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Abstract
Long-term use of sevoflurane, an inhalation anesthetic, could negatively impact cognitive function. Current studies have 
suggested that cognitive impairment induced by sevoflurane may be associated with neuroinflammation. Sestrin2 (SESN2), 
which belongs to a family of stress-inducible genes, has been reported to exert neuroprotective effects against brain injury. 
However, its role and underlying mechanisms in sevoflurane-induced cognitive dysfunction in aged rats remain unknown. 
A sevoflurane-induced aging rat injury model with or without SESN2 overexpression was constructed. The learning and 
memory abilities of rats were evaluated by the MWM test. ELISA assay and qRT-PCR were conducted to analyze the level 
of pro-inflammatory factors in the hippocampus. Levels of oxidative stress markers were measured by DHE staining or kit 
methods. Neuronal apoptosis in the hippocampus was detected using TUNEL assay. Expression of proteins were analyzed by 
western blot. Sevoflurane exposure caused elevated protein level of SESN2 in hippocampus and cognitive impairment of aged 
rats. Importantly, overexpression of SESN2 alleviated sevoflurane-induced cognitive dysfunction and inhibited the production 
of pro-inflammatory factors, oxidative stress, and neuronal apoptosis in the hippocampus. Furthermore, SESN2 overexpres-
sion suppressed NLRP3 inflammasome activation induced by sevoflurane. These findings suggested that SESN2 could exert 
neuroprotective against sevoflurane-induced nerve injury of aged rats through anti-oxidant and anti-inflammatory effects.
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Introduction

Postoperative cognitive dysfunction (POCD), a common 
nervous system complication after surgery, especially in the 
elderly, is characterized by lack of concentration, memory 
loss, slow thinking, etc. (Dong et al. 2018). POCD is not 
only linked to surgical trauma-induced oxidative stress and 
neuroinflammation, but anesthesia drugs such as sevoflurane 
utilized during surgery can also elicit cognitive impairment, 
reported by precious studies (Netto et al. 2018; Rump and 
Adamzik 2022; Skvarc et al. 2018).

Sestrin2 (SESN2) is a member of a stress-responsive gene 
family, and its encoded protein has been documented to exert 
a significant impact on encephalopathy (R. Li et al. 2019; 
X. Liu et al. 2021). For example, SESN2 mitigates sepsis-
associated encephalopathy by promoting autophagy in the 
hippocampus (Luo et al. 2020); SESN2 protects nerve cells 
against cerebral ischemia–reperfusion injury by inhibiting 
inflammation, oxidative stress, and apoptosis (J. Liu et al. 
2020). In addition, a previous study showed that SESN2 
exhibited a suppressive effect against sevoflurane-induced 
neuroapoptosis in neuronal cells in vitro (Yi, 2015). How-
ever, the effects of SESN2 on cognitive dysfunction in 
animal models exposed to sevoflurane and its underlying 
mechanisms remain elusive.

Herein, a cognitive impairment model was established 
by exposing aged rats to sevoflurane. Next, the effects of 
SESN2 on cognitive function of rats and inflammation, oxi-
dative stress, and neuronal apoptosis in hippocampus were 
investigated. A possible mechanism was also explored.
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Materials and methods

Viral vectors construction

An adeno-associated viral vector (AAV) expressing SESN2 
tagged with enhanced green fluorescent protein (EGFP) 
(AAV-EGFP-SESN2, denoted as SESN2) or AAV-GFP 
(Control, denoted as Vector) was constructed by Addgene 
(Watertoen, MA, USA). Subsequently, SESN2 or Vector was 
injected into the CA1 region of the rats hippocampus using 
stereotaxic surgery as described previously (Yu, 2017). 
Briefly, Rats were anesthetized with sodium pentobarbital 
(40 mg/kg body weight) and then secured in a stereotaxic 
apparatus. As per the predetermined coordinates (− 3.6 mm 
AP, ± 1.8 mm ML, and − 3.0 mm DV), bilateral holes were 
drilled in the skull. Next, SESN2 or Vector was injected 
bilaterally with 1.5 µL per side into the CA1 region of the 
hippocampus. The final titers of the viral particles were 
1 × 1013/mL. After injection, the syringe needles were left 
inserted for another 10 min prior to being slowly removed. 
Afterwards, Rats were allowed to recover under a heated 
blanket.

