mechanism is disordered, neurological 
diseases will inevitably occur. Previous studies have shown 
that miR-194-5p can regulate the growth and metastasis of 
various cancers, such as endometrial cancer, esophageal ade-
nocarcinoma, gastric cancer, and is considered a candidate 
biomarker for cancers [10–12]. Furthermore, the expression 
level of miR-194-5p was considerably decreased in glioblas-
toma patients, suggesting a possible role of miR-194-5p in 
brain and neurodegenerative diseases [13]. The mechanisms 
involving miR-194-5p were reported to be related to down-
stream control of target genes by miR-194-5p or upstream 
regulations driven by other non-coding RNAs and canoni-
cal pathways [14, 15]. However, the role of miR-194-5p in 
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astrocyte activation following seizures is still unclear and 
needs an in-depth study of its mode of action.

The function of neurexophilins (NXPHs) is poorly under-
stood. However, data suggest that these molecules inhibit 
neurexins (NRXN)-mediated signaling within the neuronal 
system [16, 17]. NXPH1-3 are small 29 kDa, secreted, neu-
ropeptide-like proteins found in a variety of tissues [17, 18]. 
NXPH1 encodes a secreted protein with a variable N-termi-
nal domain and forms a very tight complex with NRXNs. 
However, whether NXPH1 plays a role in the activation of 
astrocytes is unknown. Studies are encouraged to elucidate 
this possible role. Bioinformatics analysis revealed that 
NXPH1 is a potential target gene for miR-194-5p, therefore, 
we hypothesized that miR-194-5p exerts its function through 
targeting NXPH1 expression.

Endotoxin lipopolysaccharide (LPS) is the main compo-
nent of the cell wall of Gram-negative bacteria [19]. It is 
often used as a polyclonal immune stimulator in immune 
response studies to mimic the immune stimulating state 
of the body, which is a common inflammatory stimulator 
for studying the information exchange model between the 
immune system and the nervous system [20, 21]. In the 
present study, a human astrocytes activation model stimu-
lated by LPS was established. We detected the expression 
of miR-194-5p and NXPH1, and evaluated the function of 
miR-194-5p/NXPH1 in LPS-stimulated astrocytes. Notably, 
we demonstrated that miR-194-5p/NXPH1 axis regulates 
the proliferation, migration and neuroinflammation in LPS-
induced astrocytes.

Materials and methods

Cell culture

Human astrocytes (NHA, Human Astrocytes, Catalog #: 
CC-2565) were bought from the Lonza (USA). Cells were 
cultured in a specific astrocyte medium (AGM™ Astrocyte 
Growth Medium BulletKit™, Lonza, USA). The culture 
system contained ABM™ Basal Medium (CC-3187) and 
 AGMTMSingleQuots™ Supplements (CC-4123) necessary 
for growth of Astrocytes. Cultures were performed in a 
humidified 5%  CO2 incubator at 37 °C. Cells were treated 
with indicated concentrations of LPS (Sigma-Aldrich, St. 
Louis, USA) for 48 h prior to harvest.

GFP reporter gene construct for miR‑194‑5p 
and NXPH1

We constructed a reporting system that correlates miR-
194-5p or NXPH1 content in cells with GFP fluorescence. 
GFP was cloned into the respective EcoRI and NotI sites 
of pcDNA3.1 with T4 DNA-Ligase (2–3 Weiss-Units). The 

wild type (WT) NXPH1 3′-UTR was amplified from pRL 
NXPH1 3′-UTR (plasmid 14,804, Cambridge, MA, USA) 
and mutant NXPH1 3′-UTR from pRL NXPH1 3′-UTR 
(plasmid 14,805) using NXPH1 forward primer (5′-ACG 
AGA AGA AGT GGA AGG CA-3′) and NXPH1 reverse 
primer (5′-CTC CGA TTG CTT GCA GTA CC-3′). KpnI and 
BamHI restriction sites were used to clone the resulting 
NXPH1 PCR product into GFP downstream into pcDNA3.1-
GFP, resulting in GFP reporter vector. Successful cloning 
was confirmed by using DNA sequencing at GenePharma 
(Shanghai, China). This GFP reporter assay was used to 
evaluate the transfection efficiency of different oligonucleo-
tide and the effect of mir-194-5p on NXPH1 in astrocytes.

