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hypoxia-stimulated human microglia through  
promoting HIF-1α-mediated MET expression
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Abstract: Objective: Microglial cells are part of endogenous defense mechanisms to prevent hypoxia-involved neo-
natal stroke, thus increasing microglia proliferation may provide a new therapeutic method. Methods: In this study, 
we used western blot, cell cycle assay, proliferation assay, RT-PCR, RNA interference, lentivirus transduction tech-
nologies to explore the role of Ligusticum wallichii on the proliferation of hypoxia-induced human microglia cells. 
Results: In our study, we primarily found that Ligusticum wallichii enhance the proliferation of hypoxia-stimulated 
human microglia cells. Furthermore, Ligusticum wallichii regulated the expression of MET gene, encoding a cell 
surface receptor tyrosine kinase for recognizing hepatocyte growth factor ligand, acts an important down-stream ef-
fective molecule for Ligusticum wallichii in treatment with hypoxia-induced human microglia. Moreover, Ligusticum 
wallichii enhances the binding of HIF-1α to the promoter of MET gene in hypoxia-treated human microglia, providing 
the rational explanation why hypoxia-administrated human microglia treated by ligusticum wallichii have highest 
MET expression. Conclusion: We have identified a potential mechanism by which MET regulated by HIF-1α contrib-
utes to Ligusticum wallichii-mediated increase of proliferation of hypoxia-induced human microglia. Thus Ligusticum 
wallichi and targeting MET should be considered as two potential strategies for enhancing the hypoxia-stimulated 
human microglia.
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Introduction

Human brain consists of the neurons and three 
major kinds of glial cells, which were respec-
tively named as oligodendrocytes, astrocytes 
and microglia. The latter, which belong to the 
mononuclear phagocyte lineage, represent the 
major innate immune cells of the central ner-
vous system (CNS) and mediate the resident 
immune host responses in the CNS [1]. Under 
physiological condition, microglia maintains 
brain homeostasis and preserve normal tissue 
by continually surveying the brain microenviron-
ment, and subsequently clearing cellular debris 
through phagocytosis [2, 3]. One of common 
physiological states stimuli, hypoxia, is usually 
associated with a variety of pathological states 

in CNS [4]. During CNS injury, microglia was 
activated principally, and involved in inflamma-
tion and wound healing by migrating into dam-
aged tissues, where they proliferate and act as 
scavengers [5, 6], which may have beneficial 
effects on tissue repair and modeling of the 
extracellular matrix, although it is regarded as 
key regulators of detrimental inflammation by 
the production of pro-inflammatory cytokines 
and other mediators such as prostaglandin E2, 
reactive oxygen species (ROS), indicating that 
microglia fulfills a dual role by not only modulat-
ing local neuroinflammation but also providing 
neuronal protection. Thus the function and 
numbers of microglia are important for hypoxia-
mediated neurological disease.
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Hypoxia-mediated encephalopathy during the 
prenatal and perinatal period is a major cause 
of morbidity and mortality and often leads to 
cognitive impairment, seizures and motor 
impairment (cerebral palsy) [7]. Currently, the 
effective therapy to prevent the results of neo-
natal hypoxia is limited. Different with the role 
of microglia activation in adult, it may have a 
protective role for neonatal brain injury [8]. In 
detail, depletion of microglial cells using novel 
experiment techniques without affecting other 
cell types in neonatal brain results in elevated 
infarct volume and further accumulation of sev-
eral pro-inflammatory cytokines and chemo-
kines after hypoxia-mediated stroke in rats. So 
targeting the proliferation of microglia may be 
the potential therapeutic intervention in neuro-
degenerative disease such as hypoxia-mediat-
ed neonatal stroke.

A traditional Chinese herbal medicine, Ligusti- 
cum wallichii Franchat (family Umbelliferae),  
is usually used orally with other herbs to treat 
cardiovascular and neurovascular disorders 
because this herb has a strong ability to sup-
press the muscle contractions and low system-
ic blood pressure [9, 10]. Because it contains 
lots of effective components, including beta 
sitosterol, ferulic acid, ligustilide, senkyunolide, 
sucrose, tetramethylpyrazine, vitamin A, vola-
tile oil [11]. Now, more papers reported that 
Ligusticum wallichi protects host renal and 
cerebral cell against Ischemia-Reperfusion 
(I/R) injury through increasing antioxidant sta-
tus and improving the immunity profile. Since 
ischemia causes hypoxia, Ligusticum wallichii 
may also be benefit for the cerebral cell survi- 
val under hypoxia. Thus, this study is aim at  
evaluating the protective effect of Ligusticum 
wallichii on human microglia under hypoxia  
and eventually illuminates the potential me- 
chanism. 

