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Postoperative delirium (POD) is one of the most important complications after surgery
with general anesthesia, for which the neurotoxicity of general anesthetics is a high-
risk factor. However, the mechanism remains largely unknown, which also hinders
the effective treatment of POD. Here, we confirmed that a clinical concentration of
the general anesthetic sevoflurane increased the expression of inflammatory factors
and activated the caspase-3 by upregulating ATPase inhibitory factor 1 (ATPIF1)
expression in microglia. Upregulation of ATPIF1 decreased the synthesis of ATP which
is an important signaling molecule secreted by microglia. Extracellular supplementation
with ATP attenuated the microglial inflammatory response and caspase-3 activation
caused by sevoflurane or overexpression of ATPIF1. Additionally, the microglial
inflammatory response further upregulated ATPIF1 expression, resulting in a positive
feedback loop. Animal experiments further indicated that intraperitoneal injection of ATP
significantly alleviated sevoflurane anesthesia-induced POD-related anxiety behavior
and memory damage in mice. This study reveals that ATPIF1, an important protein
regulating ATP synthesis, mediates sevoflurane-induced neurotoxicity in microglia. ATP
supplementation may be a potential clinical treatment to alleviate sevoflurane-induced
POD.

Keywords: sevoflurane, postoperative delirium (POD), microglia, ATPIF1, ATP – adenosine triphosphate

INTRODUCTION

Postoperative delirium (POD) is a frequent manifestation of acute cerebral dysfunction in older
adults after surgery under general anesthesia that usually peaks between 1 and 3 days after the
operation (Al Tmimi et al., 2015; Oh and Park, 2019). Although evidences indicated that POD is
associated with short-term complications, long-term sequelae may also be induced after the POD
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(Wacker et al., 2006; Whitlock et al., 2011). For instance,
Inouye et al. concluded that there is a significant acceleration of
cognitive deficit following an episode of POD, which suggests
that there is a strong correlation between the occurrence of
POD and long-term risk of dementia (Fong et al., 2009).
Additionally, it has been reported that POD can arise in
the same individuals with overlapping risk factors, leading
to a common underlying neuropathogenesis of postoperative
cognitive dysfunction (POCD) (Fong et al., 2009; Schmitt et al.,
2012). Given the harm of POD to patients, it is important to
determine the mechanism of POD to inform further treatment.

The available evidence demonstrates that central nervous
system dysfunction caused by anesthesia during surgery that
further leads to neurocognitive disorders is a main factor related
to POD (Evered and Silbert, 2018). The original validation
study showed that individuals who underwent general anesthesia
had a 40% higher risk of incident dementia than those who
were not hospitalized for surgery (Ehlenbach et al., 2010).
More specifically, several lines of evidence have established that
cognitive dysfunction can be observed in rats and mice in
anesthesia-only groups (Bianchi et al., 2008; Kawano et al., 2018).
Clinically, the incidence of POD is higher in geriatric surgical
patients under inhalational anesthesia than in those under
intravenous anesthesia, whereas elderly patients undergoing
major surgery under sevoflurane inhalation anesthesia develop
amnestic mild cognitive impairment at a faster rate (Qiao et al.,
2015). The issue of general anesthetic-induced neurotoxicity
has continued to garner attention in recent years (Vlisides and
Xie, 2012). Nevertheless, the underlying mechanisms by which
general anesthesia induces POD remain largely unclear.

It has been illustrated that anesthetic lesions dominate
the primary inflammatory response, which gives rise to
neuroinflammation and increases the risk of developing POD
(Clarke et al., 2008; Pac-Soo et al., 2011). Given the importance
of neuroinflammation in POD, targeting inflammatory processes
should be considered as an approach for the prevention and
treatment of POD. Neuroinflammation modulated by microglia
has been implicated in delirium, and anesthetics may also be
involved in inflammatory responses in microglia, influencing the
development of delirium (Riker et al., 2009; Peng et al., 2013;
Djaiani et al., 2016). Importantly, adenosine triphosphate (ATP)
serves as an apparently ubiquitous “gliotransmitter” that can
be released by microglia, regulating the functions of microglia
as well as neurons, especially in pathophysiological conditions
(Imura et al., 2013). A previous study has indicated that isoflurane
decreases the ATP concentration in the mouse brain (Wang et al.,
2015). Sevoflurane can also decrease ATP production in neurons
(Zhu et al., 2021). However, the mechanism by which sevoflurane
regulates ATP production remains largely unclear.

Inhalation anesthesia has been reported to elicit mitochondrial
dysfunction, leading to neuronal apoptosis (Swerdlow et al.,
2000; Jha and Morrison, 2018; Chen et al., 2020). As a
mitochondria-localized protein, ATPase inhibitory factor 1
(ATPIF1) contributes to the maintenance of homeostasis and
the normal functions of mitochondria (Campanella et al., 2008;
Faccenda et al., 2017). Under physiological conditions, ATPIF1
binds to the β subunits of the F1 domain of ATP synthase,

preventing the hydrolytic activity of F1 and hence maintaining
the intracellular ATP level (Bonora et al., 2015). Nevertheless,
overexpression of ATPIF1 significantly reduces mitochondrial
membrane potential, leading to mitochondrial dysfunction
and decreased ATP synthesis followed by activation of the
mitochondrial apoptotic pathway (Chen et al., 2014). Although it
is known that maintaining normal ATPIF1 expression is essential
for mitochondrial and cell survival, the understanding of whether
general anesthesia affects ATPIF1 to regulate downstream
signaling pathways leading to POD pathogenesis is rather limited.

Here, we confirmed that a clinical concentration of general
anesthetic sevoflurane increased the expression of inflammatory
factors in microglia and activated the caspase-3 by upregulating
ATPIF1 expression in microglia. Upregulation of ATPIF1 in
microglia decreased the synthesis of ATP, which is also an
important secreted signaling molecule. Sevoflurane treatment or
overexpression of ATPIF1 induced a microglial inflammatory
response and caspase-3 activation, which was able to be
attenuated by extracellular supplementation of ATP. In addition,
the microglial inflammatory response further upregulated
ATPIF1 expression, resulting in a positive feedback loop. Animal
experiments further indicated that intraperitoneal injection of
ATP significantly alleviated the anxiety and memory damage
induced by sevoflurane anesthesia in a POD mouse model, which
provides a potential convenient strategy for the future clinical
treatment of POD.

MATERIALS AND METHODS

Mice and Postoperative Delirium Model
Establishment
The animal-related protocol was performed according to the
Standing Committee on Animals at the Shanghai Tenth People’s
Hospital, and C57BL/6 mice were maintained according to the
guidelines in the laboratory animal center at Tongji University.