Cell transfection and quantification of green 
fluorescent protein fluorescence in astrocytes

The miR-194-5p mimics and miR-194-5p inhibitor were 
purchased from Sangon Biotech Co., Ltd. (Shanghai, 
China). The miRNA sequences were as follows: miR-
194-5p mimic: 5′-UGU AAC AGC AAC UCC AUG UGGA-3′, 
mimic control: 5′-UUC UCC GAA CGU GUC ACG UTT-3′, 
miR-194-5p inhibitor: 5′-UCC ACA UGG AGU UGC UGU 
UACA-3′, inhibitor control: 5′-CAG UAC UUU UGU GUA 
GUA CAA-3′. NXPH1 siRNA interference sequence was 
synthesized by Genechem co., Ltd. (Shanghai, China). The 
siRNA sequences were as follows: NXPH1 siRNA: 5′-TAC 
TTG GTC ACA TGT GCC AAT TTA A-3′, control siRNA: 
5′-GTT TCA TAA CTT AGT CGC AGA TAC T-3′. The miR-
194-5p mimic, miR-194-5p inhibitor, NXPH1 siRNA and 
their respective controls were transfected or co-transfected 
with the GFP reporter system using Lipofectamine 2000 
(Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to the manufacturer’s protocol. Briefly, astrocytes were 
seeded in 24-well plates (1 × 106 cells/well) and cultured 
overnight. For each well, 20 μM miR-194-5p mimic, miR-
194-5p inhibitor, NXPH1 siRNA or their respective controls 
in presence (20 μM) or absence of the GFP reporter system 
was added into 250 μl Opti-MEM medium (Gibco-BRL/Inv-
itrogen, Carlsbad, CA, USA) followed by addition with 5 μl 
Lipofectamine 2000. Subsequently, the mixture was added 
to astrocytes and followed by incubation for 6 h. After trans-
fection, cells were cultured in the specific astrocyte medium 
containing 2 μg/ml LPS (Sigma-Aldrich, St. Louis, USA) 
for LPS stimulation. For the quantification of green fluores-
cence, cells were harvested 48 h after co-transfection with 
the GFP reporter system. The cells were fixed with 4% par-
aformaldehyde for 15 min, washed with phosphate buffer 
saline (PBS) three times, then permeabilized with 0.2% Tri-
ton X-100 for 5 min, and sealed with 5% BSA for 45 min 
after rinsing with PBS. The primary antibody diluted in PBS 
was added and incubated overnight at 4 ℃. On the second 
day, the cells were washed with PBS and incubated with the 



205Molecular and Cellular Biochemistry (2020) 471:203–213 

1 3

secondary antibody at room temperature for 1 h. Then, the 
nuclei were stained with DAPI (1 μg/ml) for 2 min. Before 
and after DAPI staining, the cells were washed with PBS 
three times. Cellular fluorescence intensity was determined 
by using a microplate reader (Synergy H1, BioTek, Win-
ooski, USA) under excitations at 480 nm, and emissions at 
509 nm. Additionally, an epi-fluorescent microscope (Nikon, 
Tokyo, Japan) was used to capture non-saturating images 
and the number of cells stained by  GFP+ and  DAPI+ were 
calculated using Image J software. Transfection efficiency 
was determined by the percentage of  GFP+ cells in the 
 DAPI+ cells (total cells).

Luciferase reporter assay

Cells at density of 1 × 105/well were plated in 24-well plates 
24 h before transfection. Luciferase constructs harboring 
firefly luciferase with either wild type (WT) NXPH1 3′-UTR 
or mutant (MUT) NXPH1 3′-UTR and Renilla vector (pRL-
TK) were co-transfected with either miR-194-5p mimic 
or control mimic into the cells using Lipofectamine 2000 
(Thermo Fisher Scientific, Inc.). Cell lysates were collected 
48 h after the transfection, and the luciferase activity meas-
urement was done following the procedures laid out by the 
manufacturer (Dual-Luciferase system, Promega, E1910). 
For each sample, firefly luciferase activity was normalized 
to Renilla luciferase activity.

