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Abstract
Background Anesthesia can lead to functional cognitive impairment, which can seriously affect postoperative 
recovery. To investigate the effect and mechanism of quercetin (Que) in anesthetized rats, the study provided a new 
therapeutic idea for the prevention of cognitive dysfunction caused by anesthesia.

Methods Cognitively impaired rats were constructed using Isoflurane (ISO) anesthesia and treated with Que. The 
capacity of the rats to learn and remember was tested using the Morris water maze test. Rat hippocampal tissues 
were collected and analyzed for inflammatory factor concentration and miR-138-5p expression using ELISA and qRT-
PCR, respectively, and the targeting link between miR-138-5p and LCN2 was verified by dual luciferase reporter.

Results Que treatment was found to improve ISO-induced cognitive dysfunction and inhibit the level of 
hippocampal inflammatory factors in rats. miR-138-5p was down-regulated in rats with cognitive dysfunction, while 
Que treatment increased miR-138-5p expression. The study found that knockdown miR-138-5p can reverse the 
positive effects of Que therapy, aggravate cognitive dysfunction, and promote the secretion of TNF-α, IL-1β, and IL-6 in 
the hippocampus. In addition, LCN2, a target gene of miR-138-5p, was significantly up-regulated in the hippocampus 
after ISO induction.

Conclusion Que may inhibit ISO-induced hippocampal neuroinflammation and ameliorate functional cognitive 
deficits in rats by modulating miR-138-5p/ LCN2.
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Background
Isoflurane (ISO) is widely used in clinical anesthesia as 
an inhaled anesthetic [1, 2]. In recent years, the adverse 
effects of ISO on the nervous system have received 
increasing attention. It has been pointed out that ISO 
can cause patients’ learning and memory decline, induce 
neuronal apoptosis, and lead to cognitive dysfunction [3, 
4]. Cognitive dysfunction is a postoperative complication 
that occurs in psychologically normal patients before sur-
gery, and is commonly seen in elderly surgical patients, 
manifesting as memory changes, disorientation, and 
changes in social adaptation [5]. Cognitive dysfunction 
causes great pain and economic burden to patients’ fami-
lies. Therefore, it is necessary to explore an effective ther-
apeutic regimen for ISO-induced cognitive dysfunction.

Quercetin (Que) is a flavonoid compound extracted 
from the roots, flowers and fruits of plants with a broad 
spectrum of biological activities like anti-inflammatory, 
antioxidant, neuroprotective, cardioprotective, and anti-
cancer [6]. It is extensively employed in the therapy of 
cardiovascular and cerebrovascular diseases, malignant 
tumors and inflammatory diseases [7]. It was demon-
strated that Que exerts neuroprotective effects in cere-
bral ischemia-reperfusion injury by inhibiting NF-κB 
phosphorylation [8]. Although there is ample support 
for a protective function of Que in many pathways asso-
ciated with neurological disorders, the effect of Que on 
ISO-induced cognitive dysfunction and its mechanisms 
remains to be further explored.

MicroRNAs (miRNAs) are highly conserved non-
coding ribonucleic acids that regulate the expression 
of target genes through degradation or translation. An 
increasing variety of miRNAs have been shown to have 
a critical part to play in the amelioration of anesthesia-
induced cognitive dysfunction. It has been shown that 
miR-96 promotes sevoflurane anesthesia-induced apop-
tosis in hippocampal neurons and exacerbates the effects 
of sevoflurane on hippocampal neurons and cognitive 
function [9]. The lncRNA Riken can inhibit sevoflu-
rane-induced neurotoxic effects by targeting miR-101a 
and potentially contributes to amelioration of cogni-
tive dysfunction [10]. One study screened for miRNAs 
that appeared to be aberrantly expressed in the hippo-
campus of neonatal rats after sevoflurane exposure, in 
which miR-138-5p was dramatically downregulated [11]. 
miR-138-5p was involved in the regulation of a variety of 
diseases, and it can affect macrophage polarization and 
regulate tumor progression by targeting KDM6B [12]. It 
has also been found to act on the progression of osteo-
porosis and is a key target for osteogenic differentiation 
in old age [13]. Furthermore, it was recently shown that 
miR-138-5p expression was significantly correlated with 
neuronal survival [14] and can participate in the regu-
lation of neuroinflammation by affecting the NLRP3 

inflammasome [15]. It can be inferred that miR-138-5p 
has an important effect on the regulation of neural func-
tion. However, the functional molecular mechanism of 
miR-138-5p in the induction of ISO anesthesia and how 
to improve cognitive dysfunction remain unclear.

