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Background: To investigate the neuroprotective effect of edaravone on excessive-dose 
propofol-induced neurotoxicity in the hippocampus of newborn rats and HT22 cells.

Methods: Cell proliferation was investigated by assessing ki67 expression in the neural 
stem of the hippocampus of newborn rats and by cell counting kit-8 (CCK8) assay in HT22 
cells. Cell apoptosis was assessed in vivo by caspase 3 detection in Western blots and 
measurement of apoptosis in neurons and glial cells by terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) assay. Apoptosis was analyzed by flow cytometry in HT22 
cells. The Morris water maze was used to evaluate the long-term learning and memory 
ability of rats. Inflammatory factors were detected by enzyme-linked immunosorbent assay 
(ELISA). The expression of mBDNF/TrkB/PI3K pathway-related proteins was detected by 
Western blot and quantitative reverse transcription-polymerase chain reaction (q-RT PCR).
Results: In neonatal rat hippocampus and HT22 cells, edaravone increased cell proliferation 
and decreased cell apoptosis after excessive propofol-induced neurotoxicity. In addition, the 
levels of proinflammatory factors interleukin (IL)-6 and tumor necrosis factor (TNF)-α were 
reduced by edaravone pretreatment. The use of the tropomyosin receptor kinase B (TrkB) 
antagonist ANA-12 and TrkB agonist 7,8DHF with propofol groups showed that edaravone 
mitigated excessive propofol-induced neurotoxicity through the mature brain-derived neuro-
trophic factor (mBDNF)/TrkB/phosphoinositide 3-kinase (PI3K) pathway. However, the 
current dose of propofol did not significantly affect long-term learning and memory in rats.
Conclusion: Edaravone pretreatment ameliorated propofol-induced proliferation inhibition, 
neuroapoptosis, and neural inflammation by activating the mBDNF/TrkB/PI3K pathway.
Keywords: edaravone, propofol, hippocampus, the brain-derived neurotrophic factor, 
BDNF, the tyrosine kinase receptor B, TrkB, 7,8-dihydroxyflavone, 7,8-DHF, ANA-12

Introduction
Early-life exposure to general anesthetics may lead to neurotoxic consequences.1 

While many animal models and some clinical studies have demonstrated the high 
sensitivity and vulnerability of the developing brain of the newborns to anesthetic 
neurotoxicity, the mechanism of this effect remains unclear.2 As the use of anesthe-
sia is inevitable in the clinical environment, anesthesiologists strive to find ways to 
assure the safety of children and provide comfort during painful procedures.3 To 
minimize risks, the effects of anesthetics on the neurological system need to be 
understood.4 The development of the neurological system requires a series of 
elaborately complicated processes. In these processes, neural stem cells (NSCs) 
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proliferate, migrate a considerable distance from the ger-
mination center to their destination, differentiate into neu-
rons and glial, and ultimately mature and integrate into the 
existing neuron circuit.5 An increased risk of neurodegen-
eration associated with the use of anesthesia would have 
considerable social significance.4

Since the late 1980s, propofol, also known as 2,6-dii-
sopropylphenol, has been used as an intravenous anes-
thetic for the induction and maintenance of general 
anesthesia. Propofol is widely used during invasive diag-
nostic and surgical procedures and for sedation, including 
in newborns and young children.1,4,6–8 Compared to other 
intravenous anesthetics, propofol-induced anesthesia is 
associated with fewer side effects and faster recovery. 
The benefits of propofol include the rapid onset of 
anesthesia and short recovery time,4 as well as neuropro-
tective effects in pathogenic situations.6,9,10 However, 
increasing evidence suggests that propofol has neurotoxic 
effects in children, causing concerns regarding brain 
development by inhibition of the neuronal activation of 
hippocampal neurons,9,11 potentially causing decreased 
neurocognitive function.9 Animal studies have confirmed 
that propofol induces apoptosis and cognitive deficits in 
the central nervous system during the peak synaptic 
administration during the first 2 weeks of life.7 Previous 
studies have tested whether general anesthesia with pro-
pofol shortly after learning interferes with memory con-
solidation and whether these effects are time dependent. 
Additionally, the systemic administration of propofol 
immediately after learning of a location in a water maze 
was shown to affect the consolidation of spatial memory in 
rats. Moreover, propofol-induced cytotoxicity is not only 
dose- but also time-dependent, consistent with the toxic 
effects of other inhalational general anesthesia (GA) 
agents.10 Previous studies have shown that propofol is 
the most effective agent to activate the tonic γ- 
aminobutyric acid type A (GABA-A) current in the imma-
ture hypothalamus. The upregulation of tonic GABA-A 
conductance is related to epilepsy and neurodevelopmental 
disorders and may also contribute to memory disorders 
after GA.3