Transwell assay

Cells were trypsinized and inoculated into Transwell cham-
ber (Costar Corning, NY, US) at a density of 5 × 105 cells/
well. 300 μl of serum-free DMEM medium was added to the 
upper chamber whereas 700 μl of DMEM medium supple-
ment with 20% FBS was added to the lower chamber. After 
culturing for 8 h, the Transwell chamber was taken out and 
washed twice with PBS. It was then fixed in a fixing solution 
(methanol:acetone = 1:1) for 2 h at room temperature, and 
stained with crystal violet for 30 min. The upper chamber 
cells were carefully wiped, and 5 fields in each chamber 
were randomly selected to be photographed under a high-
power microscope.

MTT detection of the proliferation of astrocytes

The MTT colorimetric cell proliferation assay was used to 
determine the proliferation of astrocytes transfected with 
indicated vectors and treated with LPS according to the 
instructions provided by the manufacturer. After harvest-
ing of the cells, MTT was added to the cells which were 
further incubated for 4 h. After that, cell supernatants were 
removed and cells added with of 100 μl DMSO. Finally, 
the absorbance (A) value was detected on the microplate 

reader (ELx808, BioTek Instruments, Winooski, VT, USA) 
at 490 nm.

Caspase 3/7 activity

The Caspase 3/7 activity was determined by Caspase‐Glo 
3/7 Assay (Promega, US) according to the vendor’s instruc-
tions. After transfection, cells were seeded into 96-well 
plates and incubated for 24 h at 37 °C. Subsequently, 100 
μl of Caspase‐Glo reagent was added to each well and fol-
lowed by incubation for 2 h at room temperature. Then, the 
luminescence was measured by using the Microplate Reader 
(Bio-Rad, Hercules, US).

RT‑PCR detection of miR‑194‑5p and NXPH1 mRNA 
expression

According to the Trizol protocol, the total RNA of each 
group was extracted, and the RNA was reverse transcribed 
into cDNA. miR-194-5p primers: upstream 5′-CTA GTA 
CCT AGA GGA ACC TTT GAA GAC TGT TAC AGC TCA 
GCA -3′, downstream 5′-AGC TTG CTG AGC TGT AAC 
AGT CTT CAA AGG TTC CTC TAG GTA -3′; NXPH1 prim-
ers: upstream 5′-ACG AGA AGA AGT GGA AGG CA-3′, 
downstream 5′-CTC CGA TTG CTT GCA GTA CC-3′; β-actin 
primers: upstream 5′-CCC ATC TAT GAG GGT TAC GC-3′, 
downstream 5′-TTT AAT GTC ACG CAC GAT TTC-3′. PCR 
expansion conditions: 94 °C pre-denaturation 5 min; 94 °C 
denaturation 30 s, 62 °C annealing 45 s, 72 °C extension 
1 min, cycle 35 times; 72 °C extension 10 min. Total RNA 
was used for synthesis of cDNA and the miScript Reverse 
Transcription kit purchased from Qiagen (Valencia, CA, 
USA) was used for miR-194-5p qRT-PCR. PCR product 
were purified on 2% agarose gel electrophoresis imaging, 
using the Quantity One system for electrophoretic band opti-
cal density analysis. Relative mRNA expression was com-
puted using the Ct method [22].

Western blotting

Cells were lysed with 2 × SDS loading buffer and proteins 
were collected and quantified by Coomassie Brilliant Blue 
method. After SDS-PAGE electrophoresis, transfer, and 5% 
skim milk powder were sealed at room temperature. Sub-
sequently, the primary antibodies (NXPH1, Santa Cruz 
Biotechnology, Santa Cruz, CA, 1:1000; β-actin, Santa 
Cruz Biotechnology, Santa Cruz, CA, 1:1000) were added 
overnight at 4 °C, washed 3 times with Tris-buffered saline 
containing 0.1% Tween-20 (TBST). Next, membranes were 
incubated with Horseradish Peroxidase (HRP)-labeled sec-
ondary antibody (Santa Cruz Biotechnology, Santa Cruz, 
CA, 1:5000) for 2 h at room temperature, washed 3 times 
with TBST, photographed with DAB and analyzed for 
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densitometry using the Image J software (NIH, Bethesda, 
MD, USA) [23].

