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Background: Neuroinflammation, which is mainly mediated by excessive microglia activation, plays a 
major role in ischemic stroke. Overactivated microglia secrete numerous inflammatory cytokines, causing 
excessive inflammatory responses and ultimately exacerbating ischemic brain injury. Hence, compounds that 
attenuate neuroinflammation could become promising drug candidates for ischemic stroke. Fraxetin has an 
anti-inflammatory effect in many inflammatory diseases. However, whether it possesses an anti-inflammatory 
capacity in microglia-mediated neuroinflammation after ischemic brain injury is unknown. Our study aimed 
to investigate the suppression effect of fraxetin on neuroinflammation in lipopolysaccharide (LPS)-activated 
microglia and establish whether fraxetin could alleviate ischemic brain injury in a rodent model of ischemic 
stroke.
Methods: For the in vitro experiment, primary microglia were obtained from 1-day-old C57/BL6J mice. 
The cells were activated with LPS and treated with fraxetin at a non-cytotoxic concentration. Real-time 
PCR, enzyme-linked immunosorbent assays, and immunofluorescence staining were used to evaluate the 
anti-inflammatory effects of fraxetin. The potential molecular mechanisms were explored and verified 
through RNA-sequencing analysis, western blotting and real-time PCR. For the in vivo experiment, focal 
ischemia was induced by middle cerebral artery occlusion (MCAO) in 8-week-old male C57/BL6J mice. 
Fraxetin (5 mg/kg) or an equal volume of saline was injected into mice intraperitoneally after MCAO, 
and 2% 2,3,5-triphenyltetrazolium chloride staining was applied to measure infarct volume. Behavioral 
tests were conducted to measure neurological deficits in the mice. Real-time PCR, western blotting, and 
immunofluorescence staining were used to examine the expression of inflammatory cytokines and microglia 
activation in the ischemic penumbra.
Results: Fraxetin effectively inhibited the expression of proinflammatory cytokines including inducible 
nitric oxide synthase, tumor necrosis factor-α, interleukin-1 beta, and interleukin-6 in LPS-activated 
microglia. Fraxetin also suppressed the PI3K/Akt/NF-κB signaling pathway in activated microglia, which 
contributed to its anti-inflammatory effects. Furthermore, the administration of fraxetin attenuated ischemic 
brain injury and behavioral deficits after stroke. Finally, fraxetin was found to attenuate the activation of 
microglia both in vitro and in vivo.
Conclusions: Our results suggest that fraxetin has a suppression effect on microglia-mediated 
neuroinflammation, and this effect is associated with the PI3K/Akt/NF-κB signaling pathway. Fraxetin may 
therefore have potential neuroprotective properties for ischemic stroke.
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Introduction

Stroke is widely acknowledged as one of the major causes 
of disability and mortality in the world. The most common 
type of stroke, ischemic stroke, accounts for approximately 
85% of acute cerebral vascular diseases. Currently, there 
are only two efficacious treatments for ischemic stroke: 
thrombolysis and endovascular treatment. However, due 
to their narrow therapeutic window (1) and high risks 
of intracranial hemorrhage and brain edema (2,3), these 
treatments are extremely limited in the clinical setting. 
Therefore, a safer and more effective therapy for ischemic 
stroke, especially during the early phase, is urgently needed.

Neuroinflammation, which is mainly caused by the 
overactivation of resident microglia, plays an important 
role in the pathogenesis of ischemic stroke (4). Although 
microglia alleviate brain injury at the recovery stage, the 
inflammatory responses they prompt largely outweigh 
their beneficial effects at the early stage of ischemic 
stroke (5,6). Within hours after ischemia onset, activated 
microglia produce a plethora of proinflammatory mediators 
[e.g., inducible nitric oxide synthase (iNOS), tumor 
necrosis factor-α (TNF-α), interleukin-1 beta (IL-1β), 
and interleukin-6 (IL-6)], chemokines [e.g., monocyte 

chemoattractant protein-1 (MCP-1) and macrophage 
inflammatory protein-2 (MIP-2)], and cytotoxic substances 
[e.g., reactive oxygen species (ROS) and nitric oxide 
(NO)] (7,8), which prompts an exaggerated inflammatory 
response, leading to the eventual destruction of neural cells 
and exacerbation of brain damage. Therefore, exploring 
the associated pathological mechanisms and further seeking 
neuroprotective compounds that can effectively inhibit 
microglia-mediated neuroinflammation might aid in the 
discovery of novel therapeutic agents for ischemic stroke.

