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Abstract
Objective  Anesthetics have been linked to cognitive alterations, particularly in the elderly. The current research 
delineates how Fibroblast Growth Factor 2 (Fgf2) modulates tau protein phosphorylation, contributing to cognitive 
impairments in aged rats upon sevoflurane administration.

Methods  Rats aged 3, 12, and 18 months were subjected to a 2.5% sevoflurane exposure to form a neurotoxicity 
model. Cognitive performance was gauged, and the GEO database was employed to identify differentially expressed 
genes (DEGs) in the 18-month-old cohort post sevoflurane exposure. Bioinformatics tools, inclusive of STRING and 
GeneCards, facilitated detailed analysis. Experimental validations, both in vivo and in vitro, examined Fgf2’s effect on 
tau phosphorylation.

Results  Sevoflurane notably altered cognitive behavior in older rats. Out of 128 DEGs discerned, Fgf2 stood 
out as instrumental in regulating tau protein phosphorylation. Sevoflurane exposure spiked Fgf2 expression in 
cortical neurons, intensifying tau phosphorylation via the PI3K/AKT/Gsk3b trajectory. Diminishing Fgf2 expression 
correspondingly curtailed tau phosphorylation, neurofibrillary tangles, and enhanced cognitive capacities in aged 
rats.

Conclusion  Sevoflurane elicits a surge in Fgf2 expression in aging rats, directing tau protein phosphorylation 
through the PI3K/AKT/Gsk3b route, instigating cognitive aberrations.
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Introduction
Age-related cognitive impairment stands as a neurode-
generative condition tightly linked with the aging pro-
cess, resulting in the deterioration of cognitive faculties 
(Cooley et al. 2023). This ailment not only disrupts the 
daily life of affected individuals but also exacts a sub-
stantial toll on their families and society at large (Krüger 
2018). Emerging research has shed light on the potential 
contribution of specific anesthetic agents, notably sevo-
flurane, to the development of postoperative cognitive 
dysfunction (Narayan et al. 2021). Managing cognitive 
impairment in elderly patients poses formidable chal-
lenges within clinical realms (Clemency et al. 2022). 
The etiology of this ailment is intricate, often intertwin-
ing with other medical conditions, introducing intrica-
cies into the selection of suitable treatment modalities 
(Amirghasemi et al. 2021). Furthermore, the effectiveness 
of various therapeutic medications remains uncertain, 
further complicating the therapeutic landscape (Müller 
et al. 2021). In terms of prognosis, a significant number 
of elderly individuals afflicted by cognitive impairment 
experience a progressive decline, significantly diminish-
ing their overall quality of life (McCrea et al. 2021; Wang 
et al. 2021a; Van Meter et al. 2021). This also underscores 
the augmented demand for family and medical support 
to fulfill their fundamental daily requirements (Harmer 
et al. 2023). The administration of anesthesia drugs such 
as sevoflurane is associated with an elevated susceptibil-
ity to postoperative neurocognitive disorders, necessitat-
ing enhanced prudence on the part of anesthesiologists 
when devising anesthetic strategies for elderly patients 
(Saranteas et al. 2019).

High-throughput transcriptomic sequencing repre-
sents a potent investigative tool in the study of neurologi-
cal disorders, enabling the comprehensive detection of 
gene expression modifications associated with these con-
ditions (Rogawski et al. 2017). This advanced technology 
empowers researchers to precisely pinpoint and quanti-
tatively assess the genes and signaling pathways that hold 
significance in disease progression (Efferth and Oesch 
2021). The integration of high-throughput transcrip-
tomics sequencing holds substantial promise in uncover-
ing the enigmatic molecular mechanisms underpinning 
anesthesia-induced cognitive impairment in older adults, 
an area characterized by its lack of clarity (Pant et al. 
2021). This innovative methodology aids in identifying 
gene variations linked to anesthesia, thereby providing 
insights into a deeper understanding of how anesthet-
ics impact the function and structure of the aging brain 
(Severe Covid-19 GWAS Group et al. 2020). This 
research not only introduces innovative approaches for 
early disease prediction and intervention but also estab-
lishes the foundation for potential therapeutic modalities 
(Enciso et al. 2020).

Leveraging high-throughput transcriptomic sequenc-
ing technology, this study scrutinized sevoflurane-treated 
rats, successfully identifying a key gene, Fibroblast 
Growth Factor 2 (Fgf2), with implications for neurocog-
nition (Zhang et al. 2021). Previous investigations have 
alluded to the potential association between Fgf2 and 
anesthesia-induced cognitive impairment in elderly indi-
viduals (Zhu et al. 2022). Subsequent research endeavors 
have shed light on the role of Fgf2 in influencing tau pro-
tein phosphorylation, a process intimately tied to various 
neurodegenerative conditions, including Alzheimer’s dis-
ease (Scheltens et al. 2021). Furthermore, Fgf2 exercises 
its effects through the activation of the PI3K/AKT signal-
ing pathway, renowned for its critical role in cell survival, 
proliferation, and metabolism (Cai et al. 2021). Conse-
quently, Fgf2 emerges as a central molecular mediator 
bridging the gap between anesthetics and neurocognitive 
deficits, offering prospective targets for future therapeu-
tic interventions (Smadja et al. 2021).

This study is primarily geared towards examining the 
impact of sevoflurane exposure on the Fgf2 gene in aged 
rats while shedding light on the potential molecular 
mechanisms at play. Recent research endeavors have illu-
minated sevoflurane’s capacity to induce an upregulation 
of Fgf2, subsequently impacting the PI3K/AKT/Gsk3b 
signaling pathway and leading to heightened tau protein 
phosphorylation. This intricate sequence of molecular 
events has showcased a significant correlation with cog-
nitive impairments witnessed in the rat model, furnishing 
invaluable insights into the intricate interplay between 
anesthetics and neurodegenerative disorders. These 
insights may lay the foundation for innovative therapeu-
tic strategies in the future.

Materials and methods
Transcriptome datasets related to sevoflurane anesthesia 
in rats from public databases
Transcriptome datasets related to sevoflurane anesthesia 
in aged rats were obtained from a public database. Spe-
cifically, we retrieved data from 18-month-old rat hippo-
campal tissue samples available in the Gene Expression 
Omnibus (GEO) database (http://www.ncbi.nlm.nih.
gov/geo/) with the Accession Number GSE141242 and 
Platform GPL22388. This dataset included three rats 
subjected to oxygen treatment as the control group and 
three rats exposed to 2.5% sevoflurane anesthesia for a 
duration of 4 h as the treatment group. These microarray 
data were utilized for the identification of differentially 
expressed genes (DEGs) and subsequent GO enrichment 
analysis.

Differential expression gene analysis
Data was obtained from the GEO database (dataset 
GSE141242), and genes with an absolute log fold change 
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(|logFC|) greater than 0.5 and a P-value less than 0.05 
were filtered. This selection process was performed using 
the “limma” package in R software (Ritchie et al. 2015). 
The resulting Differentially Expressed Genes (DEGs) 
were further utilized for generating heatmaps and vol-
cano plots, which were implemented using the “heat-
map” package and the “ggplot2” package in R software, 
respectively.

A GO enrichment analysis was performed on 128 
DEGs using R software, revealing enriched biological 
processes and molecular functions. Next, these DEGs 
were subjected to protein-protein interaction analy-
sis by importing them into the String database (https://
cn.string-db.org/cgi/) and GeneMANIA (http://genema-
nia.org/). To further investigate the signaling pathways 
associated with protein phosphorylation and neurofi-
brillary tangles, relevant datasets were retrieved from 
GeneCards and intersected with the 128 DEGs. A Venn 
diagram was constructed using the Venn diagram tool 
provided by Xiantao Academic to visualize the overlap-
ping genes. Finally, the significance of differential expres-
sion among core genes was statistically assessed using the 
Welch t-test method.