Brain-derived neurotrophic factor (BDNF) is an impor-
tant member of the neuron growth factor family that is 
widely expressed in the central nervous hippocampal 
system.12,13 Research on the effects of neurotrophins in 
animals was useful to understanding the role of BDNF in 
branching, synaptic differentiation, pruning, and structural 
changes.14 Elevated levels of endogenous BDNF promote 

the maturation of dendritic spines.5 BDNF is synthesized 
into glycosylated precursor protein (pro) BDNF (30– 
32kDa) and converted into the mature form (mBDNF) 
after translation, a process involving multiple subcellular 
pathways, which is essential for the development of the 
central nervous system (CNS).15 Evidence supports the 
“yin-yang effect”; that is, proBDNF and mBDNF trigger 
opposite biological effects by activating two different 
receptor systems.14 In other words, as a precursor protein, 
proBDNF may be further cleaved by the tissue plasmino-
gen activator (tPA)/plasminogen system to produce 
mBDNF and the protein portion related to the pro- 
domain.16 In response to neuronal activity, mBDNF is 
highly expressed in many brain regions and promotes 
activity-dependent synaptic plasticity through tyrosine 
kinase receptor B (TrkB) receptors.5,6,17 Additionally, 
BDNF also plays an important role in spatial memory 
formation, retention, and recall.4

The findings of propofol-induced neurotoxicity raise 
questions regarding the potential neuroprotective effects 
of edaravone. Edaravone, a novel exogenous free radical 
scavenger, was first used clinically in 2001 to treat neural 
injury after acute cerebral ischemic stroke and has also 
been shown to provide neuroprotective effects against 
oxidative stress, neuronal apoptosis, and seizure-induced 
neuronal damage.18–21 A growing body of evidence sug-
gests that edaravone exerts its neuroprotective effects by 
increasing mBDNF and Bcl-2 expression, decreasing cas-
pase-3 activity, and promoting extracellular signal- 
regulated kinases 1/2 (ERK1/2) activation in cultured 
neurons.22 Meanwhile, the mBDNF/TrkB signaling path-
way may play a significant role in propofol-induced learn-
ing and memory impairments.23 Therefore, our objective 
was to explore the protective effect of edaravone against 
propofol-induced hippocampal neurotoxicity in terms of 
neuron cell proliferation, cell apoptosis, and neuroinflam-
mation and to demonstrate that this protective effect 
occurred through the mBDNF/TrkB/PI3K pathway.

Materials and Methods
Animals
120 Sprague Dawley (SD) rats (11–18g, 7 day of age) 
were purchased from Pudong Hospital Animal 
Experimental Center affiliated to Fudan University 
(Pudong Hospital, Shanghai, China). All animal experi-
mental protocols used in the present work were approved 
by the Animal Experimental Ethics Committee of Fudan 
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University and conducted according to the guidelines for 
the Care and Use of Laboratory Animals from the National 
Institutes of Health. All animals were kept in an air- 
conditioned room at 25◦C, with a 12-h light-dark cycle 
(light: 8:00 a.m.-8:00 p.m.). The standard laboratory food 
and water were available all the time. All efforts were 
made to minimize the animals’ suffering.

Cell Culture of HT22
The HT22 hippocampal cell line was provided by Cell 
Bank, Shanghai. Cells were cultured in DMEM containing 
10% FBC (Invitrogen, Carlsbad, CA, USA), 100μ/mL 
penicillin and 100 ng/mL streptomycin (Invitrogen, 
Carlsbad, CA, USA) at 37°C in 5% CO2. When the cell 
density reached 60–70%, the cells were treated with edar-
avone (60μmol/L) for pretreating 30 min then different 
concentrations of propofol (10–400μmol/L) for 6h.

Drugs and Treatments
Propofol was purchased from GUORUI 
PHARMACEUTICAL (H20143252, Sichuan, China). 
Edaravone was purchased from BIDA 
PHARMACEUTICAL (H20070051, Jilin, China). ANA- 
12, TrkB antagonist, was purchased from 
MedChemExpres (MCE, Catalog HY-12497, USA). 
7,8-dihydroxyflavone (7,8-DHF), TrkB agonist, was pur-
chased from MedChemExpres (MCE, Catalog HY- 
W013372, USA). 20% Intralipid injection (Fresenius- 
kabi, Jiangsu, China).