Materials and methods 

Primary human microglial cell culture 

Highly purified human fetal microglia was pre-
pared according to the previous description 
[12]. Briefly, human fetal brain tissues obtained 
from 16- to 22-week old aborted fetuses, and 
this study is provided by the clinical ethics  
committees of the First Affiliated Hospital of 
Nanjing Medical University. Brain tissues were 
made into single cell suspension by cutting and 

means of trypsinization. The dissociated cells 
were seeded into 75 cm2 tissue culture flasks 
in DMEM (Invitrogen Life Technologies, Carls- 
bad, CA, USA) supplemented with 10% (V/V) 
fetal bovine serum (FBS) (Invitrogen) and 1% 
penicillin-streptomycin (Invitrogen) and then 
were cultured in a humidified 5% CO2 incubator 
at 37°C. During culture, cell medium was 
replaced on day 5 and, on day 12, microglial 
cells were harvested from the flask by gentle 
shaking and plated onto 48-well culture plates 
at a density of 1.5×105 cells per well. Purified 
microglial cells were > 99% CD68 positive.

Hypoxic induction and Ligusticum wallichii 
treatment

For all the experiments, hypoxic induction were 
carried out using a cube-shaped hypoxia cham-
ber, which was flooded with inert nitrogen gas 
to replace oxygen for 30 min and create hypox-
ia. Oxygen levels were continuously monitored 
using an oxygen detector (Gox 100 T, Greisinger 
Electronic GmbH, Germany). Temperature was 
maintained at 37°C. Prior to the Ligusticum 
wallichii treatment, Ligusticum wallichii extract 
was needed to be extracted. A batch of 50 g of 
the Ligusticum wallichii powder was placed in 
the Soxhlet extractor with 1000 mL flask and 
continuously extracted using deionized water 
at boiling point from 2 to 24 h. All extracts were 
collected, filtered, concentrated, dried and 
weighed. Ligusticum wallichii extract was pre-
pared in DMSO in 20 mg/ml stock solution and 
kept at 4°C. After diluting with DMSO, the cells 
stimulated with or without hypoxia were treated 
with 200 μg/ml of Ligusticum wallichii for 6, 
24, 36 and 48 h. 

Cell proliferation assay

Cell proliferation was determined with a Cell-
Counting CCK-8 assay kit (Dojindo, Japan) 
according to manufacturer protocols. Microglial 
cells were cultured into 48-well plates at the 
density of 1.5×105 cells/well and cultured for 
24 h. After incubating with indicated condi-
tions, 5 µl CCK-8 reagent was added to each 
well and incubated at 37°C for 1 h. The cells 
were harvested and then were evaluated by 
measurement of absorbance at 450 nm. 

Flow cytometric analysis

After purification, microglial cells were directly 
plated at a density of 1.5×105 cells/well in 
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48-well plates. Prior to incubation, the cells 
were cultured overnight. Cell cycle analysis was 
performed by using Cell Cycle Kit (Beyotime 
Institute of Biotechnology, Nantong, China) 
according to the manufacturer introductions. In 
particular, microglial cells stimulated with or 
without hypoxia were respectively treated with 
DMSO (Aladdin, Shanghai, China) or different 
concentrations of Ligusticum wallichii. The cells 
were harvested and washed twice with PBS. 
Then the results were analyzed by Muticycle for 
windows software.

Gene chip probe array analysis

Total RNA of microglial cells incubated with indi-
cated conditions was extracted using Trizol 
(Gibco BRL). RNA was cleanup using the RNeasy 
Kit (Qiagen) and detected using the Agilent 
2100 Bio analyzer. To screen of genes, the 
samples were hybridized to the Human Genome 
arrays for 16 h at 45°C to Gene Chip test analy-
sis. Then we washed, stained the arrays with 
streptavidin-phycoerythrin, and scanned with 
the Gene Array scanner (Affymetrix). Affymetrix 
Microarray Suite 5.0 (MAS) software was used 
to analysis the data. 

RNA interference

The sequences of small interference RNA 
(siRNA) corresponding to MET was synthesized 
(Qiagen), siRNA-1 target sequences: AGAATG- 
TCATTCTACATGAGC, siRNA-2 target sequen- 
ces: ATCAGAACCAGAGGCTTGGTC, siRNA-3 tar-
get sequences: CATGGCTCTAGTTGTCGAC, siR-
NA-NC target sequences: CAACAAGATGAAGA- 
GCACCAA. Human microglial cells were trans-
fected with three MET siRNAs (100 nM) using 
Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s specifications. Scrambled 
siRNA was used as negative control. Post-
transfection later, cells were respectively col-
lected for quantitative RT-PCR and western 
blotting assay.