Construction of the rat model for neurotoxicity induced by 
sevoflurane
Wild-type rats were procured from Beijing Weitong 
Lihua Experimental Animal Technology Co., Ltd. (Bei-
jing, China), with a total of 77 rats acquired, comprising 
14 rats at 3 months of age, 14 rats at 12 months of age, 
and 49 rats at 18 months of age. These rats were main-
tained under controlled environmental conditions, with 
a temperature range of 20–24 °C, humidity maintained at 
40–60%, and a 12-hour light-dark cycle. They were pro-
vided with ad libitum access to food and water. Rats of 
3, 12, and 18 months of age were selected and randomly 
allocated into age-specific groups. Each age group was 
further subdivided into two groups: the Control group 
(untreated) and the Sevoflurane (Sevo) group (exposed to 
2.5% sevoflurane, procured from Weikqi Biological Tech-
nology Co., Ltd., Sichuan, China). Each group consisted 
of 7 rats. A custom-built sevoflurane anesthesia cham-
ber (50 cm × 30 cm × 30 cm) was utilized, with an air-
flow rate of 1.5 L/min. The chamber was submerged in a 
37 °C water bath and featured two ventilation ports: one 
connected to the anesthesia pump and the other linked 
to a gas monitor (Tian et al. 2018). Sevoflurane anesthe-
sia was induced and maintained for 4 h to establish the 
sevoflurane neurotoxicity rat model (Wang et al. 2020a). 
Behavioral testing was conducted 1  h post-anesthesia 
(Shen et al. 2021).

The experimental procedures and group assignments 
for Fgf2 silencing and Gsk3b activation were conducted 
as follows: Lentiviruses for Fgf2 silencing were packaged 

using the core plasmid pLL3.7-Fgf2, which contains the 
gene silencing sequence, along with helper plasmids 
(psPAX2 and pMD2.G). Lentivirus packaging services 
were provided by Shenggong Biotechnology (Shang-
hai, China). APN/AKT-IN-1, known as an AKT inhibi-
tor that effectively suppresses Gsk3b phosphorylation, 
thereby activating Gsk3b (Liu et al. 2021a), was utilized 
as a Gsk3b activator. Rats were subjected to gene silenc-
ing and overexpression via bilateral injection techniques. 
The sham group received an equivalent dose of empty 
lentivirus vector or DMSO. Eighteen-month-aged rats 
were selected for the experiments. Prior to commenc-
ing the study, the rats were acclimatized to their sur-
roundings under specific conditions for 2 to 3 days. 
Subsequently, the rats were anesthetized and placed in a 
stereotaxic apparatus for intracerebral stereotactic injec-
tion of the viral solution. The viral solution, containing 
the lentivirus stock solution (MOI = 100; titer of 2 × 108 
ifu/mL) and APN/AKT-IN-1 (10 µM/µL), was injected 
into the hippocampal CA3 region via bilateral injections 
using a stereotaxic apparatus. The injection coordinates 
were as follows: at the intersection of the coronal and 
sagittal sutures (−4.3  mm posterior; ±2.5  mm lateral; 
−3.0 mm dorsal), and the injection rate was set at 0.5 µL/
min. The needle was left in place for 5 min, and a total 
volume of 2 µL was injected. Post-surgery, the rats were 
allowed to recover on a heated blanket and were placed 
in clean cages for observation (Fang et al. 2013; Chen 
et al. 2021a; Zhang et al. 2018a; Wang et al. 2022). Rat 
brain tissues were collected using the perfusion method, 
with subsequent separation into the cortex and hippo-
campus for further experimentation (Karamanavi et al. 
2022). Random number tables were used to assign mice 
into groups, and researchers were blinded to the group 
assignments during animal experiments (Wang et al. 
2022). The animal validation experiment groups included 
the Control group, Sevo group (sevoflurane anesthesia 
treatment group), Sevo + sh-NC + DMSO group (sevoflu-
rane anesthesia + Fgf2 silencing control + Gsk3b activa-
tion treatment control), Sevo + sh-Fgf2 + DMSO group 
(sevoflurane anesthesia + silencing Fgf2 + Gsk3b activa-
tion treatment control), and Sevo + sh-Fgf2 + act-Gsk3b 
group (sevoflurane anesthesia + silencing Fgf2 + Gsk3b 
activation treatment group). All animal experiments were 
conducted in triplicate, and the experimental protocol 
and animal usage plan were approved by the animal eth-
ics committee of Cancer Hospital of China Medical Uni-
versity, Liaoning Cancer Hospital and Institute.

Morris water maze (MWM) test
The Morris water maze test was conducted on the rats 
one hour following the administration of sevoflurane 
anesthesia (Shen et al. 2021). During the experiment, the 
rats were not subjected to anesthesia. The experimental 
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setup utilized a circular water tank with a 120 cm diam-
eter and a water depth of 30 cm for rat training and test-
ing. The tank was equipped with cardinal points (north, 
south, east, and west quadrants) as additional maze cues 
(Xinruan Information Technology Co., Ltd., XR-SM101, 
Shanghai, China). The MWM apparatus and the sig-
nal acquisition and processing system were located in a 
soundproofed laboratory. The experiment comprised two 
phases: a visible platform phase lasting 5 days and a hid-
den platform phase also spanning 5 days. Each rat under-
went three daily trials with a 15-minute interval between 
trials. The maximum duration allowed for each trial was 
60  s. In cases where rats failed to reach the platform 
within the allotted time, manual guidance to the platform 
was provided, and escape latency data for the hidden 
platform test were recorded. Following the completion of 
the 5-day visible platform test, a 5-day hidden platform 
test was conducted. Rats were placed into the water maze 
from the quadrant adjacent to their original platform 
location, and their time spent and movement trajectory 
to reach the platform were recorded. This experiment 
was repeated three times. Escape latency and move-
ment distance data were collected and analyzed using the 
VisuTrack animal behavior analysis system (XR-VT101, 
Xinrui Information Technology Co., Ltd., Shanghai, 
China) (Liao et al. 2022; Tian et al. 2019).

Open field testing
The open field test serves as a primary method for 
observing various rat behaviors upon release into an 
unenclosed environment. It allows for the observation of 
spontaneous activities in rats, providing insights into the 
cognitive processes of experimental animals. The experi-
mental setup consisted of a square enclosure made of 
transparent organic glass with brown walls. Positioned 
above the experimental platform was a video tracking 
system, and rats were introduced into the enclosure from 
the same starting point. Data recorded included the time 
at which the rats initiated movement upon entering the 
open field and the cumulative distance they traversed 
within a five-minute period. Post-experiment cleaning of 
the equipment at the site was carried out to prevent the 
generation of any abnormal odors (Zhang et al. 2018b).

Novel object recognition test
The novel object recognition test comprised specific pro-
cedural steps as follows: On the initial day, the rat was 
gently introduced into the testing chamber and allowed 
to remain there for a duration of 5 min. Subsequently, on 
the following day, the rat was gently placed into the test 
box along with two identical objects. On the third day, the 
rat was gently positioned at the periphery of the experi-
mental box; however, one of the objects was replaced 
with a novel object. During the course of the experiment, 

the exploration time of the rats on each object was 
recorded whenever the rats made direct contact with the 
objects using their mouth, forehead, or nose. To calculate 
the exploration index, the time spent exploring the novel 
object was divided by the total time expended investigat-
ing both objects (Cai et al. 2018; Zhou et al. 2020).

Primary culture of rat cortical neurons and construction of 
Sevo neuronal cell model
Embryonic rats, aged 16 to 18 days, were procured from 
anesthetized pregnant rats, provided by our institu-
tion’s animal facility, for the isolation of cortical neurons. 
The procedure involved the separation of the cerebral 
cortex, removal of the meninges and blood vessels, fol-
lowed by mincing the tissue into small fragments. These 
fragments were subjected to enzymatic digestion using 
0.25% trypsin (Cat# 25200-072, Thermo Fisher Scien-
tific, Waltham, MA, USA) at a temperature of 37  °C for 
a duration of 20 min, after which they were gently tritu-
rated. The resulting dispersed cells were then individu-
ally placed into culture vessels, including 6-well plates, 
96-well plates, and cover glass slides (24  mm×24  mm), 
all of which had been pre-coated with polylysine at a 
concentration of 100  µg/ml. These cells were cultivated 
in neural medium at a controlled environment of 37  °C 
with 5% CO2. The neural medium was formulated with 
2% B27 supplement (Cat# 17504-044, Thermo Fisher Sci-
entific), 0.5 mM L-glutamine (Cat# 35050-061, Thermo 
Fisher Scientific), and 50 U/ml penicillin/streptomycin 
(Cat# 15140-122, Thermo Fisher Scientific). The culture 
medium was replenished 8  h post-seeding and subse-
quently replaced with half of the medium every alternate 
day. To confirm the identity of the neurons, they were 
subjected to staining with class III β-tubulin protein 
(1:100, ab18207, Abcam, UK) and Hoechst 33342 (14533, 
Sigma-Aldrich, MO, USA) (Lai et al. 2020; Wang et al. 
2022).