ELISA detection

The concentrations of cyclooxygenase 2 (COX2) and 
cytokines (tumor necrosis factor-α (TNF-α), transforming 
growth factor β (TGF-β), interleukin (IL)-1β and IL-6) in 
the supernatant of the cell cultures was determined using 
the corresponding ELISA kits (Abcam, Cambridge, UK) 
according to the vendors’ instructions.

Statistical analysis

Statistical analysis was performed using GraphPad prism 
software (GraphPad Software, Inc., La Jolla, CA, USA). The 
measurement data were expressed as x ± s. One-way analy-
sis of variance was used for comparison between groups 
followed by Turkey multiple comparison test. p < 0.05 was 
considered statistically significant.

Results

miR‑194‑5p and NXPH1 are dysregulated 
in LPS‑induced astrocytes

Astrocytes were incubated with LPS for 48 h in order to 
induce astrocyte activation. MTT assay was used to eval-
uate the effect of LPS on cell proliferation. As shown in 
Fig. 1a, LPS induced the proliferation of astrocytes dose-
dependently. Decreased caspase3/7 activity indicated that 
LPS deterred the apoptosis of astrocytes (Fig. 1b). Similarly, 
transwell assay indicated increased cell migration in the LPS 
group compared to the control group (Fig. 1c). Furthermore, 
the determination of cytokines and COX2 by ELISA indi-
cated that TNF-α, TGF-β, COX2, IL-6 and IL-1β were all 
increased in the LPS group (Fig. 1d), indicating increased 
inflammation in astrocytes and their activation. Moreover, 
we found that LPS treatment led to decreased miR-194-5p 
expression (Fig. 1e) and upregulated the mRNA and protein 
expression levels of NXPH1 (Fig. 1f, g) in a dose-dependent 
manner (Fig. 1e), suggesting that miR-194-5p and NXPH1 
may play a role in astrocytes activation.

miR‑194‑5p/NXPH1 axis is a regulatory pathway 
in astrocytes

To uncover whether the miR-194-5p/NXPH1 axis is a regu-
latory pathway, we first proceeded to in silico analysis. The 
online bioinformatics tool Targetscan indicated that miR-
194-5p has a binding site in the WT 3′-UTR of NXPH1 
(Fig.  2a). Subsequently, this binding site was mutated 

(NXPH1 3′-UTR MUT) by 7 bp substitution (red letters) 
(Fig. 2a) and used for luciferase reporter assay. Luciferase 
reporter assay indicated that miR-194-5p overexpression 
reduced the luciferase activity of WT-NXPH1, but had no 
significant impact on MUT-NXPH1, suggesting that NXPH1 
is a direct target for miR-194-5p (Fig. 2b). Next, we con-
structed a GFP-based reporter system to assess both the 
transfection efficiency of miR-194-5p mimic or inhibitor 
in astrocytes and the regulatory relationship between miR-
194-5p and NXPH1. The NXPH1 3′-UTR was cloned down-
stream of GFP gene into pcDNA3.1 to construct a reporter 
system in which GFP fluorescence responded to changes 
in the level of miR-194-5p in the cells (Fig. 2c). The GFP 
reporter vector was co-transfected with miR-194-5p mimic 
or miR-194-5p inhibitor, and the transfection efficiency of 
astrocytes was about 70%, there was no significant differ-
ence between the miR-194-5p mimic and mimic control or 
between miR-194-5p inhibitor and inhibitor control. The 
results of cellular fluorescence intensity showed that miR-
194-5p mimic effectively inhibited GFP expression and 
reduced fluorescence by more than 1.5-fold (Fig. 2d). In 
contrast, miR-194-5p inhibitor significantly reduced miR-
194-5p expression in astrocytes, which was reflected by a 
1.24-fold increase in GFP fluorescence (Fig. 2d), suggest-
ing that the transfection of miR-194-5p mimic and inhibitor 
were effective and confirming that NXPH1 is a direct target 
of miR-194-5p. Moreover, the transfection efficiency of miR-
194-5p mimic and inhibitor were also validated by using RT-
qPCR. The results showed that miR-194-5p overexpression 
significantly increased the expression level of miR-194-5p 
(about 1.9-fold), while inhibition of miR-194-5p markedly 
declined the miR-194-5p expression (approximately 9.6-
fold) (Fig. 2e). Furthermore, western blot analysis indicated 
that miR-194-5p negatively regulates NXPH1 expression at 
protein level (Fig. 2f) but had no effect on mRNA expres-
sion (Fig. 2g). These results demonstrated that NXPH1 is 
a direct target of miR-194-5p and that the functional role 
of miR-194-5p in astrocytes may involve the miR-194-5p/
NXPH1 axis as a post-transcriptional regulatory pathway.