Lentivirus transduction

Lentiviral stock preparation and viral trans- 
duction were performed as described previ-
ously [13]. An IGFBP3 expression cassette was 
cloned into FG12 to construct the IGFBP3  
overexpression lentiviral vectors. HEK 293T 
cells were transfected with lentiviral vectors 

and packaging plasmids (pCMV-ΔR8.2, pMD.G) 
using lipofectamine 2000. The culture super-
natants were collected, concentrated and 
stored at -80°C. Human microglia cells were 
infected with 30% volume of concentrated 
IGFBP3 overexpression lentiviral stock solution 
with 8 μg/ml polybrene overnight. The medium 
was replaced with fresh medium at 3 day post-
infection. The efficiency of infection was deter-
mined by means of quantitative RT-PCR and 
Western blotting for IGFBP3 expression.

Quantitative RT-PCR assay

For quantitative RT-PCR assay, total RNA was 
isolated using the RNeasy RNA Isolation kit 
(Qiagen) according to the manufacturer’s 
instructions. The concentration of RNA was 
determined by spectrophotometer at 260 nm 
absorbance. 2 μg of total RNA were provided to 
generate the first-strand cDNA by using com-
mercially available kits (Applied Bio Systems). 
All subsequent PCR reaction was carried out 
using the 7 Universal PCR Master Mix (Applied 
Bio systems). All expression values were stan-
dardized against GAPDH. All amplifications 
were at least 3 technical and 3 biological repli-
cated. The primer sequences as following:

ADM: forward: GGATTTAGGCGCCCATGGTA, re- 
verse: GAGCAAGGCTAAGGAAGCGA; BLM: for- 
ward: GTGCGAGGATTATGGCTGC, reverse: TGT- 
GGTGTTGGGTAGAGGTTC; CCNG2: forward: TC- 
TCCTTGTTTGGGATCACATCT, reverse: AAGGCA- 
CAGATGCCAAACCT; IGFBP3: forward: GCCAG- 
CTCCAGGAAATGCTA, reverse: TCGGAGGAGAA- 
GTTCTGGGT; PGF: forward: GAGACGGCCAATG- 
TCACCAT, reverse: GTGGCAGTCTGTGGGTCTCT; 
MET: forward: GAGCGCTTTGTGAGCAGATG, re- 
verse: AGGTTTATCTTTCGGTGCCCA; EGR1: for- 
ward: CCAGTGGAGTCCTGTGATCG, reverse: TG- 
AAGTTGCGCATGCAGATG; NAMPT: forward: GG- 
AACCGAGGTGGGGAGTC, reverse: TTAAGTCACT- 
GCTCGGTCGG; NOS3: forward: CAGTTGCTGCC- 
AGGTCTGAT, reverse: GCAGACACCTATGTGGTC- 
CC; MIF: forward: TAGAGACTAGGAGTGCCTCGG, 
reverse: TAGGAGCGTAGGAGGGACAG; MXI1: for- 
ward: ACATGGCTACGCCTCTTCAT, reverse: GTG- 
CTGGTGTTGCTCGTC; ODC1: forward: CGCGAG- 
AATTGTCACTGCTG, reverse: GGTCCAGAATGTC- 
CTTGGCA; PIM1: forward: GAGTGGATCCGCTA- 
CCATCG, reverse: CAGGGCCAAGCACCATCTAA; 
TXNIP: forward: CCGCCTCCTGCTTGAAACTA, re- 
verse: GCTCCAAATCGAGGAAACCC.
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Figure 1. Ligusticum wallichii increases the proliferation 
of human microglia through facilitating the cell cycle. A. 
HIF-1α expression of human microglia under hypoxia. B. 
CCK-8 assay of human microglia stimulated with or without 
hypoxia in absence or presence of Ligusticum wallichii at 
indicated time. C, D. Effect of Ligusticum wallichii on cell 
cycle distribution of human microglia treated with or with-
out hypoxia. FACS histograms showed a number of cells per 
channel (vertical axis) vs DNA content (horizontal axis). Er-
ror bars ± SD, *P<0.05, **P<0.01.
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Western blotting analysis

For immunodetection of MET and IGFBP3, hip-
pocampal neuron cells were lysed directly for 
30 min in the Lysis Solution (0.5% SDS, 1% 
NP-40, 1% sodium deoxycholate, 150 mM 
NaCl, 50 mM pH 7.5 Tris-HCl, and protease 
inhibitors). Lysates were separated by centrifu-
gation (13,000× g, 30 min, 4°C) and 50 µg of 
total proteins was electrophoresed on a 10% 
SDS-PAGE (Fdbio Science, Hangzhou, China), 
which was transferred onto polyvinylidene  
difluoride (PVDF) membranes (EMD Millipore, 
Billerica, MA, USA) in a transfer tank using 
transfer buffer (195 mM glycine, 25 mM Tris-
HCl and 20% (v/v) methanol). The first stained 
membrane was confirmed the transfer efficien-
cy with Ponceau S. Then the PVDF membranes 
were blocked for 1 h at RT with 3% (w/v) bovine 
serum albumin (BSA) in Tris-buffered saline  
(50 mM Tris, pH 8.0, 150 mM NaCl) with 0.05% 
Tween 20 (TBS-T). Membranes were incubated 
by primary antibody diluted 1:1000, then fol-
lowed by secondary antibody conjugated with 

horseradish peroxidase at 1:2000 dilutions. 
Positive band intensities were shown by utiliz-
ing a gel documentation system (LAS-3000 
Fujifilm).