For the first experiment, the SD rats were randomly 
divided into five groups (n = 3 in each group); namely, the 
control, intralipid, edaravone, ANA-12 (TrkB antagonist), 
and 7,8-dihydroflavone (7,8-DHF, TrkB agonist) groups. 
In the second experiment, the SD rats were randomly 
divided into five groups (n = 16 in each group); namely, 
the control, propofol (pro), edaravone + propofol (eda 
+pro), 7,8-DHF + propofol (7,8-DHF+pro), and ANA-12 
+propofol (ANA-12+pro) groups. The 7,8-DHF was dis-
solved in phosphate-buffered saline (PBS) containing 2% 
dimethyl sulfoxide (DMSO) administered at a dose of 
5 mg/kg intraperitoneally.24 ANA-12 was dissolved in 
98% corn oil containing 2% DMSO and administered at 
a dose of 0.5 mg/kg intraperitoneally. In experiment one, 
the rats were administrated 150 uL saline, 150 uL intrali-
pid, 3 mg/kg edaravone, 0.5 mg/kg ANA-12, or 5 mg/kg 
7,8-DHF by intraperitoneal injection. In experiment two, 
the rats were intraperitoneally initially administered 
30 mg/kg propofol, followed by ad 15 mg/kg at 1-hour 

intervals to achieve propofol anesthesia (6-hour anesthe-
sia). Edaravone (3 mg/kg), ANA-12 (0.5 mg/kg), or 
7,8-DHF (5 mg/kg) were administered before propofol 
injection (Figure 1).

ELISA of Proinflammatory Factors (IL-6 
and TNF-α)
Proinflammatory factors (IL-6 and TNF-α) in the hippo-
campus were measured using rat ELISA kit. The one of 
hippocampus tissues from same sample was ground and 
homogenized, then followed by centrifugation (5000 rpm) 
for 10 min at 4°C to suck out the supernatant. The IL-6 
and TNF-α ELISA kits were detected at 450nm from 
instructions.

Immunofluorescence Assay
The prepared brain slices were washed with 50 mM PBS 
for 3 times for 10 min each, and then, the slices were 
incubated in 3% H2O2 for 30 min to block endogenous 
peroxidase activity, followed by immersion in blocking 
solution for 2h and then incubated overnight with primary 
antibodies: goat anti-Nestin (1:50, Abcam, UK), goat anti- 
ki67 (1:100, Abcam UK), goat anti-TrkB (1:100, Abcam 
UK), mouse anti–NeuN (1:200, Abcam UK), mouse anti– 
GFAP (1:200, Abcam UK), mouse anti–IBA1 (1:200, 
Abcam UK). Then, the sections were incubated for 2h at 
25°C in the dark with the secondary antibodies: Alexa 
Fluor 488 goat anti-mouse (1:200, Beyotime, China) for 
TrkB and ki67; Alexa Fluor 594 IgG goat anti–rabbit 
(1:200, Beyotime, China) for Nestin, GFAP, IBA1 and 
NeuN. And then the sections were washed by PBS three 
times, next wiped the surrounding liquid and re-stained 
nucleus with DAPI. They were observed by the micro-
scope and analyzed using Image-pro Plus 6.0 soft-
ware (USA).

Double-Labeled Immunofluorescent 
Staining of TUNEL and NeuN or TUNEL 
and GFAP or TUNEL and IBA1
For TUNEL studies, P7 rat brains were paraffin-embedded 
and sectioned at 5 μm thickness. The anti-NeuN, anti- 
GFAP or anti-IBA1 antibody at 1:200 dilution in PBS 
was incubated with the sections at 4°C overnight. Tissue 
sections were then biotinylated with Alexa Fluor 594 IgG 
goat anti–rabbit (1:200, Beyotime, China). Then, TUNEL 
staining was performed according to the manufacture’s 
protocol (Roche In Situ Cell Death Detection Kit, USA. 
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TUNEL labeling was conducted with a mixture of 45 μL 
equilibration buffer, 5 μL nucleotide mix and 1 μL recom-
binant terminal deoxynucleotidyl transferase (rTdT) 
enzyme in a humidified, lucifugal chamber for 1 h at 37° 
C, and then Hoechst 33258 was used to stain nuclei. The 
number of cells stained positively for TUNEL and NeuN 
or TUNEL and GFAP or TUNEL and IBA1 of hippocam-
pus was analyzed using Image-pro Plus 6.0 software 
(USA). At least five brain tissue sections were chosen for 
analysis from each animal and the average value from 
these sections was taken as final value of this animal.