Overexpression of miR‑194‑5p suppresses 
LPS‑induced astrocyte activation

To explore the biological roles of miR-194-5p against LPS-
induced astrocytes, cells were transfected with miR-194-5p 
mimic, miR-194-5p inhibitor or their respective controls 
prior to treatment with LPS (2 µg/ml). As shown in Fig. 3a, 
cell proliferation was significantly decreased by overexpress-
ing miR-194-5p compared to the mimic control group. On 
the contrary, inhibition of miR-194-5p noticeably promoted 
cell proliferation compared to the control inhibitor group. 
In addition, capase-3/7 activity indicated that miR-194-5p 
inhibition markedly inhibited capase-3/7 activity while 
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Fig. 1  MiR-194-5p and NXPH1 are dysregulated in LPS-induced 
astrocytes The proliferation (a), apoptosis (b), and migration (c) of 
astrocytes treated with different concentrations of LPS were detected 
using the MTT assay (a), Caspase 3/7 activity (b) and transwell assay 
(c), respectively. d ELISA detected the concentrations of COX2 and 
cytokines (TNF-α, TGF-β, IL-1β, and IL-6) in LPS-induced astro-
cytes cell supernatants. e The expression of miR-194-5p in astro-

cytes treated with different concentrations of LPS was detected using 
qRT-PCR. The mRNA and protein expression levels of NXPH1 in 
astrocytes treated with different concentrations of LPS were detected 
by using qRT-PCR (f) and western blotting (g). The Image J soft-
ware was used for quantitative analysis of western blots. Data are 
shown as x ± s. n = 3 independent experiments, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 vs the control group
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contrary results were obtained with miR-194-5p mimic 
(Fig. 3b). These results implied that miR-194-5p induces 
the apoptosis of LPS-induced astrocytes. Similarly, over-
expressing miR-194-5p noticeably reversed LPS-induced 

astrocytes migration while miR-194-5p inhibition promoted 
this effect (Fig. 3c). Moreover, miR-194-5p overexpression 
inhibited the release of inflammatory cytokines by LPS-
induced astrocytes (Fig. 3d). Taken together, the present 

Fig. 2  miR-194-5p/NXPH1 axis is a regulatory pathway in astro-
cytes. a Bioinformatics predicts NXPH1 as a direct target of miR-
194-5p. b Luciferase reporter assay validated the target gene of 
miRNA. c Schematic of GFP reporter vector construct. d The trans-
fection efficiency of miR-194-5p overexpression or knockdown was 
measured using immunostaining, which was analyzed by the per-
centage of GFP-positive cells in the total  DAPI+ cells, and cellular 
fluorescence intensity was determined by the microplate reader. e 
The expression of miR-194-5p in LPS-induced astrocytes after trans-

fection with Ctrl mimic, miR-194-5p mimic, Ctrl inhibitor and miR-
194-5p inhibitor was detected by using qRT-PCR. The expression of 
NXPH1 in LPS-induced astrocytes cells after transfection with Ctrl 
mimic, miR-194-5p mimic, Ctrl inhibitor and miR-194-5p inhibi-
tor was detected by using western blotting (f) and qRT-PCR (g). The 
Image J software was used for quantitative analysis of western blots. 
Data are shown as x ± s. n = 3 independent experiments, *p < 0.05, 
**p < 0.01 and ****p < 0.0001, vs the control group, Ctrl mimic 
group or Ctrl inhibitor group. (Color figure online)
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findings indicated that miR-194-5p obviously suppressed 
LPS-induced proliferation, migration and inflammation in 
astrocytes.