Cortical neurons cultured in vitro were exposed to a 
3.4% sevoflurane concentration for 5 h to obtain the Sevo 
neuronal cell model. Control group cells were cultured in 
the complete medium under normal conditions (Xu et al. 
2018).

Cell transfection
To generate Fgf2-silenced cortical neurons, a lentivirus-
mediated transfection approach was employed, using 
the sequences indicated in Table S1 for knockdown. The 
services of plasmid construction and lentivirus pack-
aging were outsourced to Sengong Biotech in Shang-
hai, China. The plasmids and lentiviruses utilized were 
tailored for compatibility with the rat model. A plas-
mid harboring a single luciferase reporter gene was co-
transfected with the requisite helper plasmid into 293T 
cells (ATCC, CRL-3216, USA). Following validation, 
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amplification, and purification processes, the packaged 
lentiviruses were obtained. For the lentivirus-mediated 
cell transfection, 5 × 105 cells were seeded into a 6-well 
plate. Once cell density reached 70–90%, the medium 
was supplemented with the appropriate amount of pack-
aged lentivirus (MOI = 10, with a working titer of approx-
imately 5 × 106 TU/mL) and 5 µg/mL polybrene (Merck, 
TR-1003, USA) for transfection. After 4  h of transfec-
tion, an equal volume of medium was added to dilute 
the polybrene. Subsequently, fresh medium replaced the 
transfection medium after 24  h. Observations on the 
transfection status, as indicated by the luciferase reporter 
gene, were made 48 h post-transfection. Cortical neuron 
cells were constructed with Gsk3b activation using APN/
AKT-IN-1. The cells were treated with a concentration 
of 10 µM for a duration of 6 hours (Liu et al. 2021a). In 
vitro cell validation experiments were categorized into 
the following groups: Control group, Sevo group (sevo-
flurane anesthesia treatment group), Sevo + sh-NC group 
(sevoflurane anesthesia + Fgf2 silence control group), 
Sevo + sh-Fgf2 group (sevoflurane anesthesia + Fgf2 
silence group), Sevo + sh-NC + DMSO group (sevoflu-
rane anesthesia + Fgf2 silence control + Gsk3b activation 
treatment control group), Sevo + sh-Fgf2 + DMSO group 
(sevoflurane anesthesia + Fgf2 silence + Gsk3b activation 
treatment control group), Sevo + sh-Fgf2 + act-Gsk3b 
group (sevoflurane anesthesia + Fgf2 silence + Gsk3b 
activation treatment group). The cell-based experiments 
conducted in this study were replicated three times.

Immunofluorescence staining and immunohistochemistry
After culturing the neurons for 48  h, 4% paraformal-
dehyde was added and allowed to fix at room tempera-
ture for 15–20  min. The cells were then washed with 
PBS-0.1% Triton and treated with PBS-0.5% Triton for 
5–10 min, followed by another wash with PBS-0.1% Tri-
ton. Blocking was performed with 5% BSA for 1  h, fol-
lowed by overnight incubation with the primary antibody 
at 4 °C. After washing, the cells were incubated with the 
secondary antibody at room temperature for 1  h, and 
then observed under a confocal microscope (Wang et al. 
2022).

For tissue samples, fixation was done with 4% parafor-
maldehyde, followed by sucrose gradient dehydration, 
embedding in OCT, and tissue sectioning. Immunofluo-
rescence co-staining was performed to detect P-tau co-
expression in hippocampal tissue. After rehydration of 
the sections, blocking was done with 2% BSA. The sec-
tions were then incubated with the appropriate primary 
antibody at room temperature overnight. After wash-
ing, immunofluorescent staining was performed using 
DAPI (Thermo Fisher, 62248, USA) for 10 min, followed 
by sealing the sections with an anti-quenching mounting 
medium (Tian et al. 2022).

For immunohistochemistry, tissue sections were 
treated with biotin-labeled secondary antibody and incu-
bated at room temperature or 37  °C for 30  min to 1  h. 
PBS was used for rinsing (3  min, 5 times). DAB stain-
ing was performed for 5–10  min, followed by thorough 
rinsing with tap water for 10  min. Counterstaining was 
done with hematoxylin, and after rinsing with tap water 
until clear, the sections were treated with 1% hydrochlo-
ric acid for 3 s, rinsed with tap water 5 times, and then 
immersed in lithium carbonate (bluing solution) for 2 s. 
The sections were further rinsed for 15  min with water 
and dehydrated with 85% ethanol for 5 min, followed by 
95% ethanol and 100% ethanol for 5 min each. After two 
washes in xylene (10  min each), the sections were air-
dried with xylene in a fume hood and mounted with neu-
tral gum. Neurofibrillary tangle density in hippocampal 
tissue was quantitatively analyzed using the highest path-
ological density region (Josephs et al. 2015; Li et al. 2023).

Fluorescent staining results were observed and saved 
using a laser scanning confocal microscope (Leica, STEL-
LARIS 5, Germany), and Image pro plus software was 
used for semi-quantitative analysis of the results (Daniel 
et al. 2021).

The primary antibody used for immunofluorescence 
was P-tau (1:100, Thermo Fisher, 44-750G, Rabbit, 
USA), and the secondary antibody was Rabbit anti-Rat 
IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa 
Fluor™ 594 (1:1000, Thermo Fisher, A-21,211, USA).

RT-qPCR
Total RNA was extracted from the specimens using 
Trizol reagent (Thermo Fisher, 16096020, USA). Subse-
quently, reverse transcription was carried out employ-
ing a reverse transcriptase kit (Takara, RR047A, Japan) 
to generate complementary DNA (cDNA). The One-Step 
TB Green® PrimeScript™ RT-PCR Kit (Takara, RR066A, 
Japan) was utilized to establish the reaction system, 
and RT-qPCR reactions were conducted by placing the 
samples into a real-time fluorescence quantitative PCR 
instrument (Thermo Fisher, ABI 7500, USA). Gapdh 
served as the internal reference gene. The PCR pro-
gram was designed as follows: Initial pre-denaturation at 
95 °C for 30 s, followed by a cycling process comprising 
denaturation at 95  °C for 5 s and annealing at 60  °C for 
30 s. This cycle was repeated 40 times. Subsequently, an 
extension step was performed at 95 °C for 15 s, followed 
by another extension at 60  °C for 60 s. Finally, a further 
extension was conducted at 90 °C for 15 s, and the ampli-
fication curve was generated. All RT-qPCR experiments 
were conducted in triplicate. Please refer to Table S2 for 
the primer sequences. To represent the fold change in the 
expression of the target gene between the experimental 
group and the control group, the 2-ΔΔCt method was 
employed. The formula for this method is ΔΔCT = ΔCt 
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test - ΔCt control, with ΔCt = Ct target - Ct reference, 
where Ct signifies the number of amplification cycles 
necessary for the real-time fluorescence intensity of the 
reaction to reach a predetermined threshold. This experi-
ment was repeated three times (Tian et al. 2022).

