
7101

Abstract. – OBJECTIVE: Postoperative cogni-
tive dysfunction (POCD) is a common complica-
tion after general anesthesia in the elderly peo-
ple. Dual-specificity phosphatase 14 (DUSP14, 
also known as MKP6) has been implicated in the 
pathogenesis of various inflammatory diseas-
es. However, the exact role and mechanism of 
DUSP14 in POCD remains unclear. 

MATERIALS AND METHODS: An isoflu-
rane exposure induced POCD aged rat mod-
el was successfully constructed. The patholog-
ical changes of hippocampal tissues of aged 
rats were detected by Nissl staining. Evaluation 
of learning and memory abilities in aged rats 
was measured using Morris water maze task 
test. The DUSP14 level was detected by immu-
nohistochemistry (IHC) assay, quantitative Re-
al Time-Polymerase Chain Reaction (qRT-PCR) 
and Western blot, respectively. Levels of brain 
injury markers [S-100β and neuron specific eno-
lase (NSE)] and inflammatory cytokines [inter-
leukin (IL)-1β (tumor necrosis factor (TNF)-α and 
IL-6] were detected using Enzyme Linked Immu-
nosorbent Assay (ELISA) or qRT-PCR. The apop-
tosis of hippocampal nerve cells was assessed 
by Terminal deoxynucleotidyl transferase-me-
diated dUTP nick-end labeling (TUNEL) assay. 
Western blot assay was used to measure the ex-
pression of proteins related to apoptosis, pyro-
ptosis and NOD-like receptor family pyrin do-
main-containing 3 (NLRP3)-Caspase-1 pathway.

RESULTS: Isoflurane exposure led to brain in-
jury, inflammatory response, cognitive dysfunc-
tion in aged rats and decreased the expression 
of DUSP14. Overexpression of DUSP14 could in-
hibit apoptosis, inflammation, pyroptosis, brain 
tissue damage, and improve cognitive dysfunc-
tion of aged rats after isoflurane anesthesia. Fur-
ther mechanism studies revealed that DUSP14 
may play a neuroprotective effect on POCD by 

regulating NLRP3 inflammasome-mediated py-
roptosis.

CONCLUSIONS: DUSP14 may effectively pro-
tect against isoflurane-induced neuro-inflamma-
tion, brain damage and cognitive dysfunction, 
indicating that DUSP14 may be a potential pre-
dictor and therapeutic target for POCD.

Key Words:
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mation, Pyroptosis, NLRP3.

Introduction 

Due to the aggravation of population aging, 
many elderly patients need surgery, with increas-
ing high incidence of complications, which is a 
great challenge for anesthesiologists, among which 
postoperative cognitive dysfunction (POCD) is 
the most intractable and urgent problem1,2. POCD 
is a reversible neurodegenerative disease caused 
by anesthetic drugs,  and mainly manifested as 
cognitive dysfunction, blunted memory, atten-
tion, movement and intellectual responses com-
bining with decline of learning ability3,4. 

Isoflurane is a kind of halocarbon inhalation 
anesthetic firstly discovered in the 1970s that has 
the characteristics including fast induction of an-
esthesia, no stimulation and rapid recovery5. In 
recent years, the neurotoxicity effect of isoflurane 
on nervous system has attracted wide attention6. 
Wu et al7 have shown that isoflurane can induce 
histopathological lesion changes in neurodevel-
opmental sensitivity and induce inflammatory 
responses and apoptosis of hippocampal cells. To 
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explore the pathogenesis and effective drug ther-
apies for POCD induced by isoflurane-anesthesia 
in elderly patients are of great necessity.

Peng et al8 have suggested that the enhance-
ment of inflammatory response, especially in 
the central nervous system, can be used as a 
predictor of occurrence of POCD. The use of 
anesthetics alone or in combination with sur-
gery can trigger the inflammatory response of 
body and increase the levels of inflammatory 
factors and cytokines in central nervous sys-
tem9. In particular, the increased level of in-
flammation in the hippocampus is closely relat-
ed to the occurrence of POCD10-13. Pyroptosis 
is a new inflammatory form of programmed 
cell death, which has recently been identified as 
NOD-like receptor family pyrin domain-con-
taining 3 inflammasome-dependent and can be 
triggered by both typical (caspase-1 mediated) 
and atypical (caspase-11 mediated) inflam-
masome signaling pathways14-18. Cell pyroptosis 
is involved in the pathogenesis of many diseas-
es, including POCD19,20. As inflammation and 
pyroptosis serve vital roles in the neurotoxicity 
and cognitive deficits mediated by general an-
esthesia, it is of great theoretical and applied 
value to reveal the mechanism of this process 
to provide a new approach for the treatment of 
POCD.