Silencing of NXPH1 inhibits LPS‑induced astrocyte 
activation

Since NXPH1 was confirmed as a direct target of miR-
194-5p in astrocytes, specifically silencing NXPH1 should 
produce phenotypes analogous to those caused by miR-
194-5p in astrocytes. Therefore, NXPH1 silencing was 
achieved to ascertain whether silencing of NXPH1 repro-
duces the function of miR-194-5p on the proliferation, 
migration and inflammation of astrocytes. For this purpose, 
astrocytes were transfected with NXPH1 siRNA. The results 
showed that NXPH1 silencing significantly downregulated 
the expression of NXPH1 (about ninefold) compared with 
the control group, indicating that NXPH1 has satisfactory 
transfection efficiency (Fig. 4a). Moreover, to confirm the 
transfection efficiency of NXPH1 siRNA, the GFP report 
vector was co-transfected with siRNA Ctrl or NXPH1 
siRNA, and the results showed that there was no signifi-
cant difference between the siRNA ctrl and NXPH1 siRNA, 
but NXPH1 siRNA effectively downregulated the expres-
sion of GFP and reduced fluorescence intensity by more 

than 1.4-fold (Fig. 4b). As expected, after treatment with 
LPS (2 µg/ml), MTT assay displayed that NXPH1 silencing 
pointedly repressed the proliferation of astrocytes (Fig. 4c) 
and increased cell apoptosis (Fig. 4d). In addition, the migra-
tion (Fig. 4e) and cytokine release (Fig. 4f) of astrocytes 
were considerably decreased by NXPH1 silencing. These 
results suggested that the miR-194-5p inhibits LPS-induced 
activation of astrocytes by negatively regulating NXPH1.

Discussion

Astrocytes, the most abundant cells in the brain, provide 
a variety of important functions such as nutrition and sig-
nal transmission [24–26]. In recent years, studies have 
found that the release of many inflammatory factors leads 
to inflammatory response and cerebral ischemia or spinal 
cord injury [27–29]. Additionally, after any cellular injury, 
the local environment undergoes profound biochemical 
and cellular mutations leading to the release of a large 
number of cytokines and chemokines that cause cytotoxic-
ity and aggravate cell damage [30–34]. At the same time, 
the brain lesions can trigger the reaction of astrocytes and 
trigger the proliferation of these cells, which results in the 
formation of scars triggered by signaling pathways such 

Fig. 3  Overexpression of miR-194-5p suppresses LPS-induced prolif-
eration, migration in cytokine release in astrocytes. The proliferation 
(a), apoptosis (b), and migration (c) of LPS-induced astrocytes after 
transfection with Ctrl mimic, miR-194-5p mimic, Ctrl inhibitor and 
miR-194-5p inhibitor were detected using the MTT assay (a), Cas-
pase 3/7 activity (b) and transwell assay (c), respectively. d ELISA 

detected the concentrations of COX2 and cytokines (TNF-α, TGF-β, 
IL-1β, and IL-6) in LPS-induced astrocytes cell supernatants after 
transfection with Ctrl mimic, miR-194-5p mimic, Ctrl inhibitor and 
miR-194-5p inhibitor. Data are shown as x ± s. n = 3 independent 
experiments, ****p < 0.0001, vs the control mimic or control inhibi-
tor group
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as STAT3 and growth factors (TGF-β) and PI3K [35–37]. 
As a result of injury, astrocytes undergo a change in shape 
and morphology and increase the expression of a num-
ber of proteins [38]. In the present study, we established 
an LPS-induced in vitro injury model for astrocyte cul-
ture to investigate the roles and molecular mechanism 
of miR-194-5p in the regulation of astrocytes activation. 