Fraxetin (7,8-dihydroxy-6-methoxychromen2-one), a 
coumarin derivative purified from the traditional medicinal 
plant Fraxinus rhynchophylla, serves as the essential ingredient 
of many herbal and dietary supplements (Figure 1A) (9-11). 
Multiple studies have confirmed the many pharmacological 
activities of fraxetin, including its neuroprotective  
properties (12), anti-inflammatory activities (13), and 
ameliorative functions in type 2 diabetes (14) and tumors  
(15-17). Several studies have evidenced the anti-inflammatory 
properties of fraxetin in many inflammatory diseases, such as 
chronic pancreatitis (18), hepatocellular carcinoma (19), and 
osteoarthritis (20). However, the anti-inflammatory effects 
of fraxetin on microglia after cerebral ischemia and the 
mechanisms behind these effects remain elusive.
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Figure 1 Effects of fraxetin on the viability of primary microglia. (A) Chemical structure of fraxetin. (B) Primary microglia were treated 
with different concentrations of fraxetin (5, 10, 20, 30, 40, or 50 μM). After 24 hours, a CCK-8 assay was performed to detect the viability of 
the microglia. Control group n=6, other groups n=3. The values represent the mean ± SEM. *P<0.05, **P<0.01 compared with the control 
group. CCK-8, cell counting kit-8; SEM, standard error of the mean.
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Our data showed that fraxetin might have anti-
inflammatory effects and alleviate ischemic brain injury 
by attenuating microglia-mediated neuroinflammation. It 
was also found that the potential mechanism underlying 
the anti-inflammatory effect of fraxetin on LPS-activated 
microglia might be mediated by the PI3K/Akt/NF-κB 
signaling pathway. To our knowledge, this study is the first 
comprehensive research to provide novel insights into 
the therapeutic potential of fraxetin for the regulation of 
microglia-mediated neuroinflammation after ischemic brain 
injury. We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-21-4636/rc).

Methods

Reagents

Fraxetin (CAS: 574-84-5, purity: ≥98%), purchased 
from Aladdin Ltd. (Shanghai, China), was dissolved in 
media containing 0.1% dimethyl sulfoxide (DMSO) for 
the in vitro experiments. For the in vivo experiments, 
fraxetin was dissolved in 0.9% saline with 5% DMSO. 
Lipopolysaccharide (LPS; Escherichia coli 055: B5) was 
bought from Sigma-Aldrich (St. Louis, MO, USA). The 
PI3K inhibitor LY294002 was purchased from MCE 
(Shanghai, China).

Cell culture

Primary microglia were obtained from 1-day-old C57/BL6J 
mice as previously described (21) and cultured in Dulbecco’s 
Modified Eagle Medium (Invitrogen, Frederick, MD, USA), 
which was supplemented with 10% fetal bovine serum 
(Hyclone, Logan, UT, USA) and 100 U/mL antibiotics, 
at 37 ℃ in a humid atmosphere containing 5% CO2. After 
10 days of culture, the flasks were shaken at 180 rpm  
for 10 minutes to separate the primary microglia, and the 
cells were replanted into new plates. The purity of the 
primary microglia was higher than 95%, as detected by Iba-
1 staining (1:500, Wako, Japan).

Assessment of cell viability 

Microglial viability was evaluated using cell counting kit-
8 (CCK-8) (Dojindo Laboratories, Tokyo, Japan). Primary 
microglia were seeded into 96-well plates, and different 
doses of fraxetin were used to treat the cells. After 24 

hours, the medium was removed and CCK-8 reagent was 
added to the 96-well plates at 10 μL per well. After 2-hour 
incubation, the optical density (OD) was detected at 450 nm 
using a microplate reader (Bio-Rad, Hercules, CA, USA). 
Cell survival rates were calculated as the mean percentage 
of the OD value of fraxetin-treated cells over that of cells 
without any treatment.

Drug treatment

For the in vitro experiment, the primary microglia were 
divided into five groups as follows: a control group, an 
LPS-treated group, a fraxetin-treated group, an LY294002-
treated group, and an LY294002 + fraxetin-treated group. 
LPS (100 ng/mL) was administrated in all groups except the 
control group. Cells were treated with 10 μM of LY294002 
for 30 minutes before the administration of fraxetin (10, 
20, or 30 μM). After 2 hours, LPS was added, and the 
cells were cultured for a further 24 hours. For the in vivo  
experiment, fraxetin (5 mg/kg) or an equal volume of saline 
were randomly injected into mice intraperitoneally at  
15 minutes, 24 hours, and 48 hours after middle cerebral 
artery occlusion (MCAO).

Nitrite analysis

After seeding microglia cells in 24-well plates, we pretreated 
primary microglia with fraxetin for 2 hours and then added 
LPS (100 ng/mL) for a further 24 hours. The nitrite 
concentration in the culture supernatant was evaluated 
using a Griess reaction kit (Beyotime Biotech, China). 
Absorbance was quantified at 540 nm using a microplate 
reader.

Middle Cerebral Artery Occlusion (MCAO) model 
establishment

Eight-week-old male C57/BL6J mice were purchased from 
the Animal Model Center of Nanjing Medical University 
(Nanjing, Jiangsu, China). All the mice weighed 20 to 
25 grams. The mice were housed under temperature-
controlled conditions with free access to standard water  
and food. 