Postoperative delirium may occur more in female patients
(Vaurio et al., 2006; Tagarakis et al., 2007). So, we employed
the female mice for study. Previous study also indicated that
surgery could induce the inflammatory reaction to potentiate the
neurotoxicity (Ren et al., 2015; Peng et al., 2016; Yang et al.,
2017), which will interfere us to judge whether sevoflurane causes
POD related behavior and inflammatory response of microglia
in brain. So, we established the mice model that only received
clinical concentration 3% sevoflurane (40% oxygen and 57%
nitrogen) for 6 h anesthesia. The control mice received 40%
oxygen and 60% nitrogen. The temperature was controlled to
maintain at 30◦C during the anesthesia. For immunofluorescence
staining of Iba1 in mice brain, three mice were employed in each
group. For behavior test, eight mice were employed in each group.

Isolation of Primary Microglia
Mouse primary microglia were isolated from postnatal day 1
(P1) C57BL/6 mouse brains. The mice were sacrificed to dissect
out the brains. The brain of each mouse was digested in 0.25%
trypsin solution with 0.05% DNase I at 37◦C for half an hour
and then incubated with 10% fetal bovine serum (FBS) (Lonsera,
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S711-001S, Uruguay). The tissue sediment was centrifuged at
1000 rpm for 5 min at 4◦C and washed twice with HBSS. After
trituration, the cells were plated and cultured in DMEM with
10 ng/mL GM-CSF supplemented with 10% FBS, 50 U penicillin
and 50 mg/mL streptomycin at 37◦C. The culture dishes or plates
were coated with 100 µg/mL poly-D-lysine (Sigma) and 5 µg/mL
fibronectin (Sigma). The culture medium was replaced every
3 days. The cells were subjected to three passages for purification
purposes. Microglial purity was confirmed by immunostaining
with a primary antibody against Iba1 (Synaptic Systems, 234003).

Immunofluorescence Staining
Mice were killed after 6 h of anesthesia. The treatment and
control mice were both deeply anesthetized and transcardially
perfused with 30 ml of 0.01 M PBS (pH 7.4) followed by 100 ml of
4% (w/v) paraformaldehyde (PFA). The brains were isolated and
postfixed with 4% PFA for 4 h at 4 ◦C. After cryoprotection with
30% (w/v) sucrose in 0.1 M phosphate buffer at 4 ◦C overnight,
the brains were cut into 30 µm thick frontal sections using
a freezing microtome. The sections were incubated overnight
at 4 ◦C with a mouse Iba1 antibody (1:200 dilution, Synaptic
Systems, 234003). The sections were washed and incubated for
2 h with anti-rabbit IgG (Alexa Fluor R© 488 Conjugate) (Cell
Signaling Technology, #4412) at room temperature to detect
microglia in the hippocampus. Images were obtained with a
confocal microscope (Olympus, FV3000, Japan).

Knockdown of Mouse ATPase Inhibitory
Factor 1 in BV2 Cell
The mouse microglial cell line BV2 was infected with
a pLKD-CMV-puro-U6-ATPIF1 shRNA lentivirus
(Obio, China) to knock down ATPIF1 expression.
The sequences were as follows: shRNA-1: 5′-
CCGGCCATAAGAAGAAGATCCAATTCAAGAGATTGGAT
CTTCTTCTTATGGTTTTTTG-3′; shRNA-2: 5′-CCGGGC
GTCTGCAGAAGCAAATTCTCAAGAGAAATTTGCTTCTGC
AGACGCTTTTTTG-3′; and scramble control shRNA: 5′-
CCGGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGA
CACGTTCGGAGAATTTTTTG-3′. The stable cell lines were
selected with puromycin (puro, Sigma, United States) for a week.

Overexpression of ATPase Inhibitory
Factor 1 in BV2 Cell
The mouse microglial cell line BV2 was infected with a
pGMLV-CMV-ATPIF1-puro lentivirus (Genomeditech, China)
to overexpress ATPIF1. The control cell was infected with
the empty vector virus (Genomeditech). Stable cell line
overexpressing ATPIF1 or control was selected with puromycin
(puro) for a week.

Cell Treatment
The different groups of treatment of cells: 3% sevoflurane with
5% CO2, dexamethasone sodium phosphate injection (DXM)
(1:1000 dilution, Hasen-modern), methylprednisolone sodium
succinate for injection (MPSS) (1:100 dilution, Pharmacia &

Upjohn N.V./S.A.), lipopolysaccharide, (LPS, 100 ng/ml, Sigma),
TNF-α (10 ng/ml, Sigma), or ATP (50 µg/ml, Sigma).

Western Blot
Different treatment groups of cells were lysed by using protein
lysis buffer (M-PER Mammalian Protein Extraction Reagent,
Thermo Fisher Scientific, United States) with protease inhibitors
(Bimake, China). Before protein electrophoresis, we performed
protein quantification by using BCA protein concentration
determination kit (Beyotime, China). Equal amount of each
sample (10 µg of protein) was used for detection. The whole
proteins were transferred onto PVDF membranes (Bio-Rad,
United States). The primary antibodies included a β-Actin
antibody (1:1000 dilution, #4967, Cell Signaling Technology,
United States), a Caspase-3 antibody (1:1000 dilution, #9662,
Cell Signaling Technology), a Cleaved caspase-3 (C-Caspase-3)
antibody (1:1000 dilution, #9664, Cell Signaling Technology),
an ATPIF1 antibody (1:1000 dilution, ab110277, Abcam,
United States), a COX-2 antibody (1:1000 dilution, ab15191,
Abcam), and a TNF-α antibody (1:1000 dilution, ab1793,
Abcam). The secondary antibodies were a rabbit IgG HRP-linked
antibody (1:3000 dilution, 7074S, Cell Signaling Technology)
and a mouse IgG HRP-linked antibody (1:3000 dilution, 7076S,
Cell Signaling Technology). A ChemiDoc XRS + system (Bio-
Rad) was used for detection of protein expression by enhanced
chemiluminescence (Clarity Western ECL Substrate, Bio-Rad).
β-Actin was used to normalize the target protein levels (e.g.,
ratio of Caspase-3 to β-Actin amount was used to determine the
relative expression level of Caspase-3 in different group). β-Actin
also controls for loading differences in the total protein amount.