Quantitative-RT PCR
Homogenize the frozen hippocampus tissue in 1 mL of 
triazole reagent with an ultrasound system. The homoge-
nate was incubated at room temperature for 5 minutes to 
separate the nucleoprotein complex. Then, add 0.2 mL 

chloroform, shake vigorously to homogenize, and incubate 
at room temperature for 5 minutes. The sample was then 
centrifuged at 10,000g for 15 minutes at 4°C. The RNA- 
containing aqueous phase was mixed with 0.5 mL isopro-
panol, incubated at room temperature for 10 minutes, and 
then centrifuged at 10,000 g at 4°C for 10 minutes. The 
RNA particles were resuspended in 75% ethanol, centri-
fuged at 3500g for 5 minutes at 4°C, dried and dissolved in 
20μL 0.1% DEPC water. Add 30μL of RNase-free ddH2 

O for 2 minutes at room temperature and mix to comple-
tely dissolve the precipitate to obtain the total RNA of the 
sample.

Total RNA was extracted with the Trizol kit 
(Invitrogen). cDNA synthesis was performed according 
to the manufacturer’s instructions. Real-time PCR was 
performed using the Veriti DX (Life). The following pri-
mers were used: BDNF- forward primer (5ʹ- 

Figure 1 The experimental procedure. The two groups of textboxes under the left arrow were grouped into study HT22 cells; The four groups of textboxes under the 
right arrow were grouped into study 7-day SD rats; The four middle textboxes were methods. 
Abbreviations: 7,8 DHF, 7,8-dihydroxyflavone; pro, propofol; eda, edaravone.
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TGAGCCGAGCTCATCTTTGC-3ʹ), reverse primer (5ʹ- 
ATAGCGGGCGTTTCCTGAAG-3ʹ) and GAPDH for-
ward primer (5ʹ-TGCCACTCAGAAGACTGTGG-3ʹ), 
reverse primer (5ʹ-TTCAGCTGGGATGACCTT-3ʹ). The 
products of the PCR were analysed by the Roche480II 
Real-Time PCR System (Roche), and GAPDH was used 
as an endogenous control. The results were calculated by 
2^− Ct, where Ct is the threshold cycle for each 
transcript.

Cell Counting Kit-8 (CCK-8) Assay
HT22 cells suspended in 100 μL DMEM medium were 
seed into a 96-well plate. The cell viability was assessed 
by the CCK8 (Dojindo Molecular Technologies, Japan). 
10μL CCK8 solution was given to each well of the plate 
after a different dose of propofol (10μM, 50μM, 100μM, 
200μM, 400μM) and edaravone (60μM) at 37°C in dark 
for 2 h. Absorbance (A) at 450 nm was recorded after 2 
h incubation.

Flow Cytometry
For the apoptosis assay, 2×105 HT22 cells were obtained and 
washed with PBS 3 times. Then, 5 samples were resuspended 
in 100μL of binding buffer, stained with 5μL of Annexin-V 
and propidium iodide (PI), and stored at room temperature in 
the dark for 30 minutes. After staining, added an additional 
400 μL of binding buffer to the sample and resuspend. 
Analysis was performed using a flow cytometer (Becton– 
Dickinson, Bedford, MA, USA).

Morris Water Maze
On day 21 after modeling, Morris water maze test was 
used to evaluate spatial learning and memory of rats (n=5 
for each). The experimental apparatus was a circular pool 
(150 cm in diameter and 50 cm in height, containing water 
at 28°C) with water colored by blue ink and divided into 4 
equally quadrants (S1, S2, S3, S4). The pool was placed in 
a test room containing different prominent visual cues in 
each quadrant. Within 60 seconds, each rat was randomly 
placed in one of the four starting quadrants, facing the 
pool wall, looking for a hidden circular platform (diameter 
11 cm, 1–2 cm underwater). Regardless of whether the rat 
found the platform or swam in the water for 60 seconds, 
we placed it on the platform and rested for 20 seconds. 
Four tests were performed from each of the four quadrants 
every day for 5 consecutive days. The escape latency (EL) 
was defined as the time from the start of the recording to 
the finding of the platform. The average time calculated 

from the 4 quadrants in 5 days represents the performance 
of the rats during this process. On the sixth day, the plat-
form was removed. The rats were allowed to swim in the 
water for 60 s, and the swimming time in the platform 
quadrant was recorded as the space exploration time 
(SET). The swimming lane, space exploration time and 
swimming speed for calculating escape latency are 
recorded through the video track.