Sevoflurane‑induced cognitive dysfunction rats 
model creation

Twenty-four 24-month-old male Sprague–Dawley (SD) rats, 
that obtained from Vital River Laboratory Animal Technol-
ogy Co., Ltd (Beijing, China), were adaptively raised for 
1 week under identical conditions before the experiment. 
The animal experimental procedures were authorized by 
the Animal Care Committee of the Affiliated Huai'an No. 1 
People’s Hospital of Nanjing Medical University.

The rats were randomly divided into 4 groups (6 animals 
each). For the Sev group, the rats were exposed to a 2.6% 
concentration of sevoflurane, administered through a humid-
ified 30% O2 carrier gas, for a duration of 4 h at a flow rate 
of 2 L/min, utilizing an anesthetic apparatus equipped with 
a multi-gas monitor. The rats were exposed to the carrier gas 
without the inclusion of sevoflurane for an equivalent dura-
tion, as the Control group. For the Sev + Vector group, the 
rats were intracerebrally injected with Vector 10 days before 
being exposed to 2.6% sevoflurane. For the Sev + SESN2 
group, the rats were intracerebrally injected with SESN2 
10 days before being exposed to 2.6% sevoflurane.

Morris water maze (MWM) test

MWM test was conducted as previously described (Peng 
et al. 2020). Briefly, one day after sevoflurane exposure, the 
rats were trained to find a hidden platform underwater in the 

maze. Context test began on the third day after sevoflurane 
exposure, initially, the rats underwent a detection experi-
ment lasting 120 s to identify the concealed platform, and 
the duration of their escape was documented. Subsequently, 
the platform was eliminated, and the frequency with which 
the rats identified the platform’s location within a specific 
timeframe of 60 s was tallied. Finally, the duration of time 
the rats expended searching for the platform in the target 
quadrant and the distance covered in the target quadrant 
were recorded.

Western blot

The hippocampal tissues samples were obtained after MWM 
from the rats. For western blot analysis, the hippocampal tis-
sues were homogenized using RIPA buffer (Sigma-Aldrich, 
Milan, Italy). Protein extracts of equal amounts were sub-
jected to 12% SDS-PAGE and subsequently transferred 
onto PVDF membranes. Primary antibodies were used as 
follows: anti-SESN2 (ab178518, 1:1000, Abcam), anti-Bax 
(ab32503, 1:2000, Abcam), anti-Bcl-2 (ab196495, 1:1000, 
Abcam), anti-NLRP3 (ab263899, 1:1000, Abcam), anti-ASC 
(ab309497, 1:1000, Abcam), anti-IL-18 (ab191860, 1:500, 
Abcam), anti-IL-1β (ab254360, 1:1000, Abcam) and anti-
β-actin (ab8227, 1:1000, Abcam). Next, an HRP-conjugated 
secondary antibody was used. The protein band was devel-
oped using an ECL kit (PIERCE, Rockford, IL, USA) and 
then quantitated using Image J software.

Enzyme‑linked immunosorbent assay (ELISA)

Levels of interleukin 6 (IL-6), tumor necrosis factor α (TNF-
α) and IL-1β in supernatants of homogenized hippocam-
pal tissues were evaluated through ELISA kits (Beyotime, 
Shanghai, China).

Quantitative real time PCR (qRT‑PCR)

Total RNA from hippocampal tissues was extracted using 
TRIzol reagent (Takara, Beijing, China). cDNA was gener-
ated with a reverse transcription kit (Takara, Beijing, China). 
Next, using SYBR Green methods, qRT-PCR was performed 
on an ABI 7500FAST system (Applied Biosystems, CA, 
USA), and the primers were listed in Table 1.