In response to LPS stimulation, the contents of TNF-α, 
TGF-β, IL-1β, IL-6, COX2 and NXPH1 were promoted 
while miR-194-5p was downregulated. MiR-194-5p over-
expression inhibited the proliferation of astrocytes upon 
LPS stimulation and the resulted inflammatory response. 
Through binding to the 3′-UTR of NXPH1, miR-194-5p 
inhibited NXPH1 expression and consequently suppressed 

Fig. 4  Silencing of NXPH1 inhibits proliferation and migration and 
inflammation of astrocytes. a The expression of NXPH1 in LPS-
induced astrocytes after transfection with Ctrl siRNA and NXPH1 
siRNA was detected by using western blotting. The Image J software 
was used for quantitative analysis of western blots. b The transfection 
efficiency of NXPH1 silencing was measured using immunostaining, 
which was analyzed by the percentage of GFP-positive cells in the 
total  DAPI+ cells, and cellular fluorescence intensity was determined 
by the microplate reader. The proliferation (c), apoptosis (d), and 

migration (e) of LPS-induced astrocytes after transfection with Ctrl 
siRNA and NXPH1 siRNA were detected using the MTT assay (c), 
Caspase 3/7 activity (d) and transwell assay (e), respectively. f ELISA 
detected the concentrations of COX2 and cytokines (TNF-α, TGF-β, 
IL-1β, and IL-6) in LPS-induced astrocytes cell supernatants after 
transfection with Ctrl siRNA and NXPH1 siRNA. Data are shown as 
x ± s. n = 3 independent experiments, ****p < 0.0001, vs the control 
siRNA group
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astrocyte activation. To the best of our knowledge, this is 
the first study to convey a regulatory role of miR-194-5p/
NXPH1 in astrocyte activation.

In case of spinal cord injury, the alteration of gene expres-
sion becomes more and more important. In these changes, 
miRs play an important role [39–42]. Many studies have 
shown that miRs are widely expressed in the brain and keep 
a number of events running smoothly. More specifically, 
research has shown that miRs are involved in the regula-
tion of spinal cord injury-related processes, some of which 
are related to inflammation and apoptosis, while others are 
related to functional regeneration [43–45]. The expression 
of miRs in astrocytes has also been demonstrated and this 
stipulates the implication of these molecules in astrocyte 
biology and internal and external processes related to these 
cells [24, 46, 47]. In the present study, we demonstrated that 
miR-194-5p is under-expressed in LPS-induced astrocytes. 
In addition, the overexpression of miR-194-5p decreased the 
proliferation of astrocytes while increasing the percentage of 
apoptosis. Overexpression of miR-194-5p was also followed 
by decreased cell migration and decreased release of COX2 
and cytokines (TNF-α, TGF-β, IL-1β, and IL-6) responsible 
for inflammation. These results indicate that miR-194-5p 
regulates the proliferation, migration and inflammation 
processes in LPS-induced astrocytes. Consequently, miR-
194-5p could play a key role in astrocyte protection in par-
ticular, and neuroprotection in general. Moreover, given the 
results obtained, this miRNA could be a therapeutic target 
in many brain and neurodegenerative diseases. This sug-
gests a complete elucidation of the cellular processes and 
the molecular mechanisms intrinsically linked to these cells.

Generally, miRs are known to regulate biological pro-
cesses by post-transcriptionally regulating their target genes. 
Thus, in order to uncover the mechanism driven by miR-
194-5p in astrocytes induced by LPS, bioinformatics was 
used to predict NXPH1 as a target for miR-194-5p. This was 
further confirmed by luciferase assay. Further, due to the 
increased expression of NXPH1 in LPS-induced astrocytes, 
this gene was knocked down and the results showed that 
silencing of NXPH1 mimicked the effect of miR-194-5p on 
the phenotypes of astrocytes. Since we confirmed the regula-
tory role between miR-194-5p and NXPH1, we inferred that 
miR-194-5p protects astrocytes from activation by down-
regulating NXPH1 protein expression in astrocytes. This is 
the first study to reveal this regulatory pathway in astrocytes. 
Our findings will be useful in monitoring the multifunctional 
role of astrocytes in human brain.

In conclusion, miR-194-5p/NXPH1 axis regulates LPS-
induced astrocyte activation and will serve as a promising 
target in the strategy against neuroinflammation, reactive 
astrocyte proliferation and migration, which may contribute 
to the therapy of a multitude of neurodegenerative diseases.
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