Western Blotting
Proteins were extracted from hippocampus tissue in lysis 
buffer with protease inhibitor. The protein concentration 
was detected with a BCA kit, and the same amount of protein 
was subjected to 12% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis, electrotransferred onto 
a polyvinylidene fluoride membrane, and blocked with 5% 
skimmed milk for 2 h. Membranes were incubated with the 
primary antibodies against mBDNF, proBDNF, p-TrkB, 
TrkB, p-PI3K, PI3K, p-AKT, AKT, p-CREB, CREB, caspase 
3, GAPDH (1:1000, Proteintech, USA) overnight at 4°C, 
followed by incubation with a secondary horseradish perox-
idase-conjugated antibody (1:4000, Proteintech, USA) at 
room temperature for 1h. The bands were visualized using 
a chemiluminescence (ECL) Western blotting detection kit.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 
5 (Graphpad Software, Inc., San Diego, CA) and SPSS 
version 20.0 (SPSS Inc., Chicago, IL). Data were pre-
sented as mean ± Standard Deviation (SD). The differ-
ences between different groups analyzed by one-way 
analysis of variance followed by Tukey post hoc compar-
isons were considered as statistically significant when 
p value <0.05.

Results
Lipid, Edaravone, ANA-12, and 7,8-DHF 
Did Not Induce Caspase-3 Activation in 
Newborn Rats
We demonstrated that the administration of intralipid, 
edaravone, ANA-12, or 7,8-DHF did not significantly 
affect the hippocampal expression of cleaved caspase-3 
compared to that in the control group at 6h (Figure 2A 
and B, F (4,10) = 0.212, p >0.05 vs control), thus confirm-
ing that intralipid, edaravone, ANA-12, and 7,8-DHF did 
not induce neural apoptosis.
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Edaravone Pretreatment Promoted 
Propofol-Induced Hippocampal Neural 
Stem Cells Proliferation in Newborn Rats 
and HT22 Cells
Neurogenesis is a vital procedure in brain development 
and includes neural stem cell proliferation.7 This prolifera-
tion was verified by measurement of ki67 positivity in the 
present study. The effects of propofol on neural stem cell 
proliferation were confirmed by the observation of 

a decreased number of ki67-positive cells. The pro group 
showed a reduced number of ki67-positive neural stem 
cells (Figure 3A and B, F (2,12) = 20.22, p <0.001 vs 
control group). Notably, edaravone pretreatment effec-
tively increased neural stem cell proliferation compared 
to only propofol exposure (Figure 3A and B, p< 0.001 vs 
pro group). Pretreatment with edaravone significantly also 
markedly elevated cell viability compared to 100 μM 
propofol in HT22 cells (Figure 3C, p <0.001).

Edaravone Alleviated Propofol-Induced 
Hippocampal Cell Apoptosis and 
Reduced Astrocytes and Microglial Cells 
in Newborn Rats
We first evaluated the effect of edaravone pretreatment on 6 
h of propofol exposure. As shown in Figure 4A and B, 
cleaved caspase 3 levels were significantly increased in 
both the pro and ANA-12+pro groups compared to that in 
the control group (F (4,10) =40.76, p<0.001). In contrast, the 
levels of cleaved caspase 3 were decreased in the eda+pro 
and 7,8- DHF+pro groups (p <0.001 vs, pro group), suggest-
ing that apoptosis-related proteins cleaved caspase 3 sup-
ported the anti-apoptosis activity of edaravone. After 
propofol exposure, apoptosis was significantly increased in 
hippocampal neurons, astrocytes, and microglial cells 
(Figure 4C–F, F (4,60) =50.22, p <0.001 vs control group). 
However, edaravone pretreatment dramatically inhibited the 
apoptosis of neurons (p <0.01), astrocytes (p <0.001), and 
microglial cells (p <0.001) in the hippocampus compared to 
the pro group. Meanwhile, the numbers of astrocytes (Figure 
4G, F (4,60) =10.55, p <0.05 vs control group) and microglial 
cells (p <0.001 vs control group) were increased in the 
propofol-induced and ANA-12 pretreatment groups but 
were restored with edaravone or 7.8-DHF pretreatment 
(p <0.05; p <0.01; p <0.001 vs pro group). Based on these 
findings, we hypothesized that edaravone alleviated propo-
fol-induced hippocampal cell apoptosis and decreased astro-
cyte and microglial cell numbers.

Edaravone Reduced Propofol-Induced 
Cell Apoptosis in HT22 Cells and 
Propofol Did Not Affect Long-Term 
Learning and Memory
Flow cytometry analysis showed that edaravone signifi-
cantly reduced propofol-induced apoptosis in HT22 cells 
(Figure 5A and B, F (2,6) =533.6, p <0.001 vs pro group). 