Detection of the Level of Intracellular
Adenosine Triphosphate
The levels of intracellular ATP in the microglial cells in each
group were detected with an ATP assay kit (Abcam, ab83355).
The microglia in each group were lysed with assay buffer, and
then the sample supernatant was isolated by centrifugation
(12,000 × g) at 4◦C for 5 min. Then, 50 µl of ATP reaction
mix and 50 µl of cell supernatant sample were added to a 96-
well plate, and the plate was incubated at room temperature for
30 min while protected from light. The output was measured on
a microplate reader to determine the OD at 570 nm.

Open Field Test
The open field test used to test anxious behavior in mice
was performed as previously described (Han et al., 2012).
Each individual mouse in the different groups was placed near
the wall of the open-field arena, and the movements of the
mouse in 10 min were recorded with ANY-maze software
(Stoelting, United States).

Novel Object Recognition Test
The novel object recognition test used for testing learning and
memory was performed as previously described (Han et al.,
2012). The arena was used once for each mouse. During the
habituation session, the test mouse was placed in the arena to
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explore for 10 min. Following habituation, two objects of similar
size but different shape and color were placed in the opposite
corners of the arena. Then, the test mouse was placed in the center
and allowed to explore for 10 min. Twenty-four hours later, one
object was replaced, and the same test mouse was allowed to
explore. The movement of the mouse was recorded and analyzed
with ANY-maze (Stoelting).

Y-Maze Test
The Y-maze test used for testing spatial learning and memory was
performed as previously described (Paretkar and Dimitrov, 2018;
Li et al., 2019). Each mouse was placed at the end of one arm and
allowed to explore the arms freely for 5 min. The percentage of
“correct” spontaneous alternations was calculated.

Statistical Analyses
The data were analyzed using Student’s t-test for comparisons of
the control and treatment groups. One-way ANOVA was used
to determine the significance between different treatments. The
data are reported as the means± SD. The results were considered
significantly different when P < 0.05. Statistical analysis was
conducted by using GraphPad Prism software (version 8.0;
GraphPad Software, La Jolla, CA, United States).

RESULTS

Sevoflurane Induces Inflammation and
Caspase-3 Activation and Decreases the
Adenosine Triphosphate Concentration
in Microglia
Fourteen months old aged mice were treated with 3% sevoflurane
for 6 h to establish the POD mouse model. We confirmed
the similar phenomenon of previous study showing that
sevoflurane induces microglial activation (Wang et al., 2021). We
performed the immunofluorescence staining of Iba1 (Figure 1A),
a recognized maker for microglia, to detect the microglia
activation and found there’s significant increased Iba1 + cell
numbers (Figure 1B) and microglial intensity (Figure 1C)
in sevoflurane mice hippocampus. We also morphologically
classified the activated (amoeboid) or surveying (ramified,
not activated) cells (Thored et al., 2009) in Iba1 positive
(Iba1 +) microglia to further perform the statistics of the
ratio between amoeboid/ramified. In the sevoflurane treating
mice, there’s higher ratio of amoeboid/ramified than control
group (Figure 1D). We treated mouse primary microglia with
3% sevoflurane for 6 h and detected that the inflammatory
mediators COX-2 and TNF-α were upregulated (Figures 1E,F).
Additionally, we found that sevoflurane induced the caspase-3
activation (Figures 1E,F).

Previous studies have indicated that isoflurane decreases ATP
levels in the mouse brain (Wang et al., 2015). Sevoflurane
can also decrease ATP production in neurons (Zhu et al.,
2021). Here, we further found that the concentration of
ATP was decreased in microglia by sevoflurane treatment
(Figure 1G). This result confirms that sevoflurane induces

microglial inflammatory activation and caspase-3 activation and
decreases the ATP concentration.

ATPase Inhibitory Factor 1 Mediates
Sevoflurane-Induced Inflammation and
Caspase-3 Activation
We sought to determine the downstream molecules that mediate
sevoflurane-induced microglial inflammation and apoptosis,
and we further found that sevoflurane treatment significantly
upregulated ATPIF1 protein expression in mouse primary
microglia (Figures 2A,B).

To confirm the function of ATPIF1, we overexpressed ATPIF1
in the microglial cell line BV2 and found upregulation of
the inflammatory mediators COX-2 and TNF-α and activation
of caspase-3 (Figures 2C,D). Conversely, knockdown of
ATPIF1 expression in BV2 cells (Figures 2E,F) attenuated the
inflammatory mediator upregulation and caspase-3 activation
caused by sevoflurane treatment (Figures 2G,H). Therefore, we
conclude that sevoflurane upregulates the expression of ATPIF1
to induce inflammation and caspase-3 activation.

Adenosine Triphosphate
Supplementation Ameliorates ATPase
Inhibitory Factor 1- or
Sevoflurane-Induced Inflammation and
Caspase-3 Activation
To determine ATPIF1 function in microglia, we constructed
BV2 microglial cells overexpressing ATPIF1 and found that
overexpression of ATPIF1 decreased the intracellular ATP
concentration (Figure 3A). This result not only indicated that
ATP synthesis was inhibited but also suggested that the amount
of ATP secreted outside the cell was reduced. Therefore, we
added ATP to the culture medium to a final concentration
of 50 µg/ml and found that ATP supplementation restored
inflammatory upregulation and caspase-3 activation in BV2
microglia overexpressing ATPIF1 (Figures 3B,C) or treated
with sevoflurane (Figures 3D,E). In summary, we found
that extracellular supplementation with ATP ameliorates
the inflammation and caspase-3 activation induced by
ATPIF1 overexpression.