Experiments were performed under a project license 
(No. 2019AE01073) granted by the Animal Care and Use 
Committee at Nanjing University, in compliance with the 
institutional guidelines for the care and use of animals. The 
mice were randomly divided into a sham operation group 

https://atm.amegroups.com/article/view/10.21037/atm-21-4636/rc
https://atm.amegroups.com/article/view/10.21037/atm-21-4636/rc
https://www.aladdin-e.com/zh_cn/catalogsearch/result/?q=574-84-5
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and an MCAO model group. The MCAO model group 
comprised two subgroups: a saline-treated MCAO group 
and a 5 mg/kg fraxetin-treated MCAO group. During the 
operation, pentobarbital sodium (45 mg/kg i.p.) was used 
for anesthetization. The body of the mice temperature was 
kept at 37.0±0.5 ℃. After the internal carotid artery (ICA) 
and the middle cerebral artery (MCA) had been surgically 
exposed, a 6/0 surgical suture was inserted into the MCA 
through the ICA until the ipsilateral blood flow of the 
area supplied by the MCA decreased to below 30% of the 
baseline. The process was monitored using laser Doppler 
flowmetry (Perimed Corporation, Stockholm, Sweden). After 
60 minutes of occlusion, the filament was withdrawn to allow 
blood reperfusion. The mice in the sham-operated group 
underwent all these operations except for the nylon insertion. 
The 3-day post-surgical mortality rate was about 10%.

Infarct size quantification

Three days after the MCAO procedure, the brains of 
the mice were removed and sliced into 1.0-mm-thick 
coronal slices. The samples were then immersed in 2% 
2,3,5-Triphenyltetrazolium chloride (TTC, Sigma-Aldrich) 
at room temperature for 15 minutes for staining. The 
infarct volume of each slice was calculated and analyzed 
using ImageJ (NIH). The formula used for calculation was 
as follows: (volume of contralateral hemisphere − volume of 
ipsilateral normal hemisphere)/(2 × volume of contralateral 
hemisphere) × 100% (22).

Quantitative real-time PCR

Primary microglia were pretreated with fraxetin for 2 hours 
and then stimulated with LPS for 24 hours. 3 days after 
the MCAO procedure, mice were decapitated by cervical 
dislocation after anesthesia. TTC staining was used to 
define the area of cerebral infarction and penumbra. Then 
we dissected the penumbral tissue in cortex by operating 
apparatus such as smooth forceps and small sharp scissors. 
For mice in sham group, we dissected the tissue in the 
same area as that of penumbral tissue of MCAO mice. 
The total RNA of tissues and cells were isolated using 
TRIzol (Invitrogen). After the addition of chloroform 
to the TRIzol, the mixture was agitated for 15 seconds 
and centrifuged at 13,000 ×g at 4 ℃ for 30 minutes. The 
supernatant was then extracted and mixed with isopropanol 
for further centrifugation, after which the supernatant was 
removed again and 75% ethanol was added. Finally, after 

centrifugation once more, the supernatant was removed and 
RNase-free water was added. DNA wiper mix was added 
for the removal of genomic DNA, and a PrimeScript RT 
Reagent Kit (Vazyme, Nanjing, China) was used in line 
with the manufacturer’s instructions. Complementary DNA 
synthesis was also performed using the PrimeScript RT 
Reagent Kit according to the manufacturer’s instructions.

Real-time PCR (RT-PCR) was conducted on the Step 
One Plus PCR system (Applied Biosystems, Foster City, 
CA, USA) with 20 μL reaction mixture using a SYBR Green 
Kit (Applied Biosystems). The primer sequences used for 
the experiment were as follows:

TNF-α: forward, 5'- CAAGGGACAAGGCTGCCCCG-3', 
reverse, 5'-GCAGGGGCTCTTGACGGCAG-3'; 

IL-1β: forward, 5'- AAGCCTCGTGCTGTCGGACC-3', 
reverse, 5'-TGAGGCCCAAGGCCACAGGT-3'; 

IL-6: forward, 5'- GCTGGTGACAACCACGGCCT-3', 
reverse, 5'-AGCCTCCGACTTGTGAAGTGGT-3'; 

iNOS: forward, 5'-GTTTGACCAGGACCCAGA-3', 
reverse, 5'-GTGAGCTGGTAGGTTCCTGT-3'.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH): 
forward, 5'-GCCAAGGCTGTGGGCAAGGT-3', 

reverse, 5'-TCTCCAGGCGGCACGTCAGA-3'.

Enzyme-linked immunosorbent assay

Primary microglia were pretreated with fraxetin for 2 hours 
and then activated for 24 hours with LPS. The expression 
levels of the cytokines including TNF-α, IL-6, and IL-1β 
in the culture supernatant were measured using commercial 
enzyme-linked immunosorbent assay (ELISA) kits in 
accordance with the manufacturer’s instructions (Cusabio 
Biotech, Wuhan, China).