Figure 2 Intralipid, edaravone, ANA-12 and 7,8-DHF did not increase expression 
of cleaved caspase-3 in the hippocampus of P7 rats. (A) Representative Western 
blot of cleaved caspase-3; (B) quantitative analysis of cleaved caspase-3 in the 
hippocampus 6 hours. Results were the mean ±SD. 
Abbreviations: eda, edaravone; 7,8 DHF, 7,8-dihydroxyflavone.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                   

Drug Design, Development and Therapy 2021:15 1414

Yang et al                                                                                                                                                             Dovepress

http://www.dovepress.com
http://www.dovepress.com


However, excessive propofol did not cause long-term 
learning and memory effects, as compared to the control 
group, the escape latency of the first five days was not 
statistically significant (Figure 5C, F (4,100) =2.76, p >0.05 
vs control group). The learning and memory of the TrkB 
inhibitor group were worse than that of the control group 
on the sixth day of the target space exploration time 
(Figure 5D, F (4,20 =3.81, p <0.05 vs control group).

Edaravone Inhibited the Production of 
Proinflammatory Cytokines After 
Treatment with Excessive Propofol
We assessed the role of edaravone in propofol-induced 
proinflammatory cytokines of the hippocampus. In our 
study, edaravone or 7,8-DHF pretreatment decreased the 
production of TNF-α and IL-6 which was elevated after 

Figure 3 Pretreatment with edaravone attenuated propofol-induced reducing neural stem cells proliferation in the hippocampus of P7 rats and HT22 cells. (A) 
Representative ki67 images of neural stem cells. Green staining indicated ki67 positive cells and red staining indicated neural stem cells (Nestin). Scan bar = 20μm (40X); 
10μm (100X). (B) Quantification of ki67 positive cells of neural stem cells in the hippocampus. (C) CCK8 detected that the proliferation of HT22 cells decreased with the 
increase of propofol dose, and edaravone increased cell proliferation in 50μM,100μM propofol. Results were the mean ±SD. ***p<0.001 as compared with control group. 
#p<0.05, ###p<0.001 as compared with corresponding to the concentration of propofol group. 
Abbreviations: pro, propofol; eda, edaravone.
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propofol exposure (Figure 6A, F (4,20) =12.09, p <0.05 vs 
pro group). These results suggested that edaravone pro-
tected developing rats against propofol-induced neurotoxi-
city by regulating proinflammatory cytokines.

Edaravone Pretreatment Increased the 
Level of Hippocampal mBDNF in 
Developing Rats Exposed to Propofol
A lack of mBDNF significantly reduces synaptic plasticity, 
leading to decreased learning and memory.25 To determine 
the relationship between mBDNF and proBDNF, we first 
explored the mRNA expression of BDNF by quantitative 
reverse transcription-polymerase chain reaction (q-RT 
PCR), which did not differ significantly between groups 
(Figure 6B, F (2.6) =1.074, p >0.05 vs control group). 
However, edaravone pretreatment ameliorated the propo-
fol-induced decrease in hippocampal mBDNF (Figure 6C 
and D, F (2.12) =29.73, p <0.001). Meanwhile, edaravone 
pretreatment inhibited the BDNF precursor, proBDNF 
(p <0.001 vs pro group), suggesting that edaravone pro-
moted BDNF expression after propofol exposure to acti-
vate the downstream TrkB/PI3K signaling pathway.

Edaravone Increased TrkB/PI3K Signaling 
Pathway Activity to Inhibit 
Propofol-Induced Neurotoxicity
Double immunofluorescence staining was used to detect 
TrkB in hippocampal neurons, astrocytes, and microglial 
cells. As expected, TrkB was activated in all three cell 
types in the eda+pro group (Figure 7A). The ratios of 
phosphorylated TrkB to TrkB (Figure 7B and C, F (4,10) 

= 8.27, p <0.01 vs control), phosphorylated PI3K to PI3K 
(Figure 7B and D, F (4,10) = 21.32, p <0.001 vs control), 
phosphorylated protein kinase B (AKT) to AKT (Figure 
7B and E, F (4,10) = 61.28, p <0.001 vs control), and 
phosphorylated CREB to CREB (Figure 7B and F, F 
(4,10) =35.36, p <0.001 vs control) decreased significantly 
after propofol treatment, indicating decreased activity of 
the TrkB/PI3K signaling pathway. This effect was reversed 
by edaravone (p <0.01 or p <0.001 vs pro group). Thus, 
edaravone decreased neurotoxicity after propofol treat-
ment by increasing TrkB/PI3K pathway activation.