Inflammation Regulates ATPase
Inhibitory Factor 1 Expression
Microglia can produce increased inflammatory mediators that
can also further reactivate microglia through a positive feedback
loop (Zhang et al., 2014; Bras et al., 2020). We found
that 100 ng/mL lipopolysaccharide (LPS), which can activate
microglia to induce inflammatory cytokine release, induced
ATPIF1 upregulation in primary microglia (Figures 4A,B).
This may indicate that a double positive feedback loop exists
between the regulation of ATPIF1 expression and inflammation
in microglia. Then, we used methylprednisolone sodium
succinate (MPSS) (Figures 4C,D) and dexamethasone (DXM)
(Figures 4E,F), which are anti-inflammatory drugs commonly
used in clinical surgery, and found that they significantly
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FIGURE 1 | Sevoflurane induces inflammation and decreases the ATP concentration in microglia. (A) Microglial cells were activated in the mouse hippocampus after
3% sevoflurane treatment, as detected by Iba1 immunofluorescence staining. The scale bar indicates 50 (upper row) and 15 µm (lower row), respectively.
(B) Quantification of Iba1 staining positive (Iba1 +) cell numbers and (C) intensity in hippocampal tissue from control- and sevoflurane-treated mice. (D) We
morphologically classified the activated (amoeboid) or surveying (ramified) cells of Iba1 positive (Iba1 +) microglia to further perform the statistics of the ratio between
amoeboid/ramified. (E) Western blot analysis indicated that 3% sevoflurane treatment for 6 h induced upregulation of the inflammatory factors COX-2 and TNF-α
and activation of caspase-3 in mouse primary microglia. (F) Statistics of the relative gray value indicating the protein expression in panel (E). (G) The concentration of
ATP was decreased in sevoflurane-treated microglia. Ctrl means control. β-Actin served as a loading control. Student’s t-test was used to determine differences in
panels (B–D,F,G). The data shown are the means ± SD, n = 3 in panels (B–D,F). n = 4 in panel (G). * or ** means p < 0.05 or 0.01. ns means no significant
difference compared with the control group.
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FIGURE 2 | ATPIF1 mediates sevoflurane-induced inflammation and caspase-3 activation in microglia. (A) Representative western blot image indicating that ATPIF1
expression was upregulated by sevoflurane treatment in mouse primary microglia. (B) Statistics of the relative gray value indicating the ATPIF1 protein expression in
panel (A). (C) Overexpression of ATPIF1 induced inflammation and caspase-3 activation in BV2 cells. (D) Statistics of the relative gray value indicating the protein
expression in panel (C). (E) Downregulation of ATPIF1 expression by shRNA in BV2 cells. (F) Statistics of the relative gray value indicating the ATPIF1 protein
expression in panel (E). (G) Downregulation of ATPIF1 attenuated the ATPIF1 upregulation caused by treatment with sevoflurane and attenuated the expression of
the inflammatory factors COX-2 and TNF-α and the activation of caspase-3 to levels similar to those in the control group. (H) Statistics of the relative gray value
indicating the ATPIF1 protein expression in panel (G). β-Actin served as a loading control. Ctrl means control. Three independent repeated experiments were
performed. Student’s t-test was used to determine differences in panels (B,D). One-way ANOVA with repeated measurement were used to determine differences in
panels (F,H). The data shown are the means ± SD, n = 3. * or # means p < 0.05, ** or ## means p < 0.01. ns means no significant difference.

inhibited the regulatory effects of sevoflurane on inflammation
and caspase-3 activation in primary microglia. Additionally, 50
µg/ml ATP supplementation ameliorated LPS (Figures 4G,H)-

or TNF-α (Figures 4I,J)-induced inflammation. Here, we
confirmed the feedback loop between ATPIF1 expression
and inflammation.

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 December 2021 | Volume 15 | Article 770666

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-770666 May 18, 2022 Time: 17:40 # 7

Xu et al. ATPIF1 Mediates Sevoflurane Neurotoxicity

FIGURE 3 | Additional ATP supplementation ameliorated ATPIF1- or sevoflurane-induced inflammation and caspase-3 activation in BV2 cells. (A) Overexpression of
ATPIF1 decreased the intracellular ATP concentrations in BV2 cells. (B) ATP (50 µg/ml) ameliorated the ATPIF1 overexpression induced inflammation and caspase-3
activation in BV2 microglia. (C) Statistics of the relative gray value indicating the protein expression in panel (B). (D) ATP also ameliorated sevoflurane treatment-
induced inflammation and caspase-3 activation in BV2 microglia. (E) Statistics of the relative gray value indicating the protein expression in panel (D). Ctrl means
control. β-Actin served as a loading control. One-way ANOVA with repeated measurement were used to determine differences in panels (C,E). The data shown are
the means ± SD, n = 3, * or # means p < 0.05, ** or ## means p < 0.01. ns means no significant difference.

Acute Adenosine Triphosphate
Treatment Ameliorates the Anxious and
Short-Term Memory Behaviors of the
Postoperative Delirium Mouse Model
Microglial inflammatory activation has been reported to induce
cognitive impairment (Feng et al., 2017; Zhao et al., 2019).
Cognitive impairment in POD is associated with anxiety,
memory impairment and other symptoms (Gao X. et al., 2020;
Pankaj et al., 2020; Ren et al., 2021). Therefore, according to our
above findings in this study, we wanted to determine whether
ATP supplementation can alleviate cognitive impairment to
a certain extent. Therefore, we administered ATP (2 mg/kg)
by intraperitoneal (i.p.) injection to POD mice. First, we
found that only a single injection of ATP ameliorated the
3% sevoflurane treatment inducing microglia activation as
detected by Iba1 immunofluorescence staining in hippocampus
(Figure 5A). ATP supplementary inhibited the increase of

quantification of Iba1 + cell numbers (Figure 5B). and intensity
(Figure 5C) in sevoflurane-treated mice. The ratio between
amoeboid/ramified was also restored to be similar with the
control groups by ATP supplementary in sevoflurane treatment
mice (Figure 5D). After confirming that ATP attenuated
the microglia activation in POD mice, we performed the
behavioral test and found that ATP supplementary ameliorated
the anxious behaviors of the POD mice, as detected by the
open field test (Figures 5E,F). Additionally, ATP ameliorated
the short-term memory impairment in POD mice, which
was detected by novel object recognition (Figures 5G,H) and
Y-maze tests (Figures 5I,J). Based on the above results, we
conclude that ATP supplementation significantly alleviates the
two manifestations of mouse POD.