Western blot
Total protein was extracted from the samples employing 
the protein extraction kit (Bestbio, BB3101, Shanghai, 
China), and the protein concentration was determined 
utilizing the BCA assay kit (Beyotime, P0012S, Shang-
hai, China). Subsequently, a 10% SDS-PAGE gel (Bio-
Rad, P0012A, Shanghai, China) was prepared. In each 
well, 50 µg of protein samples were loaded, and constant 
voltage electrophoresis was conducted for 2  h, rang-
ing from 80 to 120  V. The protein was then transferred 
onto a PVDF membrane (Merck, IPVH00010, Germany) 
utilizing a constant current of 250  mA for 90  min. The 
PVDF membrane was incubated with TBST containing 
5% skimmed milk powder at room temperature for 2 h. 
Subsequently, the blocking solution was discarded, and 
the membrane was washed with TBST for 10 min. After 
overnight incubation with the primary antibody at 4  °C 
(antibody details in Table S3, Thermo Fisher, Abcam), 
the membrane underwent three 10-minute washes with 
TBST. It was then incubated with Goat anti-rabbit IgG 
(Abcam, ab6721, UK) or Goat anti-mouse IgG (Abcam, 
ab6789, UK) diluted to a 1:2000 concentration at room 
temperature, with horseradish peroxidase conjugation 
for 1  h. This was followed by three 10-minute washes 
with PBST. For color development, the ECL reagent (Bi 
Yun Tian, P0018FS, Shanghai, China) was employed, and 
the membrane was placed in a dark box for exposure 
and development. Each sample experiment was repeated 
three times (Chen et al. 2022).

Cell apoptosis detection
Apoptosis in primary rat cortical neurons was assessed 
utilizing the Annexin V-FITC/PI assay kit (C1062L, 
Biyun Tian, Shanghai, China). Initially, cells were seeded 
into a 6-well plate at a density of 1 × 106 cells per well. 
Following cell collection, cells were resuspended in 195 
µL of Annexin V-FITC binding solution, to which 5 µL of 
Annexin V/FITC and 10 µL of PI were added. The mix-
ture was incubated at room temperature in darkness for 
15 min. Subsequently, flow cytometry analysis was con-
ducted within 20  min to determine the apoptosis rate. 
The apoptosis rate was determined as the combined pro-
portion of apoptotic cells found in the Q2-UR (upper 
right) and Q3-LR (lower right) quadrants (Chen et al. 
2021b).

Detection of oxidative stress-related indicators
Following euthanasia, the rats underwent dissection, 
and their brains were partitioned into contralateral and 
ipsilateral hemispheres to facilitate the isolation of the 
ipsilateral cortical tissue. The cerebral cortex tissue was 
immersed in physiological saline (in a 1:9 ratio) within 
an ice bath at 4 °C. Subsequently, high-speed homogeni-
zation at 4 °C and 4000 r/min for 10 min was employed, 
followed by centrifugation. The resulting clear upper liq-
uid was transferred into containers and stored at −20 °C 
(Xu et al. 2021). Regarding cell sample collection, cells 
were initially cultured in a 6-well plate and subjected to 
the appropriate treatments. After incubation, PBS was 
utilized for a single wash, followed by cell collection 
through centrifugation. Subsequently, the supernatant 
was obtained by lysing the cells with lysis buffer and sub-
sequent centrifugation (Lin et al. 2021). The assessment 
of lipid peroxidation was carried out in accordance with 
the instructions provided with the assay kit for thiobarbi-
turic acid reactive substances (TBARS), which was used 
to quantify lipid peroxidation. The evaluation of lipid 
peroxidation product levels was expressed in terms of 
malondialdehyde (MDA) equivalents. Additionally, the 
measurement of glutathione (GSH) levels was conducted 
using the GSH detection kit (ab239727, Abcam, UK) (Lin 
et al. 2020a).

ROS detection
The experimental procedures were carried out in strict 
accordance with the instructions provided by the reactive 
oxygen species assay kit (S0033S, Bi Yun Tian, Shang-
hai, China). Specifically, 2,7-dichlorodihydrofluorescein 
diacetate (DCFH-DA), a fluorescent probe, was intro-
duced into the tissue supernatant at a concentration 
of 10  mol/L (190 µL). Subsequently, the samples were 
incubated in darkness at 37 °C for a duration of 30 min. 
The quantification of green fluorescence intensity was 
accomplished using an automated fluorescence micro-
plate reader (model 5200110, Thermo Fisher, MA, USA) 
equipped with an excitation wavelength of 488  nm and 
an emission wavelength of 530 nm. The level of reactive 
oxygen species (ROS) within the tissue was determined 
as the fluorescence intensity ratio relative to the pro-
tein concentration (He et al. 2019; Li et al. 2021). For the 
assessment of ROS production within live cells, primary 
cortical neurons that had been seeded onto coverslips 
underwent a rinsing step with pre-warmed PBS. Sub-
sequently, they were subjected to incubation with 3 µM 
of dihydroethidium (DHE) dye (D7008, Sigma-Aldrich, 
MO, USA) at 37  °C for 30  min. Following this incuba-
tion period, thorough washing was performed, and the 
samples were examined under a confocal microscope uti-
lizing a 20× objective lens (LSM 750, Carl Zeiss, Goettin-
gen, Germany). The quantification of DHE fluorescence 
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intensity was executed using ImageJ software. The ROS 
levels were calculated based on the average fluorescence 
intensity across six randomly selected fields in each 
experiment, and these values were expressed as multiples 
of the control intensity (Lai et al. 2020).

Thioflavin T staining
Thioflavin T staining method was employed to quantify 
the levels of neurofibrillary tangles (NFTs). Tissue sec-
tions were brought to room temperature and washed 
three times for 5  min each in tbs (A510025, Sangon 
Biotech). Then, the tissue sections were immersed in a 
light-protected solution of 0.0125% Thioflavin T in etha-
nol (HY-D0972, MedChemExpress) for 8  min. Subse-
quently, the tissue sections were washed three times for 
5 min each in 50% ethanol, followed by one wash in TBS 
for 5 min. After drying the tissue sections in a light-pro-
tected manner, glycerin was used for sealing. The staining 
results were observed and photographed under a fluores-
cence microscope (Olympus, Tokyo, Japan).

Statistical analysis
This study utilized software versions including R 4.2.1, 
with RStudio 4.2.1 as the integrated development envi-
ronment for R software compilation. File processing 
was carried out using Perl language, specifically Perl 
5.30.0. Additionally, Cytoscape 3.7.2 and SPSS statisti-
cal software version 21.0 (IBM SPSS Statistics, Chicago, 
USA) were employed. Quantitative data were presented 
as mean ± standard deviation, and independent sample 
t-tests were employed for comparisons between two 
groups. Comparisons of data among different time points 
within each group were conducted through repeated 
measures analysis of variance (ANOVA), with post hoc 
testing performed using the Bonferroni method. A signif-
icance level of P < 0.05 was considered to indicate statisti-
cal significance.

Results
Age-dependent cognitive impairments in rats induced by 
sevoflurane exposure: behavioral insights from water maze 
and open-field tests
Postoperative cognitive dysfunction (POCD) is a com-
mon but underestimated complication, especially in 
older people. However, its pathogenesis has not been 
reported, and it may be related to multiple factors such 
as surgical stress, anesthesia drugs, pain, inflammatory 
response, hypoxia, and postoperative complications 
(Kotekar et al. 2018; Lin et al. 2020b). According to litera-
ture reports, Sevoflurane (Sevo) has a particular impact 
on POCD in neurodegenerative diseases (Xu et al. 2014; 
Ni et al. 2015). However, the effects of sevoflurane on 
gene expression patterns and regulatory networks during 
general anesthesia remain to be elucidated. Due to the 

induction of spatial learning and memory impairments in 
rats, sevoflurane has been found effective (Lamberty and 
Gower 1991). We established a rat model of sevoflurane-
induced developmental neurotoxicity to explore the spe-
cific molecular mechanisms of sevoflurane on cognitive 
impairment.

To investigate the effects of sevoflurane on cognitive 
impairment in rats of different age groups, we designed 
experiments using a water maze and an open-field test. 
We recorded and analyzed the behavioral and cognitive 
indicators of the tested rats. This study used rats at 3 
months, 12 months, and 18 months of age, correspond-
ing to the developmental, mature, and aging stages in 
humans (Andreollo et al. 2012). A series of behavioral 
experiments was conducted on rats (Fig. 1A). The Mor-
ris water maze experiment results showed that compared 
with the control group, the escape latency of rats induced 
by sevoflurane was increased in different age groups. 
The difference in escape latency was particularly in 
12-month-old and 18-month-aged rats (Fig. 1B–D). Rats 
searching for hidden platforms showed that rats induced 
with sevoflurane took longer to find the hidden platform, 
and the time spent also increased with the age of the rats 
(Fig.  1E–G). The above results indicate that sevoflurane 
induces learning impairments in rats, and the impact on 
learning ability in aged rats is more significant than in 
young rats.