Dual-specific phosphatases (DUSPs) are key 
regulators of immune regulation, T-cell develop-
ment and tumor-genesis. DUSP14, also known as 
MKP6, is an atypical member of the DUSP family 
that contains a common C-terminal catalytic do-
main but lacks the N-terminal CH2 domain21,22. 
DUSP14 dephosphorylates mitogen-activated 
protein kinases (MAPKs), including ERK1/2, 
P38, and c-Jun N-terminal kinases (JNK), which 
modulate various cellular responses, such as dif-
ferentiation, stress response, proliferation, and 
immune defense23-26. Lin et al27 have shown that 
inhibition of DUSP14 accelerates cardiac isch-
emia reperfusion (IR) injury by activating ROS 
production and regulating nuclear factor-kappaB 
(NF-κB) and MAPKs signaling pathways. Jian-
rong et al28 have shown that DUSP14 attenuates 
cerebral ischemia-reperfusion injury by acti-
vating Nrf2 to reduce inflammation and apop-
tosis. However, no literature study considered 
the role and mechanism of DUSP14 in POCD. 
In this study, we aimed to investigate the effect 
of DUSP14 on isoflurane anesthesia-induced 
cognitive dysfunction and reveal the underlying 
mechanism.

Materials and Methods

Animals 
Sprague-Dawley rats were purchased from 

Guizhou Provincial People’s Hospital (Guizhou, 
Guangxi, China). Rats were raised in laboratory 
conditions for at least a week. The experimental 
procedures and animals’ welfare were approved 
by the Ethics Committee of Guizhou Provincial 
People’s Hospital and were carried out in accor-
dance with the NIH Guidelines for Care and Use 
of the Laboratory Animals.

Anesthesia Procedure and Experimental 
Design

After starvation for 12 hours, the rats were 
administrated with isoflurane or control expo-
sure. Rats were put into a temperature-controlled 
sealed anesthesia chamber, which is connected to 
an anesthesia machine (EZ-SA800 Single Animal 
System, EZ Anesthesia, Palmer, PA) and the ex-
haust gas absorption device. Isoflurane anesthesia 
group (Iso group) was administered with 1.5% 
isoflurane (Flow 1 L/min) in a gas mixture of 
30% oxygen and 70% nitrogen for 6 h. The con-
trol group (Ctrl group) animals were handled as 
Iso-treated group with regular air inhalation with-
out isoflurane (Flow 1 L/min). Experiment 1, the 
rats were randomly divided into 2 groups (n=10 in 
each group): (i) control (Ctrl), (ii) isoflurane (Iso). 
Experiment 2, the rats were randomly allocated to 
four groups (n=10 in each group): (i) Ctrl, (ii) Iso, 
(iii) Iso +AAV9-NC, (iv) Iso +AAV9-DUSP14. 
For DUSP14 expression, rats were then intracere-
brally injected with AAV9 vectors carrying either 
the DUSP14 or green fluorescent protein (GFP) 
gene (Hanbio Biotechnology Co., Shanghai, Chi-
na). After transfection for 5 days, the following 
experiments were performed. 

Immunohistochemistry (IHC) Assay
DUSP14 positive cells were detected using 

IHC. Hippocampal tissues were harvested, post-
fixed with 4% paraformaldehyde, embedded with 
paraffin, and cut into 3.5 um-thick sections. A 
primary antibody against DUSP14 (1:1000 dilu-
tion, ab110938; Abcam, Cambridge, MA, USA) 
was incubated overnight at 4°C and followed by 
incubation with a biotinylated HRP-conjugated 
secondary antibody (1:1000 dilution, ab6721, Ab-
cam, Cambridge, UK) for 40 mins. Thereafter, 
the sections were colored with diaminobenzidine 
(DAB; Abcam, Cambridge, UK) and counter-
stained with hematoxylin.
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Morris Water Maze Task
The Morris water maze task was performed as 

previously described23,24. The maze consisted of a 
water tank (diameter: 200 cm; height: 60 cm) that 
was filled with water. The maze is divided into 
four quadrants, one of which has a hidden plat-
form with a diameter of 10 cm at a distance of 1 
cm below the water surface. Place navigation test 
was conducted for 5 days, the test was performed 
for 2 hours each day. We placed the rat platform 
in the center of any quadrant, let the rats enter 
the water from any of the other three quadrants 
facing the wall of the pool. We observed and re-
corded the time when the rat found and climbed 
the platform as the escape latency time. If the 
platform is not found within 60 seconds, the rat is 
guided to the platform for 20 seconds, and the es-
cape latency time is recorded as 60 seconds. The 
spatial probe test was performed on the second 
day after the place navigation test was completed. 
The rats were dropped into the water twice from 
the other side of the original target quadrant and 
allowed to explore for 120 seconds freely. Record 
the number of times the mouse crossed the hidden 
platform and the trajectory by a video tracking 
system (EthoVision XT 11, Noldus, Wageningen, 
The Netherlands). 