Our results indicate that the clinical concentration of
sevoflurane increases ATPIF1 expression in microglia to induce
inflammatory factor upregulation and caspase-3 activation
and decrease ATP level. Supplementation of ATP attenuates
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FIGURE 4 | Inflammation regulates ATPIF1 expression and is attenuated by additional ATP supplementation in microglia. (A) LPS treatment upregulates ATPIF1
expression in microglia. (B) Statistics of the relative gray value indicating the ATPIF1 protein expression in panel (A). (C) Methylprednisolone sodium succinate
(MPSS) attenuated the COX-2 and TNF-α upregulation and promotion of caspase-3 activation caused by sevoflurane. (D) Statistics of the relative gray value
indicating the protein expression in panel (C). (E) Dexamethasone (DXM) also attenuated the COX-2 and TNF-α upregulation and promotion of caspase-3 activation
caused by sevoflurane. (F) Statistics of the relative gray value indicating the protein expression in panel (E). (G) ATP (50 µg/ml) ameliorated LPS induced
inflammation in mouse primary microglia. (H) Statistics of the relative gray value indicating the protein expression in panel (G). (I) ATP (50 µg/ml) ameliorated
TNF-α-induced inflammation in mouse primary microglia. (J) Statistics of the relative gray value indicating the protein expression in panel (I). Ctrl means control.
β-Actin served as a loading control. Student’s t-test was used to determine differences in panel (B). One-way ANOVA with repeated measurement were used to
determine differences in panels (D,F,H,J). The data shown are the means ± SD, n = 3. * or # means p < 0.05, ** or ## means p < 0.01, *** or ### means p < 0.001.
ns means no significant difference.
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FIGURE 5 | Attenuation of anxious and short-term memory behaviors by acute ATP treatment in POD mice. (A) Intraperitoneal (i.p.) injection of 2 mg/kg ATP
ameliorated the 3% sevoflurane treatment inducing microglia activation as detected by Iba1 immunofluorescence staining in hippocampal tissue. The scale bar
indicates 50 (upper row) and 15 µm (lower row), respectively. (B) ATP supplementary inhibited the increase of quantification of Iba1 + cell numbers and (C) intensity
in sevoflurane-treated mice. (D) The ratio between amoeboid/ramified was also restored to be similar with the control groups by ATP supplementary in sevoflurane
treatment mice. (E,F) Intraperitoneal (i.p.) injection of 2 mg/kg ATP ameliorated anxious behaviors in sevoflurane treatment POD mice, as detected by the open field
test. (G,H) Novel object recognition and (I,J) Y-maze tests indicated that intraperitoneal (i.p.) injection of 2 mg/kg ATP ameliorated short-term memory impairment in
the POD mouse model. One-way ANOVA with repeated measurement and post hoc analysis with Bonferroni were used to analyze the data presented in panels
(B–D,F,H,J). The data shown are the means ± SD [n = 3 in (B–D) n = 8 in (E–J)]. For all data, * and # indicate p < 0.05, ** and ## indicate p < 0.01, and *** and ###

indicate p < 0.001.
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FIGURE 6 | The hypothesized pathway indicating sevoflurane regulates microglial inflammatory responses and caspase-3 activation. Proposed mode pathway
indicates that the sevoflurane promotes ATPIF1 expression in microglia to induce inflammatory factor upregulation and capsase-3 activation and decrease ATP level.
Supplementation of ATP alleviated sevoflurane induced anxiety behavior and memory damage in POD mice.

sevoflurane induced POD related anxiety behavior and memory
damage in mice (Figure 6).

DISCUSSION

Postoperative delirium is a prevalent complication that is
frequently observed after surgery and general anesthesia (Sieber
et al., 2018; Kinjo et al., 2019). Generally, POD shows various
symptoms, such as short-term memory impairment and anxiety
(Smith et al., 2016; Jin et al., 2020). Although the activation
of microglial inflammatory responses and apoptosis induced by
anesthetics are thought to play a vital role in the occurrence of
cognitive disorders, the mechanisms of these phenomena remain
unclear. As indicated earlier, sevoflurane can induce microglial
activation followed by inflammatory responses, and excessive
microglial activation further leads to the loss of neurons; these
are believed to be crucial factors in POD (Dai et al., 2015; Wang
et al., 2021). Here, by targeting microglia, we confirmed that
it could be activated by clinical concentrations of sevoflurane
in the mouse brain. Additionally, in vitro treatment of primary
microglia revealed elevated expression of inflammatory factors
and activation of caspase-3. Previous studies have shown that
some general anesthetics, such as sevoflurane and isoflurane, are
highly relevant to the activation of microglia and apoptosis via
the p38 MAPK pathway, NLRP3-caspase-1 pathway or NF-kB
pathway (Yin et al., 2014; Wang et al., 2018; Yu et al., 2019).
However, whether there is a particular molecule that can mediate
both sevoflurane-induced microglial activation and apoptotic
effects is still unclear. In the current study, we revealed for the first
time that ATPIF1, a crucial protein that regulates ATP synthesis,
may be involved in the pathogenesis of sevoflurane-induced

microglial inflammation and apoptosis. In addition, our results
indicate that exogenous supplementation with ATP may alleviate
POD, which not only provides a better understanding of POD
pathogenesis, but also suggests a novel alternative and relatively
safe approach for attenuating sevoflurane-induced neurotoxicity.

Adenosine triphosphate is regarded not only as a biological
energy source involved in many intracellular reactions but
also as one of the signaling molecules in the CNS due to its
actions on microglia (Färber and Kettenmann, 2006; Rivera
et al., 2016). Under physiological conditions, maintenance
of the stability of the extracellular ATP supply is essential
for promotion of the normal functions of microglia. Some
studies have reported that an increase in ATPIF1 levels is
reflected in an elevated ATP content, whereas several other
studies have suggested that upregulation of ATPIF1 promotes
the inhibition of ATP production under some circumstances
(Campanella et al., 2008; Kahancová et al., 2018, 2020).
However, our findings demonstrated that overexpression of
ATPIF1 resulted in a decreased ATP concentration; thus, we
concluded that ATP secretion by the cells was correspondingly
reduced. We clearly determined that exogenous supplementation
with ATP attenuated the upregulation of proinflammatory
cytokines in microglia and the activation of the caspase-
3 triggered by excessive ATPIF1. In addition, our results
indicated that sevoflurane can cause the downregulation of
ATP content in microglia, which is consistent with previous
studies showing that general anesthesia drugs can induce
mitochondrial damage and neuronal apoptosis, resulting in
reductions in intracellular ATP levels (Stadnicka and Bosnjak,
2003; Zhu et al., 2021). Furthermore, we found that exogenous
supplementation with ATP can alleviate microglial inflammatory
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responses and apoptosis caused by sevoflurane anesthesia. In
short, the extracellular ATP content is highly relevant to
sevoflurane-induced inflammatory responses and proapoptotic
effects in microglia.

Microglia can be activated by various stimuli, including
LPS, TNF-α, IFN-γ, promoting the release of proinflammatory
factors, and contributing to neuronal damage and degeneration
(Glass et al., 2010). More specifically, when CNS homeostasis
is persistently disrupted, the phagocytic activity of microglia is
elevated, and this elevation is followed by excessive secretion
of reactive oxygen and nitrogen species, proinflammatory
chemokines and cytokines, often activating a paracrine or
autocrine loop (Pocock and Liddle, 2001; Block and Hong, 2007).
In our study, we observed that inflammatory stimuli further
upregulated ATPIF1 expression, which revealed the existence of
a positive feedback loop in the microglial inflammatory response.
Furthermore, we found that intraoperative drugs such as DXM
and MPSS, which are commonly used to ameliorate POD, were
able to inhibit the inflammatory response of microglia and
ameliorate the consequences caused by sevoflurane. Likewise,
the inflammatory response due to LPS or TNF-α was alleviated
by extracellular ATP supplementation. These results suggest
that ATPIF1 acts as a potential mediator that participates
in the positive feedback loop modulating the inflammatory
response of microglia.