Dihydroethidium (DHE) staining

ROS production in hippocampal tissues was assessed using 
DHE staining. 5 frozen fresh tissue sections were taken 
per rat in each group of 6 rats. Sections were treated with 
10 µM DHE (Sigma-Aldrich, Milan, Italy) for 30 min at 
37℃, and then washed with PBS. The sections were sub-
jected to a slight drying process, followed by staining with 
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DAPI solution at ambient temperature. After washing and 
drying, the sections were visualized under a fluorescence 
microscope (E400, Nikon, Tokyo, Japan).

Oxidative stress markers detection

The malondialdehyde (MDA) levels, superoxide dismutase 
(SOD) activity and catalase levels in supernatants of homog-
enized hippocampal tissues were detected using correspond-
ing kits (Beyotime, Shanghai, China).

TUNEL assay

For TUNEL assay, 5 paraffin sections of the hippocampal 
tissues were taken per rat in each group of 6 rats. Sections 
were subjected to dewaxing with xylene, followed by hydra-
tion with gradient ethyl alcohol. Subsequently, the sections 
were cleaned with proteinase K. Post washing with PBS, 
the sections were incubated with TUNEL detection solution 
(Beyotime, Shanghai, China) at 37℃ for 1 h. Next, the sec-
tions were stained with DAPI to visualize the nucleus, and a 
fluorescence microscope (E400, Nikon, Tokyo, Japan) was 
employed to observe apoptosis.

Statistical analysis

Experiments were repeated thrice, each time in triplicate. 
Statistical analysis was conducted utilizing GraphPad Prism 
8.0 software, and the data were presented as means ± SD. 
The comparison of multiple groups was based on a one-way 
ANOVA test with a Tekey’s multiple-comparisons test. A 
P < 0.05 was considered significant.

Results

SESN2 attenuates sevoflurane‑induced cognitive 
impairment of aged rats

To determine the effect of SESN2 on sevoflurane-induced 
cognitive impairment, rats received bilateral injections of 
AAV-SESN2 or Vector into the CA1 region of the hip-
pocampus of rats before sevoflurane treatment. Figure 1A 
showed the schematic diagram of the bilateral virus injec-
tions. The AAV-SESN2 successfully transduced the CA1 

region as shown by the EGFP fluorescence (Fig.  1B). 
The results of western blot showed that SESN2 protein 
level in the rat hippocampus was increased in the Sev 
group compared with the Control group (0.130 ± 0.016 
vs 0.03 ± 0.009, p < 0.001). Moreover, the Sev + SESN2 
group had a higher protein level of SESN2 compared to 
the Sev + Vector group (0.341 ± 0.042 vs 0.111 ± 0.015, 
p < 0.001) (Fig. 1C). Subsequently, MWM test was per-
formed to assess the spatial learning and memory abili-
ties of rats. The results showed that rats in the Sev group 
exhibited a longer time for searching route compared with 
those in the Control group, whereas SESN2 overexpres-
sion greatly reversed this effect. Consistently, SESN2 
overexpression abridged the escape latency time, increased 
the number of platform crossings (3.167 ± 0.983 vs 
1.500 ± 0.548, p < 0.05), extended the time in target quad-
rant (36.730 ± 6.242 vs 20.000 ± 3.688, p < 0.001), and 
increased the percentage of the distance in target quad-
rant in aged rats induced by sevoflurane (43.600 ± 4.820 
vs 25.160 ± 5.059 p < 0.001) (Fig. 1D). These findings 
indicated that SESN2 improved cognitive functions after 
sevoflurane exposure in aged rats.