Nissl Staining
Hippocampal tissues were acquired, fixed with 

4% paraformaldehyde, embedded in paraffin and 
subjected to Nissl staining as previously report-
ed29. The sections were dehydrated in ethanol 
gradually (70%, 85%, 95%, and 100%) and were 
stained with 0.5% cresyl violet (Sigma-Aldrich, 
St. Louis, MO, USA) to evaluate the hippocampal 
neuronal damage. Finally, the Nissl staining was 
visualized using a microscope (Olympus Corpo-
ration, Tokyo, Japan).

Enzyme Linked Immunosorbent Assay 
(ELISA) 

The concentrations of S-100β, neuron specific 
enolase (NSE), interleukin (IL)-1, tumor necrosis 
factor (TNF)-α and IL-6 in rat brain tissues su-
pernatants were determined via ELISA assay kits 
(Abcam, Cambridge, MA, USA).

Real Time-PCR
The hippocampus tissues of rats were extract-

ed using TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA) to obtain total RNA, and reverse-tran-
scribed to synthesize cDNA by PrimeScript RT 
reagent kit (TakaRa Bio, Inc., Otsu, Shiga, Japan). 

The quantitative Real-Time Reverse Transcrip-
tase-PCR was performed on ABI PRISMR 7300 
Sequence Detection System (Applied Biosyste-
ms, Foster City, CA, USA) using SYBR Green 
PCR kit. The primer sequences were as follows: 
DUSP14, 5′- ATGGCTCCTCGGATGATTTC-3′ 
(forward primer)  and 5′-CATTGACGACG-
CAGGTGATG-3′ (reverse primer), IL-1β for-
ward: 5′-AGTGCTGACAATCTGTATGTACC-3′: 
reverse: 5′-ACTAGGCTTTGCTCTTCTCT-
TAC-3′; TNF-α , forward: 5′-GCTCCCTCT-
CATCAGTTCCA-3′; reverse: 5′-CTCCTCT-
GCTTGGTGGTTTG-3′; IL-6, forward: 
5′-TCTCCACAAGCGCCTTGG -3′; reverse: 
5′-CTCAGGGCTGAGATGCCC-3′; GAPDH for-
ward: 5′-AACGGATTTGGTCG TATTGGG-3′; 
reverse: 5′-TCGCTCCTGGAAGATGGTGAT-3′.

Western Blot
The hippocampus tissues of rats were lysed 

with lysis buffer containing protease inhibi-
tor cocktail (Selleck Chemicals, Houston, TX, 
USA). After quantification using the Bicin-
choninic acid (BCA) reagent (Thermo Fisher 
Scientific, Waltham, MA, USA), equal amounts 
of protein were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels and transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore Co., 
Billerica, MA, USA). Subsequently, the mem-
branes were blocked with 5% nonfat milk and 
incubated with primary antibodies against 
DUSP14 (ab134265; Abcam, Cambridge, UK), 
Bcl-2 (ab32124, Abcam, Cambridge, UK), Bax 
(ab32503, Abcam, Cambridge, UK), Cleaved 
caspase-3 (ab52071, Abcam, Cambridge, UK), 
NLRP3 (ab214185, Abcam, Cambridge, UK), 
apoptosis-associated speck-like protein (ASC) 
(ab211204, Abcam, Cambridge, UK), Cleaved 
caspase-1 (Caspase-1 p20) (ab207802, Abcam, 
Cambridge, UK), IL-1β (ab150777, Abcam), 
IL-18 (ab71495, Abcam), gasdermin D (GSD-
MD)-NT (ab209845, Abcam, Cambridge, UK) 
and β-actin (ab69512, Abcam, Cambridge, UK) 
at a dilution of 1:1000 overnight at 4°C. Then, 
the membranes were exposed to horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit 
or mouse IgG (1:2000 or 1:5000, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA). The 
band signals were detected with enhanced che-
miluminescence (ECL) detection system and 
normalized to the β-actin expression level. The 
band intensities were analyzed with the Image 
J analysis system.
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Terminal Deoxynucleotidyl Transferase-
Mediated dUTP Nick-End Labeling 
(TUNEL) Assay 