Western blotting

Cells and brain tissues from the ischemic penumbra 
were lysed in lysis buffer (Thermo Fisher Scientific, 
Rockford, IL, USA) for 30 minutes. Then, the lysates 
were centrifuged at 13,000 ×g at 4 ℃ for 30 minutes. 
The protein concentrations were quantified using a BSA 
(bovine serum albumin) kit (Beyotime) and diluted with 
a 5× loading buffer solution. After being separated by 
10% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis), the samples were transferred to 
polyvinylidene fluoride membranes. The membranes were 
blocked with 5% skim milk for 2 hours at room temperature 
and then immersed in primary antibodies against IL-1β, IL-
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6, TNF-α, PI3K, p-PI3K, Akt, p-Akt, NF-κB p65, p-p65 
(1:1,000, Cell Signaling Technology, Hertfordshire, UK), 
and β-actin (1:5,000, Bioworld Biotechnology, Minneapolis, 
MN, USA) at 4 ℃ overnight. Next, the membranes were 
immersed in secondary antibodies for an additional 2 hours 
at room temperature and then photographed using a Gel-
Pro System (Tanon Technologies, China). Western blot 
quantification was conducted using ImageJ software (ImageJ 
1.5, NIH, USA).

Immunofluorescence staining

Three days after the MCAO procedure, 0.9% saline and 
4% paraformaldehyde were applied to perfuse the mice 
transcardially. Brain tissues were cut into 20-μm-thick 
sections following dehydration. Then, 0.1% Triton X-100 
was used to permeabilize the brain sections or primary 
microglia for 10 minutes, and a 2% BSA blocking buffer 
was used to saturate the excess protein-binding sites for 
90 minutes. The tissue sections and cell coverslips were 
incubated overnight at 4 ℃ with primary antibodies against 
Iba1 (1:500, Cambridge, UK). Subsequently, the brain 
sections and microglia were incubated with goat anti-
rabbit secondary antibodies conjugated to Alexa594 (1:200; 
Abcam) for 2 hours at 37 ℃. The cell nuclei were stained 
using DAPI (4',6-diamidino-2-phenylindole, 5 g/mL) for 
20 minutes. A fluorescence microscope (Olympus BX51, 
Japan) was used to acquire images.

Measurement of neurological deficits

Modified neurological severity score (mNSS) tests, 
comprising motor, sensory, and reflex tests, were conducted 
to measure neurological impairment at 1 and 3 days after 
MCAO. The scores ranged from 0 to 18 points, with a 
higher score representing more serious impairment.

The rotarod test was used to examine motor balance 
and coordination. Before the MCAO procedure, the mice 
underwent two trials a day on a rotarod device (RWD Life 
Science, Shenzhen, China) for 3 days. During trials, the 
mice were put on an accelerating rotarod (acceleration from 
10 to 40 rpm for 5 minutes). At 1 and 3 days after MCAO, 
the length of time that each mouse was able to stay on the 
rotating beam was recorded along with the maximum speed. 

Forelimb grip strength was evaluated using a grip 
strength meter (GS3, Bioseb, France) at 1 and 3 days after 
MCAO. During the test, the tail of the mouse was held, 
and the forelimbs were placed on a platform. The tail was 

then pulled back straight until the forelimbs released. The 
grip force on the screen was noted down to measure the 
maximum forelimb muscle strength.

RNA-sequencing analysis

Primary microglia were treated with DMSO or 30 μM 
fraxetin for 2 hours and then stimulated with LPS for  
24 hours. Total RNA was extracted from the cells with 
TRIzol (Invitrogen). RNA-sequencing transcriptome 
analysis and downstream analysis were performed by 
Shanghai Majorbio Bio-pharm Technology Co., Ltd. 
Differentially downregulated genes were processed for 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway significant enrichment analysis. Differentially 
expressed genes (DEGs) with a fold change of ≥1.5 and an 
adjusted P-value of <0.05 were picked out. Western blot 
was used to verify the candidate pathway which may be 
associated with the protective effect of fraxetin.

Statistical analysis

GraphPad Prism 8 was used to perform the statistical 
analysis. Data were expressed as the mean ± SEM. The 
Shapiro-Wilk test was used to test the normality assumption 
of the data. If data were normally distributed, Student’s t 
test was used to evaluate the statistical significance between 
two groups, while the Mann-Whitney test was applied 
for comparison of non-normally distributed variables. 
For multiple groups, statistical significance was analyzed 
by one-way analysis of variance (ANOVA) followed by 
either Bonferroni's post hoc test or the Kruskal-Wallis test 
followed by Dunn’s multiple comparison test. Differences 
were considered statistically significant at P<0.05.