SESN2 suppresses sevoflurane‑induced 
neuroinflammation of aged rats

ELISA and qRT-PCR were conducted to analyze the levels 
of IL-6, TNF-α and IL-1β in the hippocampus of rats in 
Control, Sev, Sev + Vector, and Sev + SESN2 groups. The 
results (Fig. 2A, B) showed an elevated levels of IL-6, 
TNF-α and IL-1β in the Sev group compared with those 
in the Control group (106.000 ± 17.630 vs 26.220 ± 3.826, 
p < 0.001; 125.100 ± 11.660 vs 51.670 ± 8.551, p < 0.001; 
162.500 ± 22.500 vs 29.880 ± 5.666,  p  < 0.001; 
4.113 ± 0.544 vs 1.056 ± 0.392, p < 0.001, 3.506 ± 0.421 vs 
1.016 ± 0.201, p < 0.001; 5.384 ± 1.074 vs 1.030 ± 0.281, 
p < 0.001). However, those indexes were reduced in 
the Sev + SESN2 group compared to the Sev + Vector 
group (65.090 ± 8.791 vs 102.500 ± 7.167, p < 0.001; 
80.150 ± 4.997 vs 118.400, p < 0.001; 96.940 ± 18.780 
vs 160.800 ± 22.990, p < 0.001; 2.512 ± 0.606 vs 
3.887 ± 0.471, p < 0.001; 2.043 ± 0.205 vs 3.166 ± 0.588, 
p < 0.001; 3.353 ± 0.684 vs 4.816 ± 0.629, p < 0.05). These 
data suggested that SESN2 mitigated the neuroinflamma-
tion of aged rats induced by sevoflurane.

Table 1   Primers were used in 
qRT-PCR

Gene Forward (5’–3’) Reverse (5’–3’)

IL-6 AGA​GAC​TTC​CAG​CCA​GTT​GC AGT​CTC​CTC​TCC​GGA​CTT​GT
TNF-α GGC​TTT​CGG​AAC​TCA​CTG​GA GGG​AAC​AGT​CTG​GGA​AGC​TC
IL-1β TGC​CAC​CTT​TTG​ACA​GTG​ATG​ TGA​TGT​GCT​GCT​GCG​AGA​TT



378	 Experimental Brain Research (2024) 242:375–384

1 3

SESN2 diminishes oxidative stress 
in the hippocampus of aged rats caused 
by sevoflurane

Next, the effects of SESN2 on sevoflurane-induced oxidative 
stress were evaluated. The results of DHE staining showed 
that ROS production was increased in the hippocampus in the 
Sev group compared with the Control group, while SESN2 
overexpression reversed this effect (Fig. 3A). In addition, 
notably elevated MDA levels and reduced SOD and CAT 
levels were observed in the Sev group (19.780 ± 2.458 vs 
10.780 ± 0.844, p < 0.001; 3.612 ± 0.722 vs 13.220 ± 2.687, 
p < 0.001; 6.222 ± 1.762 vs 16.550 ± 2.297, p < 0.001). Simi-
larly, overexpression of SESN2 greatly reversed the changes 
of those enzymes caused by sevoflurane in the hippocampus 
(16.220 ± 2.588 vs 21.190 ± 2.762, p < 0.01; 8.190 ± 1.469 vs 

3.302 ± 0.614, p < 0.001; 10.050 ± 1.755 vs 5.545 ± 1.446, 
p < 0.01) (Fig. 3B). These results indicated that SESN2 miti-
gated the sevoflurane-induced oxidative stress in the hip-
pocampus of aged rats.

SESN2 reduces neuronal apoptosis induced 
by sevoflurane in aged rats

Further, to investigate the effect of SESN2 on hippocampal 
cell apoptosis after sevoflurane exposure, TUNEL stain-
ing and Bax/Bcl-2 immunoblotting were conducted. As 
shown in Fig. 4A, Sev group exhibited increased TUNEL+ 
staining cells compared with the Control group. However, 
Sev + SESN2 group presented a reduced TUNEL+ staining 
cells compared with the Sev + Vector group. Furthermore, 
rats exposed to sevoflurane showed a higher level of Bax 