Discussion
The mechanisms of anesthetic neurotoxicity include exces-
sive and abnormal activation of the N-methyl-D-aspartate 

Figure 4 Pretreatment with edaravone attenuated propofol-induced neuroapoptosis 
in the hippocampus of P7 rats. (A) Representative Western blot of cleaved caspase-3 in 
the hippocampus 6 h in five groups. The quantitative analysis of cleaved caspase-3 at 6h 
(B). (C–E) Representative TUNEL images of neurons (C), astrocytes (D) and micro-
glial cells (E) in the hippocampal areas. Green staining indicated TUNEL positive cells 
and red staining indicated neurons, astrocytes and microglial cells. Scan bar = 50μm 
(20X), 20μm (40X). (F) Quantification of TUNEL positive cells of neurons, astrocytes 
and microglial cells in the hippocampal areas. (G) Quantification of positive cells of 
neurons, astrocytes and microglial cells in the hippocampal areas. Results were the 
mean ±SD. *p <0.05, ***p<0.001 as compared with control group. #p<0.05, ##p<0.01, 
###p<0.001 as compared with propofol group. 
Abbreviations: 7,8 DHF, 7,8-dihydroxyflavone; pro, propofol; eda, edaravone.
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Figure 5 Edaravone reduced propofol-induced neuroapoptosis in HT22 cells and MWM detected long-term learning and memory. (A) Representative flow cytometry of 
cell apoptosis in three groups. (B) The quantitative analysis of apoptosis rate. (C) Escape latency proved rats in five groups were not statistically significant. (D) Rats in ANA- 
12+pro group reduced the space exploration. Results were the mean ±SD. *p <0.05, ***p<0.001 as compared with control group. ###p<0.001 as compared with propofol 
group. 
Abbreviations: 7,8 DHF, 7,8-dihydroxyflavone; pro, propofol; eda, edaravone.
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Figure 6 Edaravone inhibited the production of proinflammatory cytokines after excessive propofol treatment and regulates the ratio of mBDNF to proBDNF. (A) IL-6 and 
TNF-α were measured with edaravone. ANA-12 and 7.8 DHF intervention after propofol-induced P7 rats by ELISA. (B) Expression of mRNA levels of BDNF. (C and D) 
Representative Western blot of proBNDF and mBDNF in the hippocampus 6 h in three groups. The quantitative analysis of proBNDF and mBDNF at 6h (D). Results were 
the mean ±SD. *p<0.05, ***p<0.001 as compared with control group. #p<0.05, ###p<0.001 as compared with propofol group. 
Abbreviations: pro, propofol; eda, edaravone; IL-6, interleukin 6; TNF-α, tumor necrosis factor α; mBDNF, mature brain-derived neurotrophic factor.
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Figure 7 Edaravone increased the activity of the TrkB/PI3K/AKT signaling pathway to inhibit propofol-induced neurotoxicity. (A) Representative TrkB images of neurons, 
astrocytes and microglial cells in the hippocampal areas of eda+pro group. Green staining indicated TrkB positive cells and red staining indicated neurons, astrocytes and 
microglial cells. Scan bar = 20μm (40X), 10μm (100X). (B–F) Representative Western blot of p-TrkB, TrkB, p-PI3K, PI3K, p-AKT, AKT, p-CREB and CREB in the 
hippocampus 6 h in five groups. The quantitative analysis of p-TrkB and TrkB (C), p-PI3K and PI3K (D), p-AKT and AKT (E), p-CREB and CREB (F). Results were the mean 
±SD. **p<0.01, ***p<0.001 as compared with control group. ##p<0.01, ###p<0.001 as compared with propofol group. 
Abbreviations: 7,8 DHF, 7,8-dihydroxyflavone; pro, propofol; eda, edaravone; TrkB, tropomyosin receptor kinase B; PI3K, phosphoinositide 3-kinase; AKT, phosphorylated 
protein kinase B; CREB, cyclic AMP response element-binding protein.
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(NMDA) and GABA-A receptors,26 generation of free 
radicals,27 activation of P75 growth factor,28 inflammation, 
and excessive increase of Ca2,29 We considered using 
edaravone as a free radical scavenger to reduce anesthetic 
neurotoxicity. In cell proliferation, nestin is an intermedi-
ate neurofilament protein that can be used as a marker of 
neural stem cells for immunolocalization, indicating that 
neural stem cells are actively proliferating based on the 
incorporation of ki67. The down-regulated double-labeled 
immunofluorescent staining of ki67 and nestin in the pro-
pofol group in this study showed that propofol inhibited 
neural stem cell proliferation resulting in a relatively 
reduced transformation from neural stem cells to neurons 
and glial cells in the developing hippocampus. In the 
CCK8 detection of cell proliferation, propofol dose- 
dependently reduced HT22 cell proliferation. Edaravone 
pretreatment significantly increased cell viability in the 
reduction of cell proliferation mediated by propofol, 
which may be related to the elimination of free radicals 
produced by propofol and the maintenance of normal 
neuronal cell proliferation.