Based on the above background, this study established 
a rat model of cognitive impairment using ISO anesthesia 
and investigated the influence of Que on rats and its spe-
cific mechanisms.

Methods
Animal treatment and ethics statement
Thirty-five healthy male Sprague-Dawley (SD) rats, body 
weight 570 ~ 680  g, 20 months old [16, 17], were pur-
chased from Beijing Weitong Lihua Laboratory Animal 
Technology Co., LTD. They were fed normally in SPF 
animal houses with relative humidity of 40% ~ 60%, tem-
perature of 22 ~ 28 ℃, light time of 12 h a day and night 
cycle. The rats were randomly assigned to the following 
groups: control check group (CK), ISO anesthesia group 
(ISO, RWD, China), dimethyl sulfoxide treatment group 
(3% DMSO, Thermo, USA), Que treatment group (3% 
Que, 5  mg/kg, Solarbio, China), Que treatment + miR-
138-5p negative control group (Que + miR-NC), and Que 
treatment + miR-138-5p inhibitor group (Que + miR-
inhibitor). The required sample size was preliminarily 
determined using G*Power software (version 3.1; origi-
nal German version). The calculations were based on an 
α error probability of 0.05, an effect size f of 0.8, and a 
target power (1 - β error probability) of 0.8. Consider-
ing the health status of the rats during breeding, healthy 
rats were selected and evenly divided into each group, 
with five rats per group. Inhalation of 3% ISO was per-
formed in all groups except the CK group. miR-NC and 
miR-inhibitor vectors (Lipofectamine2000 transfection 
reagent, Thermo, USA) were injected via the lateral ven-
tricle 1 d before ISO anesthesia, respectively. Rats were 
monitored for oxygen saturation and pulse rate during 
anesthesia and were returned to the cage for rearing at 
the end. It was obtained from the Shengli Oilfield Cen-
tral Hospital Ethics Committee and complied with the 
National Institutes of Health “Guidelines for the Protec-
tion and Use of Laboratory Animals”.

Morris water maze test
The Morris water maze test [18, 19] was performed 48 h 
after the establishment of the ISO anesthetized rat model. 
The rats were placed in the water from the four quadrants 
of the water maze with their backs facing the underwa-
ter platform, and the time spent by the rats to search for 
the underwater platform and the distance they swam to 
reach the platform were recorded within 120  seconds. 
If the rats did not find the underwater platform within 
120  second, the rats were guided to the underwater 



Page 3 of 9Lou et al. BMC Anesthesiology           (2025) 25:21 

platform and stayed there for 10 seconds, and the evasion 
latency was recorded to be 120 seconds. The rats under-
went four training sessions daily, with an inter-session 
interval exceeding 4 min, for a total of 5 consecutive days. 
The final measure of avoidance latency was determined 
as the average evasion latency across these 5 days. On day 
6 of the experiment, the platform was removed. The rats 
were reintroduced into the water from the other side, and 
the number of times the rats crossed the original plat-
form, and the residence time were recorded.

qRT-PCR
At the end of the water maze experiment, the rats were 
executed, and the hippocampal tissues were rapidly iso-
lated and preserved in liquid nitrogen. Frozen hippo-
campal tissue was taken, and total RNA was extracted by 
adding TRIzol reagent (Invitrogen, USA). A reverse tran-
scription system was used to reverse transcribe the total 
RNA into cDNA, which was then used as a template for 
PCR amplification using the SYBR PrimeScript™ RT-PCR 
kit (TaKaRa, Japan). U6 and GAPDH were employed for 
miR-138-5p and LCN2 as internal controls, respectively, 
and the relative expression was determined by the 2−ΔΔCt 
method.