Fig. 1   SESN2 attenuated sevoflurane-induced cognitive impairment 
of aged rats. A Schematic diagram showing bilateral virus injection. 
B EGFP Fluorescence of EGFP in CA1 region showing the expres-
sion of AAV. C Western blot analysis determined SESN2 protein 

level in hippocampal tissues of rats. D Learning and memory abili-
ties of rats detected by MWM test. ***p < 0.001, compared with the 
Control group; #p < 0.05, ###p < 0.001, compared with the Sev + Vec-
tor group
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protein and a lower level of Bcl-2 protein in the hippocam-
pus in comparison with the Control group (0.555 ± 0.088 
vs 0.120 ± 0.018, p < 0.001; 0.566 ± 0.111 vs 1.062 ± 0.061, 
p < 0.001), and rats overexpressing SESN2 showed a 
decreased Bax protein and an increased Bcl-2 protein in 
comparison with the Sev + Vector group (0.213 ± 0.055 vs 
0.504 ± 0.060, p < 0.001; 0.812 ± 0.073 vs 0.498 ± 0.094, 
p < 0.001) (Fig.  4B). These data indicated that SESN2 
inhibited sevoflurane-induced neuronal apoptosis in the hip-
pocampus of aged rats.

SESN2 inhibits the NLRP3 inflammasome activation

Prior studies showed that an excess of ROS can activate the 
NLRP3 inflammasome, resulting in heightened production 
of inflammatory cytokines and cell apoptosis. In this study, 
western blotting was performed to analyze the expression of 
NLRP3 inflammasome markers in the hippocampus of aged 
rats. The results showed a significant increase in the protein 
levels of key NLRP3 inflammasome components (NLRP3, 
ASC, IL-18, and IL-1β) in the Sev group compared to the 

Fig. 2   SESN2 reduced sevoflurane-induced pro-inflammatory fac-
tors production. A ELISA was used to examine IL-6, TNF-α and 
IL-1β levels in hippocampal tissues of rats. B IL-6, TNF-α and IL-1β 

mRNA levels were determined by qRT-PCR. ***p < 0.001, compared 
with the Control group; #p < 0.05, ###p < 0.001, compared with the 
Sev + Vector group
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Control group (0.741 ± 0.053 vs 0.050 ± 0.015, p < 0.001; 
1.172 ± 0.127 vs 0.404 ± 0.085, p < 0.001; 0.963 ± 0.075 vs 
0.461 ± 0.033, p < 0.001; 1.121 ± 0.168 vs 0.475 ± 0.111, 
p < 0.001). However, SESN2 overexpression led to a 
marked decrease in proteins of the NLRP3 components 
(0.111 ± 0.021 vs 0.684 ± 0.087, p < 0.001; 0.528 ± 0.091 
vs 1.115 ± 0.119, p < 0.001; 0.631 ± 0.126 vs 0.954 ± 0.109, 
p < 0.001; 0.760 ± 0.080 vs 1.056 ± 0.169, p < 0.01) (Fig. 5A, 
B). These data suggested that SESN2 suppressed sevoflu-
rane-induced activation of the NLRP3 inflammasome in the 
hippocampus of aged rats.

Discussion

In this study, the results indicated that exposure to sevoflu-
rane significantly impaired the learning and memory abili-
ties of aged rats. Interestingly, SESN2 has the potential to 

impede the sevoflurane-induced hippocampal inflammation, 
oxidative stress, and neuronal apoptosis in aged rats. Fur-
thermore, SESN2 suppressed the NLRP3 inflammasome 
activation in the hippocampus after sevoflurane exposure.

Sevoflurane, an inhalation anesthetic, is widely used in 
surgery (Qiu et al. 2021). However, studies have demon-
strated that the long-term use of sevoflurane could negatively 
impact the cognitive function of patients, especially aging 
adults (Kantonen et al. 2023; Kuzminskaite et al. 2023). 
Tang et al. reported that the neonatal mice exposed to 3% 
sevoflurane at 2 h/day for 3 days exhibited significant neu-
rotoxicity (X. L. Tang et al. 2021). Zhao et al. found that the 
cell viability of the neurons in aging mice was reduced and 
cell apoptosis was increased after exposure to 2.5% or 5% 
sevoflurane for 4 h (Zhao et al. 2021). In the present study, 
the learning and memory were notably impaired in aged rats 
exposed to 2.6% sevoflurane for 4 h, which was consistent 
with the studies of Peng et al. (Peng et al. 2020).