Subsequently, we chose 18-month-aged rats for the 
open-field experiment. The results showed that, com-
pared with the control group, the time for aged rats 
induced by sevoflurane to start moving in the open field 
was increased (Fig.  1H), and the distance traveled in 
the open field after entry was reduced (Fig.  1I). In the 
novel object recognition test, the frequency of explora-
tion of novel objects induced by sevoflurane in rats was 
decreased (Fig.  1J). The behavioral experiment results 
indicate that sevoflurane-induced motor and cognitive 
impairments in rats.

In summary, sevoflurane-induced cognitive impair-
ment in rats, and this effect worsened with increasing age 
of the rats.

Transcriptomic analysis reveals Fgf2 as a key regulator in 
sevoflurane-induced neurocognitive impairment in rat 
hippocampus
We obtained the rat hippocampus-related transcrip-
tome sequencing (RNA sequencing, RNA-seq) dataset 
GSE141242 from Gene Expression Omnibus (GEO) and 
analyzed it. The dataset includes three standard hip-
pocampal tissue samples (GSM4199182, GSM4199183, 
GSM4199184) and three hippocampal tissue samples 
from rats induced with 2.5% sevoflurane neurotoxicity 
(GSM4199185, GSM4199186, GSM4199187).
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Through integration and differential analysis, we iden-
tified 128 DEGs, which comprised 66 upregulated genes 
and 62 downregulated genes (Fig. 2A). Furthermore, GO 
enrichment analysis was performed on the selected 128 
DEGs, and the results indicated that these DEGs were 
mainly enriched in biological processes such as lipid 

localization, camera-type eye development, and organic 
acid transport. In terms of molecular functions, they 
were enriched in actin filament bundle, contractile fiber, 
and cell-cell contact zone. Additionally, they were found 
to be involved in signaling pathways, including trans-
membrane transporter, lipid transporter activity, and 

Fig. 1  Effects of sevoflurane exposure on rats’ learning, cognition, and motor ability. Note: (A) Behavioral Experiment Design and Timeline; (B–D) Line 
graphs showing the changes in escape latency during different days in the water maze experiment for rats in different treatment groups at 3 months (Fig. 
B), 12 months (Fig. C), and 18 months (Fig. D); (D–F) Bar graphs showing the time required for rats in different treatment groups at 3 months (Fig. E), 12 
months (Fig. F), and 18 months (Fig. G) to find the target platform on different days in the water maze experiment; (H) Open field test measuring the time 
for 18-month-aged rats in different treatment groups to initiate movement; (I) Open field test measuring the total distance traveled by 18-month-aged 
rats in different treatment groups; (J) Index of novel object recognition in the open field test. P < 0.05, P < 0.01, **P < 0.001, all significances are compared 
between the Sevo and Control groups; each group consisted of 7 rats
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Fig. 2  Core factors involved in sevoflurane-induced cognitive impairment identified by bioinformatics analysis. Note: (A) Heatmap showing the differen-
tially expressed genes (DEGs) between standard control samples (Control group, n = 3) and sevoflurane-induced neurotoxicity rat samples (Sevo group, 
n = 3) in GSE141242 (LogFC > 0.5, P value < 0.05). (B) Functional enrichment analysis results of the DEGs at the biological process (BP), cellular component 
(CC), and molecular function (MF) levels. (C) Protein-protein interaction (PPI) network was constructed for the 128 encoded proteins of the DEGs identi-
fied in GSE141242. (D) Top 20 genes ranked by the number of connections in the PPI network. (E) The intersection between 43 DEGs (DIFF) identified in 
GSE141242 and genes associated with neurofibrillary tangles and protein phosphorylation. (F) Analysis of the differential expression of critical genes Fgf2 
and Sgk1 using the Welch to test statistical method
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organic anion transmembrane (Fig. 2B). We imported the 
proteins coded by these DEGs into the String database 
for protein-protein interaction analysis and constructed 
a gene interaction network diagram (Fig. 2C). The num-
ber of network connection nodes for each gene was also 
counted (Fig.  2D). The results showed that the top five 
genes in terms of node numbers were Slc2a1, Pdk4, Fgf2, 
Sgk1, and Mertk. These genes played essential roles as 
critical factors in the network.

Neurofibrillary tangles are one of the abnormal struc-
tures found in the brains of Alzheimer’s disease patients, 
primarily composed of hyperphosphorylated tau protein 
(Gómez-Ramos et al. 2004; Geschwind 2003). There-
fore, abnormal phosphorylation of tau protein and the 
formation of neurofibrillary tangles are essential factors 
in the development of neurocognitive disorders. To fur-
ther identify the core genes associated with sevoflurane-
induced cognitive impairment in rats, we identified 43 
differential proteins (DIFF) through the String online 
database and constructed a protein-protein interaction 
network. We then used GeneCards to search for genes 
related to neurofibrillary tangles and protein phosphor-
ylation in neurons and intersected these genes with the 
DIFF genes, resulting in four differential genes (Fgf2, 
Sgk1, Prkcd, and Pnpla2) (Fig.  2E). Fgf2 and Sgk1 are 
among the top five genes regarding the number of con-
necting nodes. To further identify the target genes, we 
analyzed the expression differences of Fgf2 and Sgk1 
using the Welch t-test statistical method. The results 
showed that the expression of Fgf2 was higher, and the 
difference was more (Fig. 2F).

The above results indicate that Fgf2 is a critical gene 
that regulates the neurocognitive impairment induced by 
sevoflurane anesthesia.

Silencing Fgf2 alleviates sevoflurane-induced neuronal 
apoptosis, oxidative stress, and neuroinflammation in 
cultured rat cortical neurons
Studies indicate that the Fgf2 gene is closely associated 
with Alzheimer’s disease and other neurological and 
cognitive disorders (Kiyota et al. 2011). According to the 
expected experimental results of the first two parts of the 
experimental design, sevoflurane could induce upregu-
lation of the Fgf2 gene in the hippocampal tissue of 
18-month-aged rats. To investigate the mechanism of the 
impact of sevoflurane-induced Fgf2 expression on cog-
nitive impairment, we isolated and cultured primary rat 
cortical neurons and constructed an in vitro cell model 
(Sevo model neurons) induced by sevoflurane. By trans-
ducing viral vectors to silence Fgf2, we further investi-
gated the effects of Fgf2 on neuronal apoptosis, oxidative 
stress, and neuroinflammation-related factors in the Sevo 
model. First, we assessed the morphology and purity of 
the cultured primary cortical neurons. As shown in Fig. 

S1, after two days of cultivation, the neurons are smaller, 
with relatively round cell bodies and shorter neurites 
(Fig. S1A). Expand and form a network on the 7th day 
(Fig. S1B). Immunofluorescence staining showed that the 
cell bodies and ganglia of neurons were stained red with 
β-III tubulin protein, and approximately 90% of the cells 
were neurons (Fig. S1C). The above results indicate that 
the cultured neurons have good purity and could be used 
for subsequent experiments.

Furthermore, we used lentivirus transfection to silence 
the expression of Fgf2 and validated the silencing effect 
of the two sh-Fgf2 sequences by RT-qPCR and Western 
blot. Silence efficiency is shown in Fig. S2. We choose 
sequences that are more efficient in silence for subse-
quent experiments. Expression of Fgf2 was detected 
in each treatment group using RT-qPCR and Western 
blot. The results showed an increase in the expression of 
Fgf2 in the neurons of the Sevo group compared to the 
Control group. Compared to the Sevo + sh-NC group, 
the expression of Fgf2 in neuronal cells decreased in the 
Sevo + sh-Fgf2 group (Fig. 3A, B).