HIF-1α ChIP

ChIP for HIF-1α was carried out using the EZ- 
Magna ChIP G Kit (Millipore) according to the 
manufacturer’s instructions. Briefly, three bio-
logical replicates of primary human microglia 
were administrated with hypoxia and hypoxia 
plus Ligusticum wallichii. Cells were then cross-
linked with 1% paraformaldehyde, before they 
were lysed and chromatin was sheared by soni-
cation for 30 min with the Covaris S220. 
Immunoprecipitation was performed over night 
at 4°C using 3 μg of rabbit polyclonal anti-HIF-
1α (Santa Cruz). After washing, eluted samples 
were reverse cross-linked and treated with 
RNase A and proteinase K per the manufactur-
er’s recommendations. The primer of promoter 
of MET gene was designed by Primer 5.0 and 
then we examine the relative abundance of pro-

Figure 2. Ligusticum wallichii-treated human microglial cells show decreased expression of IGFBP3 and increased 
expression of MET. A. Unsupervised hierarchical clustering of fourteen vital genes. B. The mRNA expression of 
IGFBP3 and MET in human microglia treated with or without hypoxia in the absence and presence of Ligusticum 
wallichii. C. The protein expression of IGFBP3 and MET in human microglia treated with or without hypoxia in the 
absence and presence of Ligusticum wallichii.
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moter of MET gene between hypoxia and 
hypoxia plus Ligusticum wallichii using PCR 
assay.

Statistical analysis

All data were expressed as means ± standard 
deviation (SD) and subjected to analysis of vari-
ance (one-factor-ANOVA) to perform the treat-
ment effects (SPSS 13.0 software). The Stu- 
dent t test was applied to test for the statisti-
cally significant differences between individual 
groups. The P value with two significant levels 
(0.05 and 0.01). 

Results

Ligusticum wallichii promotes the proliferation 
of human microglia in hypoxia

Previous studies demonstrated that hypoxia 
can inhibit the ubiquitin-mediated degradation 
of HIF-1α. To test whether hypoxic stimulation 
of human microglia in our study is successful, 
the expression of HIF-1α was investigated by 
western blotting analysis. As shown in Figure 
1A, human microglial cells lowly expressed HIF-
1α in control group, while the expression of  
HIF-1α obviously increases when treated with  
a cube-shaped hypoxia chamber for 24 and 48 
hours, which suggested that the model of 
hypoxic induction in this study was construct- 
ed successfully. After that, we primarily under-
stand the effect of Ligusticum wallichii on the 
proliferation of hypoxia-incubated human mi- 
croglia. As shown in Figure 1B, the cell prolif-
eration of human microglia was elevated slight-
ly by treating with Ligusticum wallichii and  
further boosted by the synergy of Ligusticum 
wallichii and hypoxia stimulation, although hy- 
poxia stimulation results in the identical prolif-
eration with control group. Then we explored 
the cell cycle distribution of human microglia 
using flow cytometry assay. As exhibited in 
Figure 1C and 1D, exogenous Ligusticum wal-
lichii induced the small increase in G2 and S 
phase, and administration of Ligusticum wal-
lichii and hypoxia stimulation further enriches 
the cell on these two phase. Collectively, these 
data suggest that Ligusticum wallichii pro-
motes the proliferation of hypoxia-stimulated 
human microglia through accelerating the cell 
cycle.

Ligusticum wallichii suppressed IGFBP3 
expression and elevated MET expression in 
human microglia

To further identify the potential mechanism of 
promoting proliferation, we use the gene array 
to screen the downstream signaling molecules 
of Ligusticum wallichii. Fourteen vital genes 
were selected to analysis and ultimately, as 
expected, a majority of these genes expression 
had been changed in cells in response to 
Ligusticum wallichii, hypoxia and hypoxia plus 
Ligusticum wallichii treatment (Figure 2A). To 
identify the reasonable downstream molecules, 
the overall profile of gene expression was nec-
essary to meet with the pattern of human 
microglia proliferation under identical stimula-
tion. Given that, we primarily focus on two 
genes including IGFBP3 and MET, because not 
only two genes have similar expression in con-
trol and hypoxia, but also IGFBP3 and MET 
expression was inhibited and boosted respec-
tively by Ligusticum wallichii and Ligusticum 
wallichii plus hypoxic stimulation, indicating 
that IGFBP3 and MET may be to central down-
stream targets. Then we confirmed the IGFBP3 
and MET expression from mRNA and protein 
levels. In transcriptional level, untreated and 
hypoxia-stimulated cells expressed a basic 
level of IGFBP3 and MET, while the expression 
of IGFBP3 and MET markedly reduced and 
induced respectively in human microglia treat-
ed with Ligusticum wallichii and Ligusticum 
wallichii plus hypoxic stimulation (Figure 2B). 
This finding suggested that Ligusticum wallichii 
have an ability to decline the IGFBP3 expres-
sion and boost the MET expression in hypoxia 
condition. We also examine the IGFBP3 and 
MET expression from protein level. As Figure 
2C showed, the expression of IGFBP3 was 
reduced and MET was improved in cells treated 
with Ligusticum wallichii and Ligusticum wal-
lichii plus hypoxic stimulation compared to the 
untreated and hypoxia-stimulated cells.