Enzyme-linked immunosorbent assay (ELISA)
Take frozen hippocampus tissue, add appropriate 
amount of protein extraction buffer, grind it into homog-
enate, centrifuge it at 4 ℃ and 3 500 r/min for 10 min. 
The supernatant was preserved at -80  °C in a refrigera-
tor. The frozen supernatant was taken during the test 
and the ELISA kit was strictly followed. After the reac-
tion was terminated, the absorbance was detected by an 
enzyme-labeled instrument, and the levels of IL-1β, IL-6 
and TNF-α were calculated.

Cell culture and dual luciferase reporter
Rat brain neuronal cells PC12 (ATCC, USA) were pur-
chased and frozen at -80 ℃. When used, it was thawed 
first, and then incubated in culture flasks containing 
DMEM medium with fetal bovine serum (10%), penicil-
lin (1%) and streptomycin (1%). The culture flasks were 
cultured in a 5% CO2 incubator at 37 ℃, and when the 
cell density reached 80% of the flasks, 1:3 passaging cul-
ture was performed. The miR-138-5p predicted target 
sequence or mutation sequence 3’-UTR of LCN2was 
constructed into the pmirGLO vector. The mutation 
sequence was modeled on the 3’ -UTR sequence of 
normal LCN2, and point mutation was performed at 
the predicted site bound to miR-138-5p. Using Lipo-
fectamine2000 reagent, miR-NC, or miR-138-5p inhibi-
tors were co-transfected with the constructed vectors 
into the PC12 cells, respectively, and placed in the incu-
bator for 48 h. Luciferase activity was determined with a 

dual luciferase reporter assay kit and standardized with 
renin luciferase activity.

Statistical analyses
Statistical analyses were conducted using SPSS 11 and 
GraphPad Prism 5.0. For pairwise comparisons, the inde-
pendent sample t-test was employed. For multiple group 
comparisons, One-Way ANOVA was initially applied. 
If ANOVA indicated significant differences (P < 0.05), a 
post hoc analysis (Tukey’s Honestly Significant Differ-
ence Test) was subsequently performed to identify spe-
cific group differences. Data are presented as mean ± SD 
(standard deviation). Statistical significance was set at 
P < 0.05.

Result
Effect of que on anesthetized mice
It was found that the escape latency and distance traveled 
by ISO-anesthetized rats were significantly higher than 
those of the CK group (Fig. 1a and b), and the residence 
time in the target quadrant and the number of times the 
ISO-treated rats traversed the original platform were sig-
nificantly lower than those of the CK group (Fig. 1c and 
d). Que treatment significantly improved the learning 
and memory abilities of ISO rats. In addition, the levels 
of TNF-α, IL-1β and IL-6 were significantly increased in 
the hippocampus of ISO anesthetized rats, whereas treat-
ment with Que reduced the secretion of inflammatory 
factors to some extent (Fig. 2a-c).

Mir-138-5p mediates que in the treatment of anesthetized 
rats
To investigate the mechanism of action of Que affecting 
cognitive dysfunction in ISO rats, qRT-PCR was per-
formed, and miR-138-5p was notably reduced in the hip-
pocampus of ISO anesthetized rats compared with the 
CK group (Fig. 3a). Further exploration revealed that Que 
promoted miR-138-5p expression (Fig. 3b). It was found 
that miR-138-5p down-regulation significantly reversed 
the therapeutic effects of Que on the learning memory 
ability of ISO anesthetized rats, increasing the time to 
find the platform and the distance travelled in the test 
(Fig.  4a-b), and decreasing the dwell time in the target 
quadrant and the number of times the ISO anesthetized 
rats passed the original platform (Fig. 4c-d). miR-138-5p 
down-regulation significantly reversed inhibitory effects 
of Que on the inflammatory factors in ISO anesthetized 
rats (Fig. 5a-c).