TUNEL staining was performed to detect the 
apoptosis of hippocampus tissues using TUNEL 
Detection Kit (Beyotime, Shanghai, China). Sec-
tions were added with 20 mg/L protease K in 10 
mM Tris HCl (pH 7.5) for 15 min at room tem-
perature, and incubated in 50 μl TUNEL solution 
for 60 min at 37°C. After incubation with fluo-
rescein antibody labeled with horseradish peroxi-
dase (HRP) for 60 min at 37°C, the sections were 
incubated with diaminobenzidine (DAB, 3,3-di-
aminobenzidine, Beyotime, Shanghai, China) for 
5-10 min and counterstained with hematoxylin, 
hydrated and sealed with neutral balsam. The 
numbers of TUNEL-positive cells were observed 
and captured under a light microscope (Olympus 
Corp., Tokyo, Japan) with 200 × magnification in 
five sections per animal.

Statistical Analysis
All values were expressed as mean±standard 

deviation (SD). Statistical analysis was ana-
lyzed using by SPSS 21.0 software (IBM Corp. 
Armonk, NY, USA). Comparisons between two 
groups were analyzed Student’s t-test and com-
parisons among multiple groups were analyzed 
using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post-hoc test. Differences were 
considered as statistically significant if the p-val-
ue was less than 0.05 (p<0.05).

Results

Isoflurane Anesthesia Induced Brain 
Injury and Cognitive Dysfunction in 
Aged Rats 

Nissl staining was used to evaluate the loss of 
hippocampal neurons, and rats in the Iso group 
had significantly fewer neurons than those in the 

Figure 1. Isoflurane anesthesia induced brain injury and cognitive dysfunction in aged rats. A, Nissl staining was performed 
to observe the neuron loss of hippocampal neurons in aged rats (200x magnification, bar = 100 μm). B, ELISA was performed 
to detect the expression levels of S-100β and NSE. C, Morris water maze test was used to measure the latency time, the number 
of platform crossing, the percentage of time spent and the distance covered in the target quadrant; **p<0.01, ***p<0.001 vs. 
the Ctrl group.
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control group (Figure 1A). ELISA assay indicated 
that the serum S-100β and NSE levels in the Iso 
group were remarkably elevated compared to the 
Ctrl group (Figure 1B). The representative results 
in Morris water maze tests were shown in Figure 
1C. The escape latency time was longer in the Iso 
group than in the Ctrl group. However, the number 
of platform crossing, the percentage of time spent, 
and the distance covered in the target quadrant 
were decreased in the Iso group compared with the 
Ctrl group. These data indicated that brain injury 
and cognitive dysfunction in Iso group.

DUSP14 Expression Was Downregulated 
in Isoflurane Anesthesia-Induced Aged 
Rats

The expression of DUSP14 in hippocampus tis-
sues from mice in the Iso group was detected us-
ing IHC, qRT-PCR and Western blot. The results 
revealed that the mRNA and protein expression of 

DUSP14 was significantly decreased in Iso group 
compared with Ctrl group (Figure 2A-C).

Overexpression of DUSP14 Attenuated 
Isoflurane-Induced Neuronal Apoptosis 
in Aged Rats

To investigate the effect of DUSP14 on iso-
f lurane anesthesia-induced neuronal apopto-
sis, DUSP14 was successfully overexpressed 
in isof lurane anesthesia-induced aged rats, 
which was verified by qRT-PCR and West-
ern blot (Figure 3A-B). TUNEL assay results 
demonstrated that the amount of apoptotic 
cells in the rat hippocampus were significantly 
increased by isof lurane exposure, whereas the 
overexpression of DUSP14 suppressed its pro-
motive effects on cell apoptosis of aged rats 
(Figure 3C). The Western blot assay showed 
that Bcl-2 level was significantly decreased, 
but Bax and Cleaved caspase-3 levels were 

Figure 2. DUSP14 expression was down-regulated in isoflurane anesthesia-induced aged rats. (A) Immunohistochemistry 
(200x magnification, bar = 100 μm). (B)  qRT-PCR and (C) Western blot were used to determine the levels of DUSP14 in the 
hippocampi from rats. ***p<0.001 vs. the Ctrl group.
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significantly increased by isof lurane expo-
sure, whereas upregulation of DUSP14 re-
versed the above effects (Figure 3D). These re-

sults indicated that overexpression of DUSP14 
suppressed isof lurane-induced cell apoptosis 
in aged rats.