MET is responsible for the action of promoting 
proliferation of Ligusticum wallichii

To examine the mechanism that links MET to 
the activity of promoting proliferation of Ligus- 
ticum wallichii, we knocked down the expre- 
ssion level of MET using RNA interference 
(RNAi) technique. Three synthetic siRNA that 
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target MET were applied and MET expression 
was measured in mRNA and protein levels. In 
mRNA level, the expression of MET was mark-
edly inhibited by using siRNA-Htr2c and three 
siRNA have similarly inhibiting effect on the 

Ligusticum wallichii plus hypoxic stimulation 
(Figure 3D). These observations indicate that 
MET may be the one of important down-stream 
signal molecule for Ligusticum wallichii in treat-
ment with hypoxia-induced human microglia.

expression of MET (Figure 
3A). In keeping with the 
finding in RT-PCR, we also 
detected the same down-
regulated pattern of MET 
expression in protein level 
(Figure 3B), demonstrating 
the effectiveness of MET 
siRNAs. Because adminis-
tration of Ligusticum wal-
lichii and Ligusticum walli- 
chii plus hypoxic stimula-
tion decreased the expres-
sion of MET, the knock-
downed effect of MET on 
Ligusticum wallichii- and Li- 
gusticum wallichii plus 
hypoxic stimulation-treat-
ed human microglia was 
analyzed. Similar to above 
outcome, human microglia 
treated by Ligusticum wal-
lichii plus hypoxic induc-
tion had a higher prolifera-
tion in contrast to that in 
control and hypoxia, how-
ever, Ligusticum wallichii- 
and Ligusticum wallichii pl- 
us hypoxic stimulation-tre- 
ated cells inhibiting MET 
expression prevented the 
increased proliferation re- 
sulted from siRNA-MET-1 
treatment (Figure 3C), the- 
reby revealing the specific 
ability of promoting prolif-
eration for MET. Moreover, 
we further explored the 
effect of knocked down of 
MET on cell cycle distribu-
tion of Ligusticum wallichii 
plus hypoxic stimulation-
treated human microglial 
cell. As expected, human 
microglia suppressing MET 
expression prevented the 
increase of G2 and S pha- 
se after administration of 

Figure 3. MET contributes to promoting proliferation of human microglia admin-
istrated with Ligusticum wallichii plus hypoxic stimulation. (A and B) The expres-
sion analysis of MET both in mRNA (A) and protein (B) levels in human microglia 
treated with siRNA-MET-1 to 3 by real time PCR and Western blotting. (C) CCK-8 
analysis of hypoxia-induced human microglia treated simultaneously without 
or with Ligusticum wallichii and Ligusticum wallichii plus siRNA-MET-1. (D) Cell 
cycle distribution of hypoxia-induced human microglia treated simultaneously 
without or with Ligusticum wallichii and Ligusticum wallichii plus siRNA-MET-1. 
*P<0.05, ***P<0.001.
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P3 overexpression lentiviral 
stock solution (Lenti-IGF- 
BP3) and then infected the 
primary human microglia. 
The mRNA expression of 
IGFBP3 was significantly 
higher in Lenti-IGFBP3 gr- 
oup than control group 
(Figure 4A). We also found 
the higher protein expres-
sion of IGFBP3 in IGFBP3-
overexpressed human mi- 
croglia (Figure 4B), reve- 
aling the effectiveness of 
IGFBP3 overexpression. Si- 
nce administration of Ligu- 
sticum wallichii plus hypoxic 
stimulation boosted the ex- 
pression of IGFBP3, the ov- 
erexpression effect of IGF- 
BP3 on Ligusticum wallichii 
plus hypoxic stimulation-
treated human microglia 
was analyzed. Similar to ab- 
ove outcome, human micro- 
glia administrated by Ligus- 
ticum wallichii plus hypoxic 
induction had a higher pro-
liferation in contrast to that 
in hypoxia with or without 
Lenti-control, however, Ligu- 
sticum wallichii plus hypoxic 
stimulation-treated cells ov- 
erexpressing IGFBP3 expre- 
ssion have no effect on cell 
proliferation (Figure 4C), th- 
ereby revealing the indiffer-
ent ability of promoting pro-
liferation for IGFBP3. More- 
over, we further explored 
the effect of overexpression 
of IGFBP3 on cell cycle dis-
tribution of Ligusticum wal-
lichii plus hypoxic stimula-
tion-treated human micro- 
glial cell. Human microglia 
overexpressing IGFBP3 ex- 
pression have no impact on 
cell cycle after administra-