Fig. 3   SESN2 alleviated oxidative stress in the hippocampus of aged 
rats induced by sevoflurane. A ROS production in hippocampus was 
assayed by DHE staining. B Levels of MDA, SOD and CAT in hip-

pocampus were measured using kits. ***p < 0.001, compared with the 
Control group; ##p < 0.01, ###p < 0.001, compared with the Sev + Vec-
tor group



381Experimental Brain Research (2024) 242:375–384	

1 3

SESN2 modulates diverse biological processes, rang-
ing from cell metabolism, oxidative stress, inflammation, 
and cell apoptosis (Xu et al. 2023). The regulation role of 
SESN2 in brain damage has been illuminated by multiple 
studies (L. Li et al. 2016; X. Liu et al. 2021; Luo et al. 2020; 
L. L. Zhang and Zhang 2018). Herein, we firstly demon-
strated that SESN2 was upregulated in hippocampus of aged 
rats exposed to sevoflurane. Importantly, overexpression of 
SESN2 significantly attenuated sevoflurane-induced cogni-
tive impairment. Neuroinflammation has been suggested as 
a significant mechanism underlying sevoflurane-induced 
neurotoxicity (Y. Zhang et al. 2022). Moreover, oxidative 
stress and apoptosis are other mechanisms contributing to 
sevoflurane-induced neurotoxicity (Tian et al. 2018; Wang 
et al. 2021). In this study, our results further showed that 
the increased release of proinflammatory factors and the 
enhanced oxidative stress in hippocampus caused by sevo-
flurane were reversed by SESN2 overexpression, which also 
reduced neuronal apoptosis. These findings suggest that the 

protective effects of SESN2 against sevoflurane-induced 
neurotoxicity in aged rats may be related to anti-inflamma-
tion, anti-oxidative stress and anti-apoptosis.

Inflammatory cytokines can activate oxidative stress, 
and inflammation and oxidative stress showed robust syner-
gism in promoting apoptosis (Y. Tang et al. 2022; Teleanu 
et al. 2022). Therefore, blocking the sevoflurane-induced 
inflammation reaction may be beneficial to nerve injury. 
The NLRP3 inflammasome is composed of NLRP3, ASC 
and caspase-1, and its activation has the effect of initiating 
and amplifying proinflammatory responses, rendering it a 
promising therapeutic target for inflammatory diseases (Coll 
et al. 2022; Kelley et al. 2019; Wu et al. 2020). Previous 
studies showed that SESN2 could suppress NLRP inflam-
masome activation, for example, SESN2 mitigated sepsis 
by inhibiting NLRP3 inflamasome activation (Kim et al. 
2016); SESN2 conferred protection against cholestatic liver 
injury through the prevention of NLRP3 inflammasome-
mediated pyroptosis (Han et al. 2022). The results in this 

Fig. 4   SESN2 reduced neuronal apoptosis induced by sevoflurane in 
aged rats. A TUNEL staining was utilized to examine neuronal apop-
tosis in hippocampus. B Bax and Bcl-2 protein expression in hip-

pocampus detected by western blot. ***p < 0.001, compared with the 
Control group; ###p < 0.001, compared with the Sev + Vector group
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study additionally validated the ability of SESN2 to effec-
tively counteract the activation of NLRP3 inflammasome in 
the hippocampus of rats induced by sevoflurane. This may 
be one possible mechanism by which SESN2 exerts its neu-
roprotective role in the sevoflurane exposure model in rats.

In conclusion, our findings demonstrated that SESN2 
alleviated the sevoflurane-induced cognitive impairment 
in aged rats. This effect may be achieved through the 

inactivation of the NLRP3 inflammasome, further reduc-
ing inflammation, oxidative stress, and neuronal apoptosis 
in the hippocampus.
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Fig. 5   SESN2 inhibited the NLRP3 inflammasome activation. A 
Western blot detected the expression of NLRP3 protein in hippocam-
pal tissues. B Western blot detected the expression of ASC, IL-18 

and IL-1β proteins in hippocampal tissues. ***p < 0.001, compared 
with the Control group; ##p < 0.05, ###p < 0.001, compared with the 
Sev + Vector group
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