General anesthesia is a documented factor that directly
results in neuronal apoptosis and is therefore considered to
be a major cause of POD (Alam et al., 2018; Gao Y. et al.,
2020). Through our studies on microglia, we also found
that sevoflurane-induced apoptosis was significantly inhibited
after the addition of ATP extracellularly. The above findings
suggest that there may be a unified molecular mechanism
involved in modulating the neurotoxicity of sevoflurane on
microglia. Specifically, ATPIF1 can be considered an important
mediator that contributes to the inflammatory response and
apoptosis of microglia caused by sevoflurane. Previous studies
have illustrated the neurotoxicity of general anesthetics on
microglia and neurons. For instance, sevoflurane triggers the
inflammatory response of microglia in the hippocampus by
blocking the Wnt/β-Catenin/CaMKIV pathway (Wang et al.,
2021). Sevoflurane also induced neuronal apoptosis through
the PI3K/AKT/FOXO3a pathway (Dong et al., 2018). Our
study reveals ATPIF1-mediated regulation of sevoflurane-based
toxicity in microglia, which may provide mechanistic insights
into pathologically diverse neurological disorders.

Clinically, POD has been confirmed to accelerate cognitive
dysfunction and the onset of dementia (Vlisides and Avidan,
2019). Unfortunately, POD is not well understood, and there
is limited evidence supporting the efficacy of intraoperative
drugs such as DXM and MPSS, which are commonly used
in the clinic to ameliorate POD (Vlisides and Avidan, 2019).
As a result, whether there is a novel therapeutic strategy that
can be used to alleviate POD-associated behavioral responses
in order to protect the brain from excessive activation of
microglia should be taken into consideration. In our study, we
further demonstrated in animal experiments that the learning
and memory impairments and the anxiety behaviors caused by

sevoflurane treatment in mice can be significantly ameliorated
by intraperitoneal injection of a relatively low concentration of
ATP. In short, supplementation with ATP in vivo may attenuate
POD-associated cognitive disorder and other behavioral changes.

In summary, the present study, which targeted the clinical
issue of sevoflurane-induced POD, revealed that ATPIF1
acts as a negative regulator to induce the neurotoxicity of
sevoflurane on microglia, further improving POD-associated
behavioral responses. Additionally, we found that exogenous
supplementation with ATP is beneficial for relieving pathological
changes related to POD. These findings, which collectively
indicate that ATPIF1 plays a novel role in the regulation of
the inflammatory response and apoptosis of microglia caused
by sevoflurane, suggest that therapeutic approaches designed
to appropriately supplement ATP might be attractive POD
prevention and treatment strategies.
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Kahancová, A., Sklenář, F., Ježek, P., and Dlasková, A. (2020). Overexpression of
native IF1 downregulates glucose-stimulated insulin secretion by pancreatic
INS-1E cells. Sci. Rep. 10:1551. doi: 10.1038/s41598-020-58411-x

Kawano, T., Yamanaka, D., Aoyama, B., Tateiwa, H., Shigematsu-Locatelli, M.,
Nishigaki, A., et al. (2018). Involvement of acute neuroinflammation in
postoperative delirium-like cognitive deficits in rats. J. Anesthesia 32, 506–517.
doi: 10.1007/s00540-018-2504-x

Kinjo, S., Lim, E., Magsaysay, M. V., Sands, L. P., and Leung, J. M. (2019). Volatile
anaesthetics and postoperative delirium in older surgical patients-A secondary
analysis of prospective cohort studies. Acta Anaesthesiol. Scand. 63, 18–26.
doi: 10.1111/aas.13227

Li, Y., Zhang, L., Wang, C., Tang, X., Chen, Y., Wang, X., et al. (2019). Sevoflurane-
induced learning deficits and spine loss via nectin-1/corticotrophin-releasing
hormone receptor type 1 signaling. Brain Res. 1710, 188–198. doi: 10.1016/j.
brainres.2018.12.010

Oh, S. T., and Park, J. Y. (2019). Postoperative delirium. Korean J. Anesthesiol. 72,
4–12. doi: 10.4097/kja.d.18.00073.1

Pac-Soo, C., Lloyd, D. G., Vizcaychipi, M. P., and Ma, D. (2011). Statins: the role in
the treatment and prevention of Alzheimer’s neurodegeneration. J. Alzheimers
Dis. 27, 1–10. doi: 10.3233/jad-2011-110524

Pankaj, A., Oraka, K., Caraballo-Rivera, E. J., Ahmad, M., Zahid, S., Munir, S.,
et al. (2020). Recreational cannabis use and risk of prescription opioid overdose:
insights from pediatric inpatients. Cureus 12:e11058. doi: 10.7759/cureus.11058

Paretkar, T., and Dimitrov, E. (2018). The central amygdala corticotropin-
releasing hormone (CRH) neurons modulation of anxiety-like behavior and
hippocampus-dependent memory in mice. Neuroscience 390, 187–197. doi:
10.1016/j.neuroscience.2018.08.019

Peng, M., Wang, Y. L., Wang, C. Y., and Chen, C. (2013). Dexmedetomidine
attenuates lipopolysaccharide-induced proinflammatory response in primary
microglia. J. Surg. Res. 179, e219–e225. doi: 10.1016/j.jss.2012.05.047

Peng, M., Zhang, C., Dong, Y., Zhang, Y., Nakazawa, H., Kaneki, M., et al. (2016).
Battery of behavioral tests in mice to study postoperative delirium. Sci. Rep.
6:29874. doi: 10.1038/srep29874

Pocock, J. M., and Liddle, A. C. (2001). Microglial signalling cascades in
neurodegenerative disease. Prog. Brain Res. 132, 555–565. doi: 10.1016/s0079-
6123(01)32103-9

Qiao, Y., Feng, H., Zhao, T., Yan, H., Zhang, H., and Zhao, X. (2015).
Postoperative cognitive dysfunction after inhalational anesthesia in elderly
patients undergoing major surgery: the influence of anesthetic technique,
cerebral injury and systemic inflammation. BMC Anesthesiol. 15:154. doi: 10.
1186/s12871-015-0130-9