Furthermore, we employed flow cytometry to assess 
neuronal apoptosis. The results indicated that neuronal 
apoptosis increased in the Sevo group compared to the 
Control group. Compared to the Sevo + sh-NC group, 
the Sevo + sh-Fgf2 group showed increased neural prolif-
eration and reduced cell apoptosis (Fig. 3C, D). We also 
used commercial assay kits to assess ROS, MDA, and 
GSH levels in cells. The results show that compared to 
the Control group, the levels of ROS and MDA increased 
in the Sevo group, while GSH levels decreased, indicat-
ing that cells were under oxidative stress. Compared with 
the Sevo + sh-NC group, the Sevo + sh-Fgf2 group showed 
decreased levels of ROS and MDA, and an increased 
level of GSH, indicating reduced oxidative stress damage 
in cells (Fig.  3E–H). Finally, we assessed the expression 
levels of neuroinflammation-related factors in neuronal 
cells using RT-qPCR. TNF-α, IL-6, and IL-1β expression 
increased in the Sevo group compared to the Control 
group. Compared to the Sevo + sh-NC group, the expres-
sion levels of pro-inflammatory cytokines in neuronal 
cells decreased in the Sevo + sh-Fgf2 group (Fig.  3I–K). 
The above results indicate that silencing Fgf2 could 
reduce neuronal apoptosis, and decrease cellular oxida-
tive stress levels and neuroinflammation, thereby alleviat-
ing sevoflurane-induced neurocognitive impairments.

Fgf2 silencing modulates tau phosphorylation via the 
PI3K/AKT-Gsk3b pathway, reducing neuronal apoptosis 
and oxidative stress under sevoflurane anesthesia
Tau protein plays a crucial role in the occurrence of neu-
rological disorders. Excessive phosphorylation could 
lead to the loss of normal neuronal function and subse-
quently trigger neurodegenerative diseases (Wegmann et 
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al. 2021). Gsk3b (Glycogen Synthase Kinase 3 Beta) plays 
a vital role in the pathological mechanism of tau pro-
tein hyperphosphorylation as a Ser/Thr kinase. It could 
catalyze and regulate the phosphorylation of Ser 262 and 
Ser 396/404 sites of tau protein (Hernandez et al. 2013). 
Upregulation of the Fgf2 gene inhibits the phosphoryla-
tion levels of PI3K/AKT. The decrease in the phosphor-
ylation level of PI3K/AKT leads to a reduction in the 
phosphorylation level of Gsk3b, and the activity of Gsk3b 
is closely correlated with its phosphorylation level (Ojeda 

et al. 2011; Hong et al. 2016). Furthermore, the literature 
reports that Fgf2 could positively regulate the activity of 
Gsk3b, promoting the phosphorylation of tau protein 
(Tatebayashi et al. 1999; Tanaka et al. 2000). However, 
it is currently unclear whether the upregulation of Fgf2 
induced by sevoflurane could affect tau protein phos-
phorylation by regulating Gsk3b.

To investigate whether Fgf2 could regulate Gsk3b 
through the PI3K/AKT signaling pathway under the 
induction conditions of sevoflurane anesthesia, we 

Fig. 3  Effects of silencing Fgf2 on neuronal apoptosis, oxidative stress injury, and neuroinflammation in the in vitro sevoflurane model. Note: (A) RT-qPCR 
analysis of Fgf2 mRNA expression in sevoflurane model neurons; (B) Western blot analysis of Fgf2 protein expression in sevoflurane model neurons; (C) 
Flow cytometry analysis of apoptosis in primary cortical neurons from different groups (Q2 and Q3 quadrants); (D) Statistical analysis of the percentage 
of apoptosis in different groups of primary cortical neurons (Q2 and Q3 quadrants); (E–F) Generation of reactive oxygen species (ROS) in different groups 
of primary cortical neurons (green fluorescence represents ROS activity marker, scale bar = 50 μm); (G) Measurement of malondialdehyde (MDA) content 
in different groups of primary cortical neurons using the TBARS assay; (H) Measurement of glutathione (GSH) content in different groups of primary corti-
cal neurons using the glutathione assay kit; (I–K) RT-qPCR analysis of TNF-α, IL-6, and IL-1β expression in different groups of primary cortical neurons. ** 
represents a difference compared to the Control group or Sevo + sh-NC group (P < 0.01), ## represents a difference compared to the Sevo + sh-Fgf2 group 
(P < 0.01), and the cell experiments were repeated 3 times
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Fig. 4 (See legend on next page.)
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intervened in the expression of Fgf2 using the lentivi-
rus transfection method. The phosphorylation levels of 
PI3K, AKT, and Gsk3b were measured by Western blot 
in different treatment groups. The results showed that 
compared to the Control group, the phosphorylation 
levels of PI3K, AKT, and Gsk3b in neurons of the Sevo 
group decreased. Compared to the Sevo + sh-NC group, 
the phosphorylation levels of PI3K, AKT, and Gsk3b in 
neurons of the Sevo + sh-Fgf2 group increased (Fig.  4A, 
B). The above results indicate that the silence of Fgf2 
stimulates the PI3K/AKT signaling pathway, thereby pro-
moting the phosphorylation of Gsk3b and inhibiting its 
activity.

To further investigate whether Fgf2 could regulate 
the phosphorylation of tau protein induced by sevo-
flurane anesthesia, we used lentiviral transfection to 
intervene in the expression of Fgf2 and used APN/
AKT-IN-1 as an activator of Gsk3b to manipulate the 
activity of Gsk3b. The phosphorylation levels of Gsk3b 
and tau in different treatment groups were detected 
by Western blot. The results showed that compared to 
the Sevo + sh-NC + DMSO group, the phosphorylation 
level of Gsk3b in neurons increased in the Sevo + sh-
Fgf2 + DMSO group, while the phosphorylation level of 
tau decreased. Compared to the Sevo + sh-Fgf2 + DMSO 
group, the phosphorylation level of Gsk3b in neurons 
decreased in the Sevo + sh-Fgf2 + act-Gsk3b group, while 
the phosphorylation level of tau increased (Fig.  4C–E). 
Subsequently, we assessed the expression levels of P-tau 
in neurons of each treatment group using immunofluo-
rescence detection. The results showed that the fluo-
rescence signal of the Sevo + sh-Fgf2 + DMSO group 
was attenuated compared to the Sevo + sh-NC + DMSO 
group.

Additionally, the fluorescence signal of the Sevo + sh-
Fgf2 + act-Gsk3b group was enhanced compared to the 
Sevo + sh-Fgf2 + DMSO group (Fig. 4F). The above results 
indicate that silencing Fgf2 inhibits the activity of Gsk3b, 
thereby reducing the phosphorylation level of the tau 
protein. After activation, Gsk3b exhibits increased activ-
ity, leading to an elevation in tau phosphorylation levels.

Phosphorylation of Tau protein reduces oxidative stress 
damage, improves neuroinflammation, and protects neu-
ronal cells (Yang et al. 2022). On this basis, we examined 
the effects of intervention with Fgf2 and Gsk3b on neu-
ronal apoptosis, cellular oxidative stress levels, and the 
expression of neuroinflammatory factors. The results 
of neuronal apoptosis showed that compared with the 
Sevo + sh-NC + DMSO group, the Sevo + sh-Fgf2 + DMSO 
group had reduced neuronal apoptosis, while compared 
with the Sevo + sh-Fgf2 + DMSO group, the Sevo + sh-
Fgf2 + act-Gsk3b group had increased neuronal apop-
tosis (Fig.  4G). We used commercial reagent kits to 
evaluate the ROS, MDA, and GSH levels in various 
groups of cells. The results showed that compared to the 
Sevo + sh-NC + DMSO group, the Sevo + sh-Fgf2 + DMSO 
group had lower levels of ROS and MDA, while the level 
of GSH was higher, indicating a reduction in oxidative 
stress damage to the cells.