Results

Effects of fraxetin on the viability of primary microglia

To examine the safety and feasibility of fraxetin, we tested its 
cytotoxicity in primary microglia. Primary microglia were 
exposed to different concentrations of fraxetin (0 to 50 μM)  
for 24 hours. As shown in Figure 1B, fraxetin at lower 
concentrations (5 to 30 μM) had no effect on microglial 
viability, whereas at higher concentrations (40 to 50 μM), 
it decreased microglial viability significantly (F(6, 17) =4.023; 
P=0.0109). This finding indicated that fraxetin is safe within 
the range of 5 to 30 μM, and the concentration of fraxetin 
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was set as ≤30 μM for the subsequent experiments.

Fraxetin reduces proinflammatory cytokine production and 
attenuates the activation of LPS-stimulated microglia

As specific cytokines released by microglia (such as IL-1β, 
IL-6, TNF-α, and NO) induce inflammatory responses 
which exacerbate tissue injury (23), we next evaluated 
whether fraxetin can affect the LPS-induced release of 
proinflammatory factors. 

First, primary microglia were pretreated with fraxetin for 
2 hours and then activated with LPS for a further 24 hours. 
The results demonstrated that NO production, which was 
increased with LPS stimulation, was suppressed by fraxetin at 
specific concentrations (F(4, 16) =1420; P<0.0001) (Figure 2A).  
RT-PCR was then used to determine whether fraxetin has a 
suppression effect on iNOS mRNA expression. The mRNA 
expression of iNOS in microglia increased significantly 
after LPS stimulation (F(4, 17) =27.79; P<0.0001) (Figure 2B), 
but fraxetin suppressed this increase in a concentration-
dependent manner (10, 20, and 30 μM). Next, we evaluated 
the messenger RNA (mRNA) levels of TNF-α, IL-1β, and 
IL-6 in the primary microglia. The results showed that the 
mRNA expression of TNF-α (F(4, 15) =12.88; P<0.0001), 
IL-1β (F(4, 10) =7.818; P=0.0040), and IL-6 (F(4, 10) =5.442; 
P=0.0137) exhibited significant decreases in fraxetin-treated 
microglia (Figure 2C-2E).

The effects of fraxetin on TNF-α (F(4, 15) =321.4; 
P<0.0001), IL-1β (F(4, 21) =21.22; P<0.0001), and IL-6 (F(4, 15) 

=46.04; P<0.0001) at the protein level were then analyzed 
using an ELISA kit. The results consistently revealed a 
similar tendency in protein expression as that observed for 
mRNA (Figure 2F-2H). 

Next, the effects of fraxetin on the morphological 
character of microglia were examined. LPS treatment 
obviously changed the morphology of primary microglia, 
which showed a larger cell body and shorter processes, 
whereas pretreatment with 30 μM fraxetin morphologically 
suppressed microglial activation (Figure 2I). The above 
findings suggested that fraxetin suppressed TNF-α, IL-1β, 
and IL-6 levels in LPS-activated primary microglia. 

Fraxetin regulates PI3K/Akt/NF-κB signaling in LPS-
activated microglia

Next, the potential molecular mechanisms underlying the 
anti-inflammatory effects of fraxetin on LPS-activated 
microglia were explored. RNA-sequencing analysis was 

performed, and the results revealed that 471 genes were 
upregulated and 307 were downregulated after fraxetin 
treatment (Figure 3A). KEGG functional enrichment 
analysis showed that the PI3K-Akt signaling pathway 
was downregulated after fraxetin treatment (Figure 3B). 
The PI3K-Akt signaling pathway has been reported to be 
strongly associated with microglia-mediated inflammation 
(24,25). Further, this pathway regulates the activation of NF-
κB, which is critical in neuroinflammation (26). Therefore, 
Western blotting was subsequently performed to verify the 
effects of fraxetin on the PI3K/Akt/NF-κB pathway. Results 
showed that LPS induced the phosphorylation of Akt (F(4, 10) 
=19.43; P=0.0001), PI3K (F(4, 10) =6.488; P=0.0077) and NF-
κB (F(4, 10) =19.39; P=0.0001) (Figure 3C,3D). Intriguingly, 
pretreatment with fraxetin suppressed the phosphorylation 
of these molecules in a dose-dependent manner.

To further explore the relationship of the PI3K/Akt/NF-
κB pathway with the anti-inflammatory effects of fraxetin, 
primary microglia were treated with 10 μM of the PI3K 
inhibitor LY294002. LY294002 treatment decreased the 
mRNA levels of TNF-α (F(4, 10) =25.42; P<0.0001), IL-1β 
(F(4, 10) =20.04; P<0.0001), and IL-6 (F(4, 10) =30.18; P<0.0001) 
in LPS-activated primary microglia (Figure 3E-3G), and 
cotreatment with LY294002 and fraxetin did not enhance the 
anti-inflammatory effect. These data suggested that fraxetin 
attenuated the expression of proinflammatory cytokines via 
the PI3K/Akt/NF-κB signaling pathway.