Figure 4. IGFBP3 is not responsible for the action of promoting proliferation 
of Ligusticum wallichii. (A and B) The expression of IGFBP3 both in mRNA (A) 
and protein (B) levels in human microglia IGFBP3 treated with lentiviral vector 
and control lentiviral vector respectively by real time PCR and western blot-
ting. (C) CCK-8 analysis of hypoxia-induced human microglia treated simultane-
ously without or with Ligusticum wallichii and Ligusticum wallichii plus IGFBP3 
lentiviral vector. (D) Cell cycle distribution of hypoxia-induced human microglia 
treated simultaneously without or with Ligusticum wallichii and Ligusticum wal-
lichii plus IGFBP3 lentiviral vector. ***P<0.001.

IGFBP3 is not responsible for the action of 
promoting proliferation of Ligusticum wallichii

After successfully established the IGFBP3 
recombinant plasmid, we prepared the IGFB- 

tion of Ligusticum wallichii plus hypoxic stimu-
lation (Figure 4D). These observations indicate 
that IGFBP3 is a dispensable down-stream sig-
nal molecule for Ligusticum wallichii in treat-
ment with hypoxia-induced human microglia.
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Figure 5. Ligusticum wallichii enhances the binding 
of HIF-1α to the promoter of MET gene in hypoxia-
treated human microglia. (A) Amplification of pro-
moter of MET in hypoxia and hypoxia plus Ligusticum 
wallichii-treated cells using PCR. (B) Relative level of 
promoter of MET gene calculated from (A). Data were 
presented as mean ± SD, ***P<0.001.

Ligusticum wallichii increases the enrichment 
of MET promoter in hypoxia-stimulated human 
microglia

Overexpression of MET has already been 
reported to be directly induced by HIF-1α in 
many cancer cells [14, 15], so we further inves-
tigate whether MET can be induced by HIF-1α in 
primary human microglia using ChIP assay. 
Result showed that the promoter of MET gene 
was amplified in anti-HIF-1α-bound DNA sam-
ples derived from hypoxia and hypoxia plus 
Ligusticum wallichii-treated cells (Figure 5A), 
indicated the direct interaction of HIF-1α and 
promoter of MET gene. Then we calculate the 
relative abundance of promoter of MET gene 
and found that Ligusticum wallichii enhances 
the binding of HIF-1α to the promoter of MET 
gene in hypoxia-treated human microglia 
(Figure 5B), which explains the events that 
administration of hypoxia-stimulated human 
microglia have a higher MET expression.

In vivo study

Finally, in order to further demonstrate the role 
of Ligusticum wallichii on proliferation of hypox-
ia-treated human microglia, in vivo study was 
performed. As shown in Figure 6A, a significant 
injury can be seen in hypoxia treated brain 
when compared with normal control. While the 
injury in Ligusticum wallichii treated group was 
relieved. The apoptotic assay results showed 
the apoptotic index in hypoxia treated brain 

was obviously increased (p<0.01), and the 
apoptotic index in Ligusticum wallichii + hypox-
ia treated brain was significantly reduced than 
hypoxia treated brain (p<0.05) (Figure 6B).

Discussion

In the process of hypoxia-induced CNS injury, 
microglia was activated and migrated into  
damaged sites, where they act as scavengers 
and provide neuronal protection. Previous 
study has demonstrated that microglia are part 
of the endogenous defense mechanisms dur-
ing neonatal stroke because depletion of 
microglial cells increase the severity and vol-
ume of brain injury [8]. Thus the rational thera-
peutic intervention in neonatal stroke may be 
the elevation of microglia proliferation. Our 
studies demonstrated that Ligusticum wallichii 
can increase the proliferation of hypoxia-stimu-
lated human microglia. Furthermore, we found 
that elevating MET expression is a vital down-
stream functional contributor of Ligusticum 
wallichii, providing the mechanistic link be- 
tween Ligusticum wallichii and increase prolif-
eration of human microglia. In addition, we 
demonstrated that enhanced binding of HIF-1α 
to the promoter of MET gene is the dependable 
reason of up-regulated MET expression. These 
data enable us to depict the detailed molecular 
pathway involved in the Ligusticum wallichii-
mediated increase of proliferation of hypoxia-
induced human microglia.