In contrast, compared to the Sevo + sh-Fgf2 + DMSO 
group, the Sevo + sh-Fgf2 + act-Gsk3b group had higher 
levels of ROS and MDA, while the level of GSH was 
lower, indicating that the cells were in a state of oxida-
tive stress (Fig. 4H–J). Finally, we detected the expression 
levels of neuroinflammation-related factors in neuronal 
cells using RT-qPCR. The results showed that compared 
to the Sevo + sh-NC + DMSO group, the Sevo + sh-
Fgf2 + DMSO group decreased the expression of TNF-α, 
IL-6, and IL-1β. Furthermore, compared to the Sevo + sh-
Fgf2 + DMSO group, the Sevo + sh-Fgf2 + act-Gsk3b 
group showed an increase in the expression levels of pro-
inflammatory factors in neuronal cells (Fig. 4K).

In summary, silencing Fgf2 could decrease the activ-
ity of Gsk3b through PI3K/AKT, thereby inhibiting the 
phosphorylation of tau protein.

Silencing of Fgf2 alleviates sevoflurane-induced cognitive 
dysfunction in rats via downregulation of Gsk3b activity: 
behavioral evidence
To further investigate the effect of Fgf2 on neurocogni-
tive impairment, we established a rat model of sevoflu-
rane-induced neurocognitive impairment. By packaging 
and injecting lentiviruses, Fgf2 and Gsk3b were disrupted 

(See figure on previous page.)
Fig. 4  Fgf2 regulates PI3K/AKT/Gsk3b pathway to promote tau protein phosphorylation in Sevo model neurons. Note: (A) Western blot analysis of protein 
expression of PI3K, AKT, Gsk3b, P-PI3K, P-AKT, and P-Gsk3b in Sevo model neurons after silencing Fgf2. (B) Statistical analysis of protein expression ratios of 
P-PI3K/PI3K, P-AKT/AKT, P-Gsk3b/Gsk3b in Sevo model neurons after silencing Fgf2. (C) Western blot analysis of protein expression of Gsk3b, P-Gsk3b, tau, 
and P-tau in Sevo model neurons after silencing Fgf2 and Gsk3b activation. (D) Statistical analysis of protein expression ratio of P-Gsk3b/Gsk3b. (E) Sta-
tistical analysis of protein expression ratio of P-tau/tau. (F) Immunofluorescence detection of P-tau content in primary cortical neurons of various groups 
after silencing Fgf2 and Gsk3b activation. (G) Flow cytometry analysis of apoptosis and proportion (Q2 and Q3 quadrants) in primary cortical neurons of 
various groups after silencing Fgf2 and Gsk3b activation. (H) Measurement of ROS production in primary cortical neurons of various groups after silencing 
Fgf2 and Gsk3b activation. (I) TBARS assay to detect MDA levels in primary cortical neurons of various groups after silencing Fgf2 and Gsk3b activation. 
(J) Glutathione assay to detect GSH levels in primary cortical neurons of various groups after silencing Fgf2 and Gsk3b activation. (K) RT-qPCR analysis 
of TNF-α, IL-6, and IL-1β expression in primary cortical neurons of various groups after silencing Fgf2 and Gsk3b activation. ** indicates comparison with 
Control group or Sevo + sh-NC + DMSO group, P < 0.01; # indicates comparison with Sevo + sh-Fgf2 + DMSO group, P < 0.05; ## indicates comparison with 
Sevo + sh-NC group, P < 0.01. Cell experiments were repeated three times
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in individual rats, and behavioral and cognitive indices of 
the different treatment groups of rats were assessed.

The Morris water maze experiment results showed 
that compared to the Control group rats, the Sevo group 
rats had increased latency to escape. Compared to the 
Sevo + sh-NC + DMSO group, the Sevo + sh-Fgf2 + DMSO 
group rats had decreased latency to escape. Compared 
to the Sevo + sh-Fgf2 + DMSO group, the Sevo + sh-
Fgf2 + act-Gsk3b group rats had increased latency to 
escape (Fig. 5A). The results of the movement distance to 
the platform in the different groups of rats showed that 
the Sevo group rats had increased movement distance 
compared to the Control group rats. Compared to the 
Sevo + sh-NC + DMSO group, the Sevo + sh-Fgf2 + DMSO 
group rats had decreased movement distance. Com-
pared to the Sevo + sh-Fgf2 + DMSO group, the Sevo + sh-
Fgf2 + act-Gsk3b group rats had increased movement 
distance (Fig. 5B). The results of the time spent to reach 
the platform in the different groups of rats showed that 
compared to the Control group rats; the Sevo group rats 
spent more time. Compared to the Sevo + sh-NC + DMSO 

group, the Sevo + sh-Fgf2 + DMSO group rats spent less 
time reaching the platform. Compared to the Sevo + sh-
Fgf2 + DMSO group, the Sevo + sh-Fgf2 + act-Gsk3b 
group rats spent more time (Fig. 5C).

The novel object recognition test showed that the fre-
quency of exploring novel objects in the Sevo group 
of rats was decreased compared to the Control group. 
The exploration frequency of rats in the Sevo + sh-
Fgf2 + DMSO group was increased compared to the 
Sevo + sh-NC + DMSO group. The exploration frequency 
of rats in the Sevo + sh-Fgf2 + act-Gsk3b group was 
decreased compared to the Sevo + sh-Fgf2 + DMSO group 
(Fig. 5D).

Open-field experiment results show that the time for 
locomotion initiation in the Sevo group rats is later than 
that in the Control group rats, and the distance trav-
eled is reduced. Compared to the Sevo + sh-NC + DMSO 
group, the Sevo + sh-Fgf2 + DMSO group rats initiate 
locomotion earlier in the open field, increasing the dis-
tance traveled. Compared to the Sevo + sh-Fgf2 + DMSO 
group, the Sevo + sh-Fgf2 + act-Gsk3b group rats initiate 

Fig. 5  Fgf2 affects motor and learning impairments in aged rats. Note: (A) Line graph showing the escape latency duration of rats in different treatment 
groups in the water maze experiment on different days. (B) Distance traveled by rats in different treatment groups to reach the specific platform on differ-
ent days in the water maze experiment. (C) Time taken by rats in different treatment groups to reach the specific platform on different days in the water 
maze experiment. (D) Exploration index of rats for the novel object in the open field test. (E) Starting time of rat movement in the open field test for differ-
ent treatment groups. (F) Total distance traveled by rats in the open field test for different treatment groups. * indicates comparison with Control group, 
P < 0.05; ** indicates comparison with Control group, P < 0.01; ## indicates comparison with Sevo + sh-NC + DMSO group, P < 0.01; & indicates comparison 
with Sevo + sh-Fgf2 + DMSO group, P < 0.05. Each group consisted of seven rats
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locomotion later in the open field, reducing the distance 
traveled (Fig. 5E, F).

The above behavioral experiments in mice have shown 
that silencing Fgf2 could improve cognitive dysfunction 
induced by sevoflurane in aged rats by downregulating 
the activity of Gsk3b.

Silencing of Fgf2 attenuates tau phosphorylation, reduces 
neurofibrillary tangles, and mitigates sevoflurane-induced 
neurocognitive impairment via Gsk3b modulation in rat 
hippocampus
To investigate the specific mechanisms underlying the 
effects of Fgf2 expression on neurocognitive behaviors 
such as motor and learning impairments in rats, we per-
formed dissections on rats from each treatment group 
and assessed the expression of relevant genes, phosphor-
ylation of tau protein, and neuro fiber tangles in the hip-
pocampal tissue.

Detection of phosphorylation levels of PI3K, AKT, 
Gsk3b, and tau in individual rats from different treat-
ment groups by Western blot assay. The results showed 
that compared to the Control group, the phosphoryla-
tion levels of PI3K, AKT, and Gsk3b in the Sevo group 
rats decreased while the phosphorylation level of tau 
increased. Compared with the Sevo + sh-NC + DMSO 
group, the phosphorylation levels of PI3K, AKT, and 
Gsk3b in the Sevo + sh-Fgf2 + DMSO group of rats 
increased, while the phosphorylation level of tau 
decreased significantly. Compared to the Sevo + sh-
Fgf2 + DMSO group, the phosphorylation levels of PI3K, 
AKT, and Gsk3b in rats from the Sevo + sh-Fgf2 + act-
Gsk3b group were decreased, while the phosphorylation 
level of tau was increased (Fig. 6A–C).