To sum up, the above results indicated that fraxetin 
inhibited the activation of the PI3K/Akt/NF-κB signaling 
pathway in LPS-activated microglia, which might partly 
contribute to its anti-inflammatory effect.

Fraxetin alleviates ischemic brain injury in mice 

Since fraxetin had exhibited anti-inflammatory effects on 
LPS-activated microglia, we next investigated whether 
fraxetin could protect mice against ischemic brain injury. 
Neurological scores and brain infarct volumes were evaluated 
3 days after MCAO. TTC staining showed that fraxetin 
administration significantly decreased the infarct volume 
compared with the MCAO saline group (Figure 4A,4B). 
Additionally, a series of behavioral tests (mNSS, grip strength 
test, and a rotarod test) were used to assess neurological 
deficits in MCAO mice. Consistent with previous results, 
fraxetin treatment significantly ameliorated the behavioral 
deficit after MCAO, as evidenced by stronger grip strength 
(t(20) =3.055; P=0.0062), improved motor function (t(20) =2.503; 
P=0.0211), and lower scores in the mNSS test (t(20) =2.330; 
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Figure 2 Fraxetin reduces proinflammatory cytokine production and attenuates activation of LPS-stimulated microglia. (A) The 
concentration of NO in the supernatant was examined using a Griess assay. n=4–5 per group. (B) iNOS mRNA was quantified using RT-
PCR. n=4–5 per group (C-E). TNF-α (C), IL-1β (D), and IL-6 (E) mRNA levels were quantified by RT-PCR. n=3–4 per group (F-H). The 
protein concentrations of TNF-α (F), IL-1β (G), and IL-6 (H) were measured using an ELISA kit. n=4–7 per group. The values represent 
the mean ± SEM. **P<0.01, ***P<0.001 and ****P<0.0001 compared with the control group. #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 
compared with groups only stimulated with LPS. (I) Microglia were treated with 30 μM fraxetin and then stained with DAPI and Iba-1. 
Scale bars: 30 μm. LPS, lipopolysaccharide; NO, nitric oxide; iNOS, inducible nitric oxide synthase; RT-PCR, real-time polymerase chain 
reaction; TNF, tumor necrosis factor; IL-1β, interleukin-1 beta; IL-6, interleukin-6; ELISA, enzyme-linked immunosorbent assay; DAPI, 
4',6-diamidino-2-phenylindole.
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Figure 3 Fraxetin regulates the PI3K/Akt/NF-κB signaling pathway in LPS-activated microglia. (A) Volcano plot for LPS-activated primary 
microglia between the control and fraxetin-treated groups. DEGs are listed. n=3 per group. (B) Differentially downregulated genes were 
processed for functional enrichment analysis of the KEGG pathway. (C) Western blotting was used to detect the protein levels of p-PI3K, 
p-Akt, and p-p65, n=3 per group. (D) Western blot quantification. The values represent mean ± SEM. (E-G) TNF-α (E), IL-1β (F), and 
IL-6 (G) mRNAs were quantified by RT-PCR. n=4 per group. **P<0.01 and ****P<0.0001 vs. control group. #P<0.05, ##P<0.01, ###P<0.001, 
####P<0.0001 vs. groups only treated with LPS. NS means no significant difference. LPS, lipopolysaccharide; DEG, differentially expressed 
gene; KEGG, Kyoto Encyclopedia of Genes and Genomes; SEM, standard error of the mean.
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Figure 4 Fraxetin alleviates ischemic brain injury in mice. (A) Representative TTC staining images at day 3 after MCAO; (B) quantification 
of TTC staining (n=8); (C-E) mNSS score (C), grip strength (D), and a rotarod test (E) were used to detect neurological deficits after 
MCAO. Saline group n=10, fraxetin group n=12. The values represent mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 vs. MCAO-saline group. 
TTC, 2,3,5-triphenyltetrazolium chloride; MCAO, middle cerebral artery occlusion; mNSS, modified neurological severity score; SEM, 
standard error of the mean.
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P=0.0304) (Figure 4C-4E).
The above results demonstrated that fraxetin attenuated 

ischemic brain injury and improved neurological deficits of 
MCAO mice.

Fraxetin attenuates proinflammatory cytokine expression 
and microglial activation after MCAO

To verify the protective effects of fraxetin on microglia-
mediated neuroinflammation after brain ischemia, we 
evaluated proinflammatory cytokine production in 
the penumbra tissues of mice after MCAO. At 3 days 
after the MCAO procedure, increased mRNA levels of 
proinflammatory cytokines (TNF-α, IL-6, and IL-1β) 
were observed. However, the administration of fraxetin 
significantly decreased the expression of MCAO-induced 
TNF-α (F(2, 9) =6.858; P=0.0155), IL-1β (F(2, 11) =6.666; 
P=0.0127) and IL-6 (F(2, 6) =10.80; P=0.0103) mRNA 
expression (Figure 5A-5C). Also, western blotting was used to 
detect the protein levels of TNF-α (F(2, 6) =21.22; P=0.0019), 
IL-1β (F(2, 6) =9.224; P=0.0148), and IL-6 (F(2, 6) =5.442; 
P<0.0001), and the expression patterns were found to be 
similar to those observed at the mRNA level (Figure 5D,5E).