Although earlier studies indicate the therapeu-
tic effect of Ligusticum wallichi in cardiovascu-
lar and neurovascular disorders [9, 10], new 
report is now providing evidence to reveal that 
Ligusticum wallichi protects host cell against 
hypoxic-ischemic insults [16, 17]. Our present 
study found that Ligusticum wallichii can in- 
crease the proliferation and cell cycle of hypox-
ia-stimulated human microglia, implying the 
possibility that Ligusticum wallichii prompts 
cell proliferation by accelerating the cell cycle. 
This is a significant discovery for clinical thera-
py intervention, because Ligusticum wallichii 
may be a potential drug that target microglia  
to relieve the neurodegenerative disease. Curr- 
ently, we show that Ligusticum wallichi signifi-
cantly up-regulated the MET expression. MET is 
a cell surface receptor tyrosine kinase that 
transduces signals from the extracellular matrix 
into the cytoplasm by binding to hepatocyte 
growth factor ligand and regulates many physi-
ological processes including proliferation [18]. 
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Collectively, our work provides 
strong evidence that Ligusti- 
cum wallichi modulates the pro-
liferation of hypoxia-induced hu- 
man microglia by up-regulation 
of HIF-1α-mediated MET expres-
sion. Thus Ligusticum wallichi 
and targeting MET should be 
considered as two potential str- 
ategies for enhancing the hy- 
poxia-stimulated human micro- 
glia and thereby benefits to dev-
astating disease possessed low 
microglia. 

Acknowledgements

This work was supported by 
Zhejiang Provincial Natural Sci- 
ence Foundation of China (Grant 
No. LY16H160044), the Chinese 
Medicine Research Program of 
Zhejiang Province, China (Grant 
No. 2015ZA134), the National 
Natural Science Foundation  
of China (Grant No. 81500013, 
Grant No. 30872804 and Grant 

Figure 6. The in vivo demonstration of ligusticum wallichii protective role 
against brain hypoxia injury. A. The HE staining and TUNEL assay of brain 
slices treated with hypoxia and hypoxia plus ligusticum wallichii, normal 
brain slices as control group. B. The quantification of apoptotic index of 
control, hypoxia, hypoxia plus ligusticum wallichii groups respectively.

Major studies related to MET focus on the 
tumor, because MET upregulated in a variety of 
tumor cells and its activation through aberrant 
stimulation can contribute to tumor growth, 
invasiveness, and metastasis . Although human 
microglia expresses the MET in physiological 
conditions [19], the MET function in human 
microglia is unrecognized. Following hypoxia 
exposure, MET involved in elevated prolifera-
tion action of Ligusticum wallichi, demonstrat-
ing that MET may also contribute to the prolif-
eration of human microglia. 

It is well understood that HIF-1α, whose expres-
sion is firmly mediated by oxygen levels, is up-
regulated in hypoxic cells [20]. In agreement 
with this, our present study showed that HIF-1α 
was earlier shown to be up-regulated in the 
hypoxic human microglial cells. More impor-
tant, administration of Ligusticum wallichi led 
to the higher binding between HIF-1α and pro-
moter of MET gene. MET regulated by HIF-1α 
has been extensively documented in the litera-
ture [14, 15]. However, the ability of Ligusticum 
wallichi to mediate MET expression through 
increasing the HIF-1α binding and in turn boost 
proliferation in hypoxia-stimulated human mi- 
croglia was previously unrecognized. 

No. 81170661), Specialized Research Fund for 
the Doctoral Program of Higher Education 
(Grant No. 20113234110010) and the Project 
Funded by the Priority Academic Program 
Development of Jiangsu Higher Education In- 
stitutions. 

Disclosure of conflict of interest

None.

Address correspondence to: Guoping Zhou, Depart- 
ment of Pediatrics, The First Affiliated Hospital of 
Nanjing Medical University, 368 North-Jiangdong 
Road, Gulou District, Nanjing 210036, Jiangsu 
Province, China. E-mail: gpzhou2003@aliyun.com

References

[1] Habib P, Slowik A, Zendedel A, Johann S, Dang 
J and Beyer C. Regulation of hypoxia-induced 
inflammatory responses and M1-M2 pheno-
type switch of primary rat microglia by sex ste-
roids. J Mol Neurosci 2014; 52: 277-285.

[2] Loane DJ and Byrnes KR. Role of microglia  
in neurotrauma. Neurotherapeutics 2010; 7: 
366-377.

[3] Alvarez-Diaz A, Hilario E, Goni de Cerio F, Valls-
i-Soler A and Alvarez-Diaz F. Hypoxic-ischemic 
injury in the immature brain-key vascular and 



Ligusticum wallichii protects human microglia against hypoxia

5594 Int J Clin Exp Med 2018;11(6):5584-5594

cellular players. Neonatology 2007; 92: 227-
235.