Regarding neuroapoptosis and neuroinflammation, 
excessive astrocytes affected normal cell development,12 

while microglial activation caused the release of large 
amounts of pro-inflammatory factors.30 We found that 
edaravone reduced the numbers of astrocytes and micro-
glia while reducing the expression of pro-inflammatory 
factors. This has also been demonstrated in previous stu-
dies. Edaravone protects astrocytes through the PI3K/Akt 
pathway against H2O2-induced oxidative stress and LPS- 
induced pro-inflammatory responses.31 Edaravone reduces 
oxidative stress by up-regulating the Nrf2/ARE pathway 
and also inhibiting inflammation by inhibiting the activa-
tion of NF-κB.32 The antioxidant capacity of edaravone 
has been confirmed in many disease models. For example, 
in cisplatin,32 excessive glutamate,33 and 
cyclophosphamide34 treatments, edaravone increased 
superoxide dismutase (SOD) and glutathione (GSH) 
levels, reduced malonaldehyde (MDA), levels, and 
showed an antioxidant effect. Edaravone combined with 
the lipid system enhanced the antioxidant function of 
edaravone.35 Caspase-3, as a member of the caspase 
family, is S-nitrosylated on its catalytic site Cys163, 
which inhibits its protease activity.18,36 The levels of 
cleaved caspase 3 were significantly increased in the pro-
pofol group, leading to cell death.36 Taken together, these 
results supported our hypothesis that excessive propofol 

can lead to neuroapoptosis and neuroinflammation in the 
developing hippocampus.

BDNF mRNA levels did not differ significantly 
among groups, suggesting that edaravone pretreatment 
or excessive propofol exposure affected the total expres-
sion of BDNF mRNA. However, the mBDNF/proBDNF 
ratio was decreased in the propofol group but was ele-
vated in the edaravone pretreatment group. These find-
ings indicated that the neuroprotective effect of 
edaravone was based on both antioxidant effects and 
enhanced synthesis of mBDNF.22 Thus, edaravone acti-
vated downstream TrkB expression by increasing 
mBDNF and decreasing proBDNF. To verify that edar-
avone exerted its neuroprotective effects by activating 
TrkB/PI3K signaling, we applied TrkB agonist 7, 
8-DHF, and TrkB antagonist ANA-12 pretreatment to 
confirm the reliability of the pathway. Edaravone and 
7,8-DHF pretreatment not only ameliorated neural stem 
cell proliferation but also reduced neural apoptosis and 
neuroinflammation.

Edaravone reversed nerve damage and inflammation 
caused by ANA-12 pretreatment. These findings suggest 
the neuroprotective effects of edaravone through the 
TrkB receptor. A study reported that TNF-α sustained 
neutrophil recruitment during inflammation through 
endothelial activation, while IL-6 regulated neutrophil 
trafficking during acute inflammation via STAT3.20 In 
the present study, we observed decreased secretion of 
TNF-α, IL-6, and IL-1β in developing rats after the 
administration of edaravone and TrkB agonist 7,8-DHF 
compared to excessive propofol-stimulated rats adminis-
tered the TrkB antagonist ANA-12, suggesting that edar-
avone may provide anti-inflammatory effects through 
TrkB receptor activation. Recently, mBDNF was 
shown to bind to TrkB and exert a pro-survival effect 
by activating downstream signaling pathways, including 
the PI3K/AKT pathway, which could provide neuropro-
tective effects by reducing striatum apoptosis.12 The 
cyclic AMP response element-binding protein (CREB), 
which promotes continuous plastic changes and estab-
lishment of synaptic connections with other neurons in 
neurogenesis, is activated by the phosphorylation of 
AKT, while the translocation of CREB binding protein 
(CBP) to the promoter triggered the expression of pro-
tective proteins.12,36–38

In conclusion, edaravone pretreatment ameliorated pro-
pofol-induced proliferation inhibition, neuroapoptosis, and 
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neural inflammatory through activation of the mBDNF/ 
TrkB/PI3K pathway.
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