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 December 2021 | Volume 15 | Article 770666

https://doi.org/10.1186/s13063-015-0987-4
https://doi.org/10.1016/j.ebiom.2018.10.021
https://doi.org/10.1016/j.ebiom.2018.10.021
https://doi.org/10.1016/j.neurobiolaging.2007.02.009
https://doi.org/10.1016/j.neurobiolaging.2007.02.009
https://doi.org/10.1042/bst0351127
https://doi.org/10.1042/bst0351127
https://doi.org/10.1038/onc.2014.96
https://doi.org/10.1038/s41419-020-2626-6
https://doi.org/10.1038/s41419-020-2626-6
https://doi.org/10.1016/j.cmet.2008.06.001
https://doi.org/10.1016/j.cmet.2008.06.001
https://doi.org/10.3389/fcell.2020.00200
https://doi.org/10.3389/fcell.2020.00200
https://doi.org/10.1016/j.celrep.2014.02.046
https://doi.org/10.1016/j.celrep.2014.02.046
https://doi.org/10.1074/jbc.M707442200
https://doi.org/10.1074/jbc.M707442200
https://doi.org/10.1007/s12192-014-0552-1
https://doi.org/10.1097/aln.0000000000000951
https://doi.org/10.1097/aln.0000000000000951
https://doi.org/10.3892/ijmm.2018.3895
https://doi.org/10.1001/jama.2010.167
https://doi.org/10.1213/ane.0000000000003514
https://doi.org/10.1213/ane.0000000000003514
https://doi.org/10.1016/j.celrep.2017.01.070
https://doi.org/10.1016/j.celrep.2017.01.070
https://doi.org/10.1172/jci.insight.91229
https://doi.org/10.1212/WNL.0b013e3181a4129a
https://doi.org/10.1212/WNL.0b013e3181a4129a
https://doi.org/10.1111/ajco.13301
https://doi.org/10.3233/rnn-201022
https://doi.org/10.3233/rnn-201022
https://doi.org/10.1016/j.cell.2010.02.016
https://doi.org/10.1038/nature11356
https://doi.org/10.1038/nature11356
https://doi.org/10.1002/glia.22517
https://doi.org/10.1002/glia.22517
https://doi.org/10.1016/j.expneurol.2018.07.009
https://doi.org/10.1002/1873-3468.12991
https://doi.org/10.1038/s41598-020-58411-x
https://doi.org/10.1007/s00540-018-2504-x
https://doi.org/10.1111/aas.13227
https://doi.org/10.1016/j.brainres.2018.12.010
https://doi.org/10.1016/j.brainres.2018.12.010
https://doi.org/10.4097/kja.d.18.00073.1
https://doi.org/10.3233/jad-2011-110524
https://doi.org/10.7759/cureus.11058
https://doi.org/10.1016/j.neuroscience.2018.08.019
https://doi.org/10.1016/j.neuroscience.2018.08.019
https://doi.org/10.1016/j.jss.2012.05.047
https://doi.org/10.1038/srep29874
https://doi.org/10.1016/s0079-6123(01)32103-9
https://doi.org/10.1016/s0079-6123(01)32103-9
https://doi.org/10.1186/s12871-015-0130-9
https://doi.org/10.1186/s12871-015-0130-9
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-15-770666 May 18, 2022 Time: 17:40 # 13

Xu et al. ATPIF1 Mediates Sevoflurane Neurotoxicity

Ren, A., Zhang, N., Zhu, H., Zhou, K., Cao, Y., and Liu, J. (2021). Effects of
preoperative anxiety on postoperative delirium in elderly patients undergoing
elective orthopedic surgery: a prospective observational cohort study. Clin.
Intervent. Aging 16, 549–557. doi: 10.2147/CIA.S300639

Ren, Q., Peng, M., Dong, Y., Zhang, Y., Chen, M., Yin, N., et al. (2015). Surgery
plus anesthesia induces loss of attention in mice. Front. Cell. Neurosci. 9:346.
doi: 10.3389/fncel.2015.00346

Riker, R. R., Shehabi, Y., Bokesch, P. M., Ceraso, D., Wisemandle, W., Koura,
F., et al. (2009). Dexmedetomidine vs midazolam for sedation of critically ill
patients: a randomized trial. JAMA 301, 489–499. doi: 10.1001/jama.2009.56

Rivera, A., Vanzulli, I., and Butt, A. M. (2016). A central role for ATP signalling in
glial interactions in the CNS. Curr. Drug Targets 17, 1829–1833. doi: 10.2174/
1389450117666160711154529

Schmitt, E. M., Marcantonio, E. R., Alsop, D. C., Jones, R. N., Rogers, S. O. Jr., Fong,
T. G., et al. (2012). Novel risk markers and long-term outcomes of delirium:
the successful aging after elective surgery (SAGES) study design and methods.
J. Am. Med. Dir. Assoc. 13, e1–e10. doi: 10.1016/j.jamda.2012.08.004

Sieber, F. E., Neufeld, K. J., Gottschalk, A., Bigelow, G. E., Oh, E. S., Rosenberg,
P. B., et al. (2018). Effect of depth of sedation in older patients undergoing hip
fracture repair on postoperative delirium: the STRIDE randomized clinical trial.
JAMA Surg. 153, 987–995. doi: 10.1001/jamasurg.2018.2602

Smith, P. J., Attix, D. K., Weldon, B. C., and Monk, T. G. (2016). Depressive
symptoms and risk of postoperative delirium. Am. J. Geriatr. Psychiatry 24,
232–238. doi: 10.1016/j.jagp.2015.12.004

Stadnicka, A., and Bosnjak, Z. J. (2003). Isoflurane decreases ATP sensitivity of
guinea pig cardiac sarcolemmal KATP channel at reduced intracellular pH.
Anesthesiology 98, 396–403. doi: 10.1097/00000542-200302000-00020

Swerdlow, R. H., Parks, J. K., Pattee, G., and Parker, W. D. Jr (2000). Role of
mitochondria in amyotrophic lateral sclerosis. Amyotrop. Lateral Sclerosis Other
Motor Neuron Disord. 1, 185–190. doi: 10.1080/14660820050515179

Tagarakis, G. I., Tsolaki-Tagaraki, F., Tsolaki, M., Diegeler, A., Tsilimingas, N. B.,
and Papassotiropoulos, A. (2007). The role of apolipoprotein E in cognitive
decline and delirium after bypass heart operations. Am. J. Alzheimers Dis. Other
Demen. 22, 223–228. doi: 10.1177/1533317507299415

Thored, P., Heldmann, U., Gomes-Leal, W., Gisler, R., Darsalia, V., Taneera, J., et al.
(2009). Long-term accumulation of microglia with proneurogenic phenotype
concomitant with persistent neurogenesis in adult subventricular zone after
stroke. Glia 57, 835–849. doi: 10.1002/glia.20810

Vaurio, L. E., Sands, L. P., Wang, Y., Mullen, E. A., and Leung, J. M.
(2006). Postoperative delirium: the importance of pain and pain management.
Anesthesia Analgesia 102, 1267–1273. doi: 10.1213/01.ane.0000199156.59226.af