We also used immunofluorescence staining to evaluate 
the activation state of microglia in the penumbra (Figure 5F).  
The activation of microglia (Iba1+) induced by ischemic 
brain injury was reversed by fraxetin treatment. These 
results indicated that fraxetin inhibited the activation and 
inflammatory response of microglia in penumbra after 
ischemic stroke.

Discussion

In the current study, we showed that fraxetin suppressed 
excessive inflammatory cytokine production induced 
by LPS in microglia and that its inhibitory effects were 
dose-dependent, thus demonstrating that this compound 
has protective and anti-inflammatory effects. We also 
observed that fraxetin convincingly inhibited PI3K/Akt/
NF-κB signaling pathway activation in LPS-activated 
microglia. Accordingly, in our in vivo experiment, fraxetin 
significantly alleviated ischemic brain injury and exerted 
an anti-inflammatory effect by decreasing the production 
of proinflammatory factors, such as IL-6 and IL-1β, in 
the early phase of ischemic stroke in mice. Collectively, 
these results demonstrate that fraxetin can mitigate 
ischemic brain injury by suppressing microglia-mediated 
neuroinflammation, which indicates its potential as a 

therapeutic compound to treat ischemic stroke.
Neuroinflammation caused by microglial overactivation 

plays an important role in the pathogenetic process 
following ischemic brain injury (27). Several studies have 
demonstrated that LPS can bind to the CD14 receptors 
on microglial membranes, leading to microglial activation, 
inducing neuroinflammation, producing neurotoxic 
substances, and ultimately damaging the brain (28,29). 
LPS is therefore widely used to activate microglia 
cultured in vitro, which can mimic microglia-mediated 
neuroinflammation in vivo (30-32). In our study, primary 
microglia treated with LPS were used as an in vitro model 
to examine the anti-inflammatory effects of fraxetin and 
the underlying molecular mechanisms. In accordance with 
previous studies (33,34), after being stimulated with LPS, 
proinflammatory microglia were excessively activated, and 
secreted inflammatory mediators and oxidative metabolites, 
including iNOS, TNF-α, IL-1β, IL-6, and NO. We 
found that fraxetin significantly reduced LPS-induced 
inflammatory cytokine secretion in primary microglia in 
a concentration-dependent manner (Figure 2). Thus, we 
can conclude that the neuroprotective role of fraxetin may 
originate from its anti-inflammatory effect on microglia.

The PI3K/Akt/NF-κB pathway involved in inflammation 
mediation has been extensively studied in cerebral ischemia. 
A growing number of studies have suggested that activated 
PI3K/Akt phosphorylates various downstream factors, 
including NF-κB, mTOR, and STAT3, triggering an 
inflammatory response in ischemia-reperfusion injuries 
(35-37). A recent study demonstrated that the triggering 
receptor expressed on myeloid cells 2 (TREM2) attenuates 
LPS-induced inflammatory responses in BV2 cells by 
regulating PI3K/Akt signaling (38). Treatments that inhibit 
this pathway may therefore offer effective prevention of 
microglial inflammation. In our study, we confirmed that 
the PI3K/Akt pathway was phosphorylated after LPS 
stimulation, and that fraxetin attenuated the = PI3K/Akt 
activation (Figure 3), which suggests that the PI3K/Akt 
signaling pathway is involved in the anti-inflammatory 
effects of fraxetin on LPS-activated microglia. Also, 
previous studies showed that PI3K/Akt mediates microglial 
inflammation via NF-κB. β-HIVS attenuates the expression 
of the proinflammatory mediators in LPS-activated 
BV2 cells by suppressing the PI3K/Akt-dependent NF-
κB pathway (39). Trans-isoferulic acid inhibits the same 
pathway and plays a role in anti-inflammation (37). As the 
main downstream molecular  target of PI3K/Akt, NF-κB 
is a common nuclear transcription factor and contributes 
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Figure 5 Fraxetin attenuated proinflammatory cytokine expression and microglial activation after MCAO. (A-C) TNF-α (A), IL-1β (B), 
and IL-6 (C) mRNAs of the penumbra tissues were quantified using RT-PCR. n=3–6 per group. (D-E) TNF-α, IL-6, and IL-1β proteins 
in the penumbra tissues were evaluated using western blotting (D) and quantified (E). n=3 per group. (F) Representative images of tissue 
sections from the ischemic penumbra were collected 3 days after MCAO, and stained with Iba1 and DAPI. The inset on the right side 
shows a digitally magnified field of cells from the image. Scale bars: 100 and 40 μm. The values represent mean ± SEM. *P<0.05, **P<0.01 
and ****P<0.0001 vs. sham group. #P<0.05, ####P<0.0001 vs. MCAO-saline groups. MCAO, middle cerebral artery occlusion; TNF, tumor 
necrosis factor; IL-1β, interleukin-1 beta; IL-6, interleukin-6; RT-PCR, real-time polymerase chain reaction; DAPI, 4',6-diamidino-2-
phenylindole; SEM, standard error of the mean.
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to the production of proinflammatory cytokines (40). LPS 
stimulation causes the phosphorylation of NF-κB p65, 
which upregulates the expression of proinflammatory 
cytokines such as iNOS (41). A study by Zhang et al. 
showed that NF-κB signaling modulates microglia-
mediated neuroinflammation (42). Kaempferol has also 
been documented to suppress neuroinflammation via the 
NF-κB signaling pathway (43). In our study, we consistently 
found that phosphorylation of NF–κB p65 was upregulated 
in LPS-stimulated microglia, while fraxetin reversed 
this increase (Figure 3). Also, to understand the possible 
mechanisms underlying the anti-inflammatory capacity of 
fraxetin, LY294002, a highly selective inhibitor of PI3K, was 
used to further verify the effects of fraxetin on the PI3K/
Akt/NF-κB pathway during the inflammatory process. 
Our results showed that the combination of LY294002 and 
fraxetin had the same anti-inflammatory effects as treatment 
with LY294002 alone (Figure 3). Collectively, our findings 
confirmed that pretreatment with fraxetin suppressed 
inflammatory responses in LPS-activated microglia by 
modulating the PI3K/Akt/NF-κB pathway.