Effect of que on mir-138-5p downstream target genes
A database search revealed that LCN2 is the downstream 
target gene of miR-138-5p, to verify the targeting rela-
tionship between the two, a dual luciferase gene reporter 
assay was carried out, and the designed sequences are 
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Fig. 2 Effect of Que on neuroinflammation in the rat hippocampus. Que can reduce the level of TNF-α (a), IL-1β (b) and IL-6 levels (c) in the hippocampus 
of anesthetized rats

 

Fig. 1 Effect of Que on functional cognitive impairment in ISO-anesthetized rats. Que decreased the escape latency (a) and traveling distance of anesthe-
tized rats (b); Que increased the residence time in the target quadrant (c) crossing time on the original platform (d) of anesthetized rats
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shown in Fig.  6a. The results revealed that there is a 
targeting relationship between miR-138-5p and LCN2 
(Fig.  6b). Que treatment significantly promoted LCN2 
expression, which was reversed by knockdown of miR-
138-5p (Fig. 6c). LCN2 was found to be significantly up 
regulated in ISO anesthetized rats, while Que signifi-
cantly reduced LCN2 expression (Fig. 6d).

Discussion
It has been found that anesthetized patients with ISO 
application are prone to cognitive dysfunction, which 
hinders the recovery of normal cognition [3, 4]. Simi-
larly, the present study found a significant decrease in 
spatial memory capacity in rats after ISO exposure com-
pared to normal rats. In addition, it has been shown that 
repeated exposure of the central nervous system to ISO 
can cause extensive neuroinflammation, resulting in neu-
rological decline and leading to cognitive dysfunction in 
patients. In the present study, we found that the levels 
of proinflammatory factors in the hippocampus of ISO-
exposed rats were significantly elevated. Kong et al. simi-
larly found that the mechanism of anesthesia-induced 
cognitive dysfunction was closely related to neuroin-
flammation [20]. This suggests that ISO-induced neuro-
inflammation in the hippocampal region of the brain is a 
key factor in cognitive dysfunction.

It was found that Que could exert anti-inflammatory 
effects in vitro and in vivo by reducing the expression 
of inflammatory factors [21]. It can attenuate neutrophil 
infiltration in inflammatory tissues,  inhibit the secre-
tion of cellular pro-inflammatory factors, and inhibit 
TNF-α-induced inflammatory response and apoptosis by 
blocking the transcription of NF-κB and AP-1 signaling 
molecules in human umbilical vein endothelial cells [22]. 
To find an effective treatment plan to prevent cognitive 
dysfunction, this study treated rats with Que, and the 
results showed that Que could significantly reduce the 
release of inflammatory factors TNF-α, IL-6 and IL-1β 
in rat hippocampus and alleviate ISO-induced cogni-
tive dysfunction in rats. Wang et al. also demonstrated 
that Que can reduce the expression of inflammatory fac-
tors such as TNF-α, IL-6 and IL-1β in RAW264.7 cells, 
thereby alleviating LPS-induced inflammatory dam-
age [23]. It can be preliminarily concluded that Que can 
reduce ISO-induced cognitive dysfunction by inhibiting 
the inflammatory response of rat hippocampus. How-
ever, the mechanism by which Que suppresses the hip-
pocampal inflammatory response is unknown.

Numerous studies have demonstrated that miRNAs 
play an important part in regulating neuroinflamma-
tion and improving cognitive dysfunction. Some studies 
have indicated that miR-138-5p suppresses the activation 

Fig. 3 miR-138-5p expression in anesthetized rats. miR-138-5p was significantly down-regulated in anesthesia (a); Que treatment significantly increased 
miR-138-5p expression (b)
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of NLRP3 inflammatory vesicles, thereby depress-
ing the release of inflammation-associated factors [15, 
24]. This study found that miR-138-5p expression was 
notably down-regulated in the ISO-anesthetized cog-
nitive dysfunction rat model, and down-regulated the 

expression of miR-138-5p could aggravate the degree 
of cognitive dysfunction in ISO rats and increase the 
secretion of inflammatory factors in the hippocampus. 
miR-138-5p was found to be significantly down-regu-
lated in LPS-induced cellular inflammation models [25]. 