Vlisides, P., and Avidan, M. (2019). Recent advances in preventing and managing
postoperative delirium. F1000Res. 8:F1000FacultyRev–607. doi: 10.12688/
f1000research.16780.1

Vlisides, P., and Xie, Z. (2012). Neurotoxicity of general anesthetics: an update.
Curr. Pharm. Des. 18, 6232–6240. doi: 10.2174/138161212803832344

Wacker, P., Nunes, P. V., Cabrita, H., and Forlenza, O. V. (2006). Post-operative
delirium is associated with poor cognitive outcome and dementia. Dement.
Geriatr. Cogn. Disord.<refvol>21, 221–227. doi: 10.1159/000091022

Wang, F., Li, C., Shao, J., and Ma, J. (2021). Sevoflurane induces inflammation
of microglia in hippocampus of neonatal rats by inhibiting Wnt/β-
Catenin/CaMKIV pathway. J. Pharmacol. Sci. 146, 105–115. doi: 10.1016/j.jphs.
2021.02.004

Wang, H., Xu, Z., Wu, A., Dong, Y., Zhang, Y., Yue, Y., et al. (2015). 2-deoxy-D-
glucose enhances anesthetic effects in mice. Anesthesia Analgesia 120, 312–319.
doi: 10.1213/ANE.0000000000000520

Wang, Z., Meng, S., Cao, L., Chen, Y., Zuo, Z., and Peng, S. (2018). Critical role
of NLRP3-caspase-1 pathway in age-dependent isoflurane-induced microglial
inflammatory response and cognitive impairment. J. Neuroinflamm. 15:109.
doi: 10.1186/s12974-018-1137-1

Whitlock, E. L., Vannucci, A., and Avidan, M. S. (2011). Postoperative delirium.
Minerva Anestesiol. 77, 448–456.

Yang, S., Gu, C., Mandeville, E. T., Dong, Y., Esposito, E., Zhang, Y., et al. (2017).
Anesthesia and Surgery Impair Blood-Brain Barrier and Cognitive Function in
Mice. Front. Immunol. 8:902. doi: 10.3389/fimmu.2017.00902

Yin, J., Li, H., Feng, C., and Zuo, Z. (2014). Inhibition of brain ischemia-caused
notch activation in microglia may contribute to isoflurane postconditioning-
induced neuroprotection in male rats. CNS Neurol. Disord. Drug Targets 13,
718–732. doi: 10.2174/1871527313666140618110837

Yu, X., Zhang, F., and Shi, J. (2019). Effect of sevoflurane treatment on microglia
activation, NF-kB and MAPK activities. Immunobiology 224, 638–644. doi:
10.1016/j.imbio.2019.07.004

Zhang, X., Zeng, L., Yu, T., Xu, Y., Pu, S., Du, D., et al. (2014). Positive feedback
loop of autocrine BDNF from microglia causes prolonged microglia activation.
Cell. Physiol. Biochem. 34, 715–723. doi: 10.1159/000363036

Zhao, J., Bi, W., Xiao, S., Lan, X., Cheng, X., Zhang, J., et al. (2019).
Neuroinflammation induced by lipopolysaccharide causes cognitive
impairment in mice. Sci. Rep. 9:5790. doi: 10.1038/s41598-019-42286-8

Zhu, X., Yao, Y., Guo, M., Li, J., Yang, P., Xu, H., et al. (2021). Sevoflurane increases
intracellular calcium to induce mitochondrial injury and neuroapoptosis.
Toxicol. Lett. 336, 11–20. doi: 10.1016/j.toxlet.2020.11.002

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Xu, Gao, Sun, Liu and Li. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 December 2021 | Volume 15 | Article 770666

https://doi.org/10.2147/CIA.S300639
https://doi.org/10.3389/fncel.2015.00346
https://doi.org/10.1001/jama.2009.56
https://doi.org/10.2174/1389450117666160711154529
https://doi.org/10.2174/1389450117666160711154529
https://doi.org/10.1016/j.jamda.2012.08.004
https://doi.org/10.1001/jamasurg.2018.2602
https://doi.org/10.1016/j.jagp.2015.12.004
https://doi.org/10.1097/00000542-200302000-00020
https://doi.org/10.1080/14660820050515179
https://doi.org/10.1177/1533317507299415
https://doi.org/10.1002/glia.20810
https://doi.org/10.1213/01.ane.0000199156.59226.af
https://doi.org/10.12688/f1000research.16780.1
https://doi.org/10.12688/f1000research.16780.1
https://doi.org/10.2174/138161212803832344
https://doi.org/10.1159/000091022
https://doi.org/10.1016/j.jphs.2021.02.004
https://doi.org/10.1016/j.jphs.2021.02.004
https://doi.org/10.1213/ANE.0000000000000520
https://doi.org/10.1186/s12974-018-1137-1
https://doi.org/10.3389/fimmu.2017.00902
https://doi.org/10.2174/1871527313666140618110837
https://doi.org/10.1016/j.imbio.2019.07.004
https://doi.org/10.1016/j.imbio.2019.07.004
https://doi.org/10.1159/000363036
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.1016/j.toxlet.2020.11.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	ATPase Inhibitory Factor 1 Is Critical for Regulating Sevoflurane-Induced Microglial Inflammatory Responses and Caspase-3 Activation
	Introduction
	Materials and Methods
	Mice and Postoperative Delirium Model Establishment
	Isolation of Primary Microglia
	Immunofluorescence Staining
	Knockdown of Mouse ATPase Inhibitory Factor 1 in BV2 Cell
	Overexpression of ATPase Inhibitory Factor 1 in BV2 Cell
	Cell Treatment
	Western Blot
	Detection of the Level of Intracellular Adenosine Triphosphate
	Open Field Test
	Novel Object Recognition Test
	Y-Maze Test
	Statistical Analyses

	Results
	Sevoflurane Induces Inflammation and Caspase-3 Activation and Decreases the Adenosine Triphosphate Concentration in Microglia
	ATPase Inhibitory Factor 1 Mediates Sevoflurane-Induced Inflammation and Caspase-3 Activation
	Adenosine Triphosphate Supplementation Ameliorates ATPase Inhibitory Factor 1- or Sevoflurane-Induced Inflammation and Caspase-3 Activation
	Inflammation Regulates ATPase Inhibitory Factor 1 Expression
	Acute Adenosine Triphosphate Treatment Ameliorates the Anxious and Short-Term Memory Behaviors of the Postoperative Delirium Mouse Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