To date, fraxetin has attracted much attention for its anti-
tumor (44), anti-inflammatory (35), antibacterial (45), and 
radical-scavenging (46) properties in different pathological 
processes. Despite the protective effects of fraxetin in many 
diseases, few studies have reported its effects in cerebro-
cardiovascular diseases. Thuong et al. reported that fraxetin 
directly protected against low-density lipoprotein oxidation 
and inhibited vascular proliferation via Nrf2/ARE activation 
in atherosclerosis (47). In our study, we found that fraxetin 
treatment led to reduced infarct volume and attenuated 
neurological deficits in mice after cerebral ischemia  
( F i g u r e  4 ) .  N o t a b l y,  m i c r o g l i a l  a c t i v a t i o n  a n d 
proinflammatory cytokine expression were significantly 
reduced in the ischemic penumbra of mice treated with 
fraxetin at 3 days after MCAO (Figure 5), indicating that 
fraxetin could exert a neuroprotective effect by suppressing 
inflammatory responses after ischemia. 

However, to avoid the excessive use of mice in this 
study, only a limited number of experimental animals 
were subjected to ischemic brain injury, which may 
have led to potential experimental errors. The recent 
studies has indicated that the polarization of microglia 
may be a therapeutic targets for focal cerebral ischemia 
(21,48,49). Microglia, serving as resident immune cells 
in CNS, undergo pro-inflammatory phenotype (M1) or 
anti-inflammatory phenotype (M2) in response to the 

microenvironmental changes after cerebral ischemia (50). 
Although the differentiation of M1 and M2 microglia is 
certainly oversimplified, changing the activation state of 
microglia appears to be an intriguing therapeutic strategy 
for cerebral ischemia. Growing evidence has revealed that 
microglia predominantly switch to M1 phenotype from  
24 to 72 h after MCAO, which produces pro-inflammatory 
cytokines, such as IL-1b, TNF-α and INF-γ, and amplifies 
ischemic injury in acute phase after ischemic stroke (6,21). 
In the present study, we aimed to explore the effect of 
fraxetin on suppressing neuroinflammation mediated by 
proinflammatory microglia. Consistent with the previous 
studies, we detected a significant activation of microglia and 
production of pro-inflammatory cytokines simultaneously 
in the ischemic hemisphere 3 d after MCAO (Figure 5). 
Meanwhile, fraxetin reversed microglia activation and 
decreased pro-inflammatory cytokines production, which 
might indicate an attenuated proinflammatory microglia 
activation (Figure 5). However, whether fraxetin can directly 
inhibit the overactivation of M1 microglia and switch them 
to the M2 phenotype for protection will be explored in our 
further research, which can make our study more meaningful.

Our data provide strong evidence that fraxetin can 
mitigate inflammatory responses in microglia and alleviate 
ischemic brain injury. Uncovering the signaling pathways 
regulated by fraxetin might provide new insights into 
therapeutic targets for ischemic stroke.

Conclusions

Overall, our results show that fraxetin is a promising 
compound for attenuating microglia-mediated inflammation 
in acute ischemic stroke. Furthermore, since fraxetin is a 
clinically approved traditional Chinese medicine, it may 
hold great promise for stroke therapeutics.
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