Fig. 5 Effect of miR-138-5p expression on neuroinflammation in rat hippocampus. miR-138-5p down-regulation promotes TNF-α (a), IL-1β (b) and IL-6 
levels (c)

 

Fig. 4 Effect of miR-138-5p expression on anesthetized rats. miR-138-5p down-regulation increased the escape latency (a) and traveling distance of 
anesthetized rats (b); miR-138-5p down-regulation decreased the residence time in the target quadrant (c) crossing time on the original platform (d) of 
anesthetized rats
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Knocking down lncRNA H19 could negatively regulate 
the expression of miR-138-5p and inhibit the inflamma-
tory response of hypoxic cells [26]. These results suggest 
that miR-138-5p may act as a suppressor of hippocampal 
inflammation, alleviating cognitive dysfunction induced 
by ISO anesthesia. Further analyses revealed a significant 
upward trend of miR-138-5p in Que-intervened rats, and 
in addition Que could reverse the negative effects of miR-
138-5p downregulation on the ISO rat model. It has been 
suggested that Que can promote miR-369-3p expres-
sion and alleviate the inflammatory response in chronic 
inflammation [27]. Wang et al. found that Que induced 
upregulation of miR-135b, which ameliorated atrial fibril-
lation by negatively regulating the TGF-β/Smads pathway 
[28]. The above evidence suggests that Que may improve 
the hippocampal inflammatory response and cognitive 
dysfunction in ISO mice by targeting miR-138-5p.

To further determine the mechanism of miR-138-5p 
in ISO-induced cognitive dysfunction, this study dem-
onstrated that miR-138-5p can bind to the 3′-UTR of 
LCN2 and negatively regulate its expression. In other dis-
eases, the regulatory relationship between miR-138-5p 

and LCN2 is consistent with the results of this study. 
For example, miR-138-5p can negatively regulate LCN2 
expression and thus inhibit hypoxia-induced apopto-
sis in cardiomyocytes [29]. LCN2 has been found to be 
involved in a variety of cellular processes, such as innate 
immunity and apoptosis [30, 31]. Li et al. found that 
inhibition of LCN2 expression significantly suppressed 
the secretion of proinflammatory factors in stroke and 
improved cognitive function in mice [32]. In addition, a 
study showed that LCN2 was significantly up regulated 
in the brain after LPS stimulation, and that LCN2 over-
expression induced a delayed process in brain neurons, 
which reduced spatial memory capacity in rats [33]. The 
above evidence suggests that Que may have played a role 
in inhibiting the inflammatory response and ameliorating 
cognitive dysfunction by inducing miR-138-5p expres-
sion to reduce LCN2 expression.

LCN2 has been reported to play a powerful therapeutic 
role in cerebral ischemia by inhibiting neuroinflamma-
tory damage through the JAK2/STAT3 pathway [34]. It 
has shown that JAK2/STAT3 pathway is related to cog-
nitive function, for example, dexmedetomidine alleviates 

Fig. 6 Relationship between miR-138-5p and LCN2. The binding sites between miR-138-5p and LCN2 (a); miR-138-5p negatively regulates LCN2 lucifer-
ase activity (b); Que significantly inhibited LCN2 expression (c). LCN2 was overexpressed in anesthetized rats (d)
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ISO-induced cognitive impairment through JAK2/STAT3 
pathway [35]. Therefore, it is speculated that Que plays 
a role in LCN2/JAK2/STAT3 pathway by targeting miR-
138-5p. Unfortunately, due to the cost and time of the 
experiment, it has not been studied deeply, and it will be 
further discussed in the follow-up experiment.

Conclusions
In general, this study found that Que may inhibit the 
inflammatory response in the hippocampus of ISO-
anesthetized rats and improve cognitive dysfunction by 
upregulating miR-138-5p. In addition, Que may initially 
affect the LCN2 pathway by targeting miR-138-5p, but 
it has not been further verified through in vitro experi-
ments. Subsequent studies will continue to explore this, 
to provide sufficient experimental basis for the applica-
tion of Que and miR-138-5p in anesthesia.
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