After successfully knocking down Fgf2 in the CA3 
region (Fig. 6D), further investigation was conducted to 
examine phosphorylation of tau protein and the occur-
rence of neurofibrillary tangles in hippocampal tissue 
using immunofluorescence experiments. The results 
demonstrated that compared to the Control group, rats in 
the Sevo group exhibited significantly increased levels of 
tau protein phosphorylation and exacerbated neurofibril-
lary tangles. In comparison to the Sevo + sh-NC + DMSO 
group, rats in the Sevo + sh-Fgf2 + DMSO group displayed 
a significant reduction in tau protein phosphorylation 
levels and a decrease in neurofibrillary tangles. However, 
rats in the Sevo + sh-Fgf2 + act-Gsk3b group exhibited a 
significant increase in tau protein phosphorylation levels 
and an exacerbation of neurofibrillary tangles compared 
to the Sevo + sh-Fgf2 + DMSO group (Fig. 6E, F).

The above results indicate that silencing Fgf2 could 
decrease the activity of Gsk3b and inhibit the phosphory-
lation of tau protein, thereby suppressing the formation 
of neurofibrillary tangles and improving sevoflurane-
induced neurocognitive impairment.

Discussion
The domain of biomedical research has witnessed 
remarkable progress, with high-throughput transcrip-
tomics sequencing emerging as a potent instrument for 
unraveling the intricate molecular intricacies inherent 
to complex diseases (Seyed Tabib et al. 2020). In recent 
times, there has been a notable surge in scientific inqui-
ries into age-related cognitive impairment, a debilitating 
condition significantly impacting the well-being of older 
adults (Feng et al. 2020; Porsteinsson et al. 2021; Wang 
et al. 2020b). This subject has gained considerable promi-
nence within academic circles, with a particular focus 
on elucidating the possible linkages between anesthesia 
administration and the subsequent emergence of poten-
tial neurocognitive impairments (Lu et al. 2022). In this 
specific investigation, meticulous scrutiny was directed 
toward assessing the effects of sevoflurane, a widely 
employed anesthetic, on the cognitive capacities of rats. 
Employing advanced high-throughput transcriptomic 
sequencing methodologies, the study effectively unveiled 
the pivotal regulatory role played by the Fgf2 gene in this 
intricate process. This revelation not only furnishes fresh 
insights into the neurotoxic mechanisms associated with 
sevoflurane but also establishes a solid foundation for 
prospective therapeutic interventions.

Fgf2 has gained increasing recognition in recent years 
for its crucial role in influencing neural physiology and 
the disease processes that ensue (Vaseenon et al. 2020). 
In our ongoing study, a conspicuous increase in Fgf2 
expression was noted within the aged rat model follow-
ing exposure to sevoflurane (Wang et al. 2022). Remark-
ably, this surge in expression appears intricately tied to 
the activation of the PI3K/AKT/Gsk3b signaling pathway, 
a well-acknowledged participant in various cellular pro-
cesses, encompassing growth, metabolism, and survival 
(Liu et al. 2021b). It is noteworthy that the heightened 
Fgf2 expression strongly correlates with elevated tau pro-
tein phosphorylation levels. Aberrations in tau protein 
phosphorylation constitute a distinctive hallmark evi-
dent in a multitude of neurodegenerative diseases, with 
Alzheimer’s disease taking a prominent stance among 
them (Cai et al. 2022). To further bolster the connection 
between Fgf2 and tau protein phosphorylation, we con-
ducted a gene knockdown experiment with meticulous 
precision. Findings stemming from this experimental 
endeavor lend robust empirical support to the proposi-
tion that diminishing Fgf2 expression effectively ham-
pers tau protein phosphorylation and ameliorates the 
formation of neurofibrillary tangles, pivotal pathologi-
cal attributes associated with neurodegenerative disor-
ders. Consequently, these findings provide compelling 
empirical evidence for Fgf2’s involvement in the intricate 
molecular mechanisms governing cognitive impairment, 
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Fig. 6  Fgf2 promotes abnormal accumulation of tau protein and neurofibrillary tangle formation by regulating Gsk3b. Note: (A) Western blot analysis of 
PI3K, P-PI3K, AKT, P-AKT, Gsk3b, P-Gsk3b, tau, and P-tau protein expression in Sevo model rats. (B) Statistical analysis of P-PI3K/PI3K and P-AKT/AKT protein 
expression ratios. (C) Statistical analysis of P-Gsk3b/Gsk3b and P-tau/tau protein expression ratios. (D) Immunohistochemistry and corresponding quan-
titative analysis of Fgf2 in the CA3 and CA1 regions confirmed the successful knockdown of Fgf2 in the CA3 region. (E) Immunofluorescence detection 
of P-tau content in hippocampal tissues of Sevo model rats. (F) Immunofluorescence detection of neurofibrillary tangles in hippocampal tissues of Sevo 
model rats. Sevo group compared to Control group, **P < 0.01; ## indicates comparison between Sevo + sh-Fgf2 + DMSO or Sevo + sh-Fgf2 + act-Gsk3b 
group to the Sevo + sh-NC + DMSO groups, P < 0.01; & indicates comparison between Sevo + sh-Fgf2 + act-Gsk3b and Sevo + sh-Fgf2 + DMSO groups, 
P < 0.05. Each treatment group consisted of seven rats, and all experiments were repeated three times
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accentuating its potential as a pivotal target for future 
therapeutic interventions (Heuer et al. 2020).

The extensive landscape of neuroscience research has 
delved into the intricate relationship between Fgf2 and 
various neurological disorders, emphasizing its poten-
tial role in neural regeneration and repair processes. 
However, within the context of sevoflurane-induced 
cognitive impairment in the elderly, the precise con-
tribution of Fgf2 has remained an enigma (Wang et al. 
2021b). This inquiry is designed to bridge this criti-
cal gap in the scientific literature and unveil a definitive 
link connecting Fgf2 with tau protein phosphorylation. 
Our meticulous in vitro experiments leave no room for 
ambiguity, showcasing that sevoflurane exposure leads 
to a substantial increase in Fgf2 expression levels within 
rat cortical neurons. This surge in expression is orches-
trated through the activation of the PI3K/AKT signal-
ing pathway, which subsequently heightens the activity 
of the Gsk3b enzyme, ultimately resulting in the exces-
sive phosphorylation of tau protein. Subsequent in vivo 
investigations affirm these findings by demonstrating that 
silencing Fgf2 effectively mitigates tau protein phosphor-
ylation, curtails the formation of neurofibrillary tangles, 
and significantly ameliorates cognitive function in aged 
rats. These groundbreaking revelations furnish a novel 
framework for comprehending the molecular mecha-
nisms that underlie sevoflurane-induced neurocognitive 

impairment, representing a noteworthy contribution to 
the existing corpus of scientific knowledge (Jiang 2022).

Conclusion
Our research unfurls a compelling narrative wherein 
sevoflurane exposure exerts a profound influence on the 
heightened expression of Fgf2 within the physiology of 
aged rats (Fig.  7). Furthermore, our meticulous dissec-
tion of this phenomenon uncovers the intricate orches-
tration through the PI3K/AKT/Gsk3b signaling pathway, 
ultimately giving rise to an augmented phosphorylation 
of tau protein and the ensuing manifestation of cogni-
tive impairment. This groundbreaking revelation not only 
ushers in a fresh perspective on the intricate interplay 
between anesthesia and age-related cognitive deficits but 
also illuminates the concealed molecular mechanisms 
underlying this relationship. Moreover, this pioneering 
discovery unfurls a hitherto unexplored therapeutic tar-
get within the clinical realm, promising advancements 
in future therapeutic approaches. However, it is incum-
bent upon us to recognize that our study grapples with 
certain inherent limitations. Specifically, the entirety of 
our experiments was confined to rodent models, engen-
dering pertinent questions regarding the generalizability 
of these findings to the human populace. In the pursuit 
of a more comprehensive and finely-tuned understand-
ing, forthcoming investigations should embark on the 

Fig. 7  Molecular mechanisms underlying the effect of Fgf2 on Gsk3b and its impact on cognitive impairment in rats
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validation of this mechanism in human subjects and 
delve into supplementary therapeutic strategies inter-
twined with this newfound revelation.
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