[4] Wang X, Li C, Chen Y, Hao Y, Zhou W, Chen C 
and Yu Z. Hypoxia enhances CXCR4 expression 
favoring microglia migration via HIF-1α activa-
tion. Biochem Biophys Res Commun 2008; 
371: 283-288.

[5] Gehrmann J, Banati R, Wiessnert C, Hossmann 
KA and Kreutzberg G. Reactive microglia in ce-
rebral ischaemia: an early mediator of tissue 
damage? Neuropathol Appl Neurobiol 1995; 
21: 277-289.

[6] Remington LT, Babcock AA, Zehntner SP and 
Owens T. Microglial recruitment, activation, 
and proliferation in response to primary demy-
elination. Am J Pathol 2007; 170: 1713-1724.

[7] Han BH, DeMattos RB, Dugan LL, Kim-Han JS, 
Brendza RP, Fryer JD, Kierson M, Cirrito J, 
Quick K and Harmony JA. Clusterin contributes 
to caspase-3-independent brain injury follow-
ing neonatal hypoxia-ischemia. Nat Med 2001; 
7: 338-343.

[8] Faustino JV, Wang X, Johnson CE, Klibanov A, 
Derugin N, Wendland MF and Vexler ZS. Mi-
croglial cells contribute to endogenous brain 
defenses after acute neonatal focal stroke. J 
Neurosci 2011; 31: 12992-13001.

[9] Zengyong Q, Jiangwei M and Huajin L. Effect of 
Ligusticum wallichii aqueous extract on oxida-
tive injury and immunity activity in myocardial 
ischemic reperfusion rats. Int J Mol Sci 2011; 
12: 1991-2006.

[10] Hansen P. Myocardial reperfusion injury: ex-
perimental evidence and clinical relevance. 
Eur Heart J 1995; 16: 734-740.

[11] Yi XH and Lu YT. Study on residues of pesti-
cides and heavy metals in Ligusticum wallichii 
Franch. and other seven kinds of traditional 
Chinese medicine [J]. Research and Practice 
of Chinese Medicines 2004; 18: 7-9.

[12] Hu S, Sheng WS, Lokensgard JR and Peterson 
PK. Morphine induces apoptosis of human  
microglia and neurons. Neuropharmacology 
2002; 42: 829-836.

[13] Zhou J, Yang Q, Zhong L, Shi M, Zhu M, Qin A 
and Yin H. Cross-talk between HDAC4 and 
STAT6 in the transcriptional regulation of Argi-
nase-1 during dendritic cell differentiation in 
mouse (P4486). The Journal of Immunology 
2013; 190: 52.60.

[14] Pennacchietti S, Michieli P, Galluzzo M, Maz-
zone M, Giordano S and Comoglio PM. Hypoxia 
promotes invasive growth by transcriptional 
activation of the met protooncogene. Cancer 
Cell 2003; 3: 347-361.

[15] Comito G, Calvani M, Giannoni E, Bianchini F, 
Calorini L, Torre E, Migliore C, Giordano S and 
Chiarugi P. HIF-1α stabilization by mitochon-
drial ROS promotes Met-dependent invasive 
growth and vasculogenic mimicry in melano-
ma cells. Free Radic Biol Med 2011; 51: 893-
904.

[16] Lin KH, Kuo WW, Jiang AZ, Pai P, Lin JY, Chen 
WK, Day CH, Shen CY, Padma VV and Huang 
CY. Tetramethylpyrazine Ameliorated hypoxia-
induced myocardial cell apoptosis via HIF-1α/
JNK/p38 and IGFBP3/BNIP3 inhibition to  
upregulate PI3K/Akt survival signaling. Cell 
Physiol Biochem 2015; 36: 334-344.

[17] Hao YZ, Wang PL, Hong Y, Lei HM. Synthesis 
and structure identification of Tetramethylpyr-
azine-Protocatechuic acid and effects on hy-
poxic-ischemic brain damage. Pharmacology 
and Clinics of Chinese Materia Medica 2010; 
5: 018.

[18] Weidner KM, Sachs M and Birchmeier W. The 
Met receptor tyrosine kinase transduces motil-
ity, proliferation, and morphogenic signals of 
scatter factor/hepatocyte growth factor in epi-
thelial cells. J Cell Biol 1993; 121: 145-154.

[19] Di Renzo M, Bertolotto A, Olivero M, Putzolu P, 
Crepaldi T, Schiffer D, Pagni C and Comoglio P. 
Selective expression of the Met/HGF receptor 
in human central nervous system microglia. 
Oncogene 1993; 8: 219-222.

[20] Rathnasamy G, Ling EA and Kaur C. Hypoxia 
inducible factor-1α mediates iron uptake whi- 
ch induces inflammatory response in amoe-
boid microglial cells in developing periventricu-
lar white matter through MAP kinase pathway. 
Neuropharmacology 2014; 77: 428-440.