Figure 3. Overexpression of CTRP3 attenuated sevoflurane-induced neuronal apoptosis in aged rats. qRT-PCR (A) and West-
ern blot (B) were used to determine the levels of DUSP14. C, Apoptosis-positive cells were measured by Tunel assays (200x 
magnification, bar = 100 μm). D, Representative western blot bands and quantitative evaluation of Bax, Bcl-2 and Cleaved 
caspase-3. ***p<0.001 vs. the Ctrl group; ###p<0.001 vs. the Iso + NC group.
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Overexpression of DUSP14 Reduced 
Isoflurane Anesthesia-Induced Neuronal 
Inflammation in Aged Rats

The effects of DUSP14 on isoflurane anes-
thesia-induced neuronal inflammatory response 
were determined in aged rats by ELISA and 
qRT-PCR analysis (Figure 4A-B). The results 
implied that isoflurane increased the levels of IL-
1β, TNF-α and IL-6, whereas the overexpression 
of DUSP14 reduced the levels of IL-1β, TNF-α 
and IL-6. These findings illustrated that DUSP14 
reduced isoflurane anesthesia-induced neuronal 
inflammation in aged rats.

DUSP14 Improved Cognitive Impairment 
in Isoflurane Anesthesia-Induced 
Aged Rats 

We explored whether overexpression of 
DUSP14 could alleviate the cognitive impairment 
in isoflurane anesthesia-induced aged rats. Nissl 
staining results (Figure 5A) revealed that rats in 
Iso group evidently displayed decreased number 
of neuronal cells compared to the Ctrl group, 
whereas the overexpression of DUSP14 weakened 
the above results caused by isoflurane treatment. 
ELISA assay (Figure 5B) exhibited that the over-
expression of DUSP14 inhibited isoflurane-in-
duced levels of S-100β and NSE in aged rats. 
The Morris water maze test (Figure 5C) showed 
that the overexpression of DUSP14 decreased the 

number of platform crossing, while enhanced the 
percentage of time spent and the distance covered 
in the target quadrant induced by isoflurane an-
esthesia in aged rats. These data indicated that 
DUSP14 improved cognitive dysfunction by pro-
moting learning and memory abilities in isoflu-
rane anesthesia-induced aged rats.

DUSP14 Inhibited the Activation of 
NLRP3 Inflammasome and Pyroptosis in 
Hippocampus from Isoflurane 
Anesthesia-Induced Aged Rats 

The NLRP3 inflammasome is an integral part 
of inflammatory process, which is highly ex-
pressed in various inflammatory diseases30. Iso-
flurane could induce NLRP3 inflammasome acti-
vation19 and inhibition of NLRP3 inflammasome 
ameliorated isoflurane-induced pyroptosis and 
cognitive impairment in the hippocampus from 
aged mice31. Hence, we analyzed whether the 
inflammasome activation caused by isoflurane 
could be inhibited by overexpression of DUSP14. 
These results suggested that the number of NL-
RP3-positive cells (Figure 6A) were increased 
after isoflurane exposure, whereas was reversed 
by overexpression of DUSP14. Consistently, the 
protein levels of NLRP3, cleaved caspase-1, IL-1β 
and IL-18 were upregulated by isoflurane treat-
ment, while the overexpression of DUSP14 par-
tially abolished the above changes. There were 

Figure 4. Overexpression of DUSP14 attenuated isoflurane-induced neuronal apoptosis in aged rats. A-B, ELISA and qRT-
PCR were performed to detect the expression levels of IL-1β, TNF-α and IL-6 in the hippocampi of rats. ***p<0.001 vs. the 
Ctrl group; ###p<0.001 vs. the Iso + NC group.
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Figure 5. DUSP14 improved cognitive impairment in isoflurane anesthesia-induced aged rats. A, Nissl staining was per-
formed to observe the neuron loss of hippocampal neurons in aged rats (200x magnification, bar = 100μm). B, ELISA was per-
formed to detect the expression levels of S-100β and NSE. C, Morris water maze test was used to measure the escape latency 
time, the number of platform crossing, the percentage of time spent and the distance covered in the target quadrant. ***p<0.001 
vs. the Ctrl group; ###p<0.001 vs. the Iso + NC group.
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no significant differences in the adaptor protein 
ASC among four groups (Figure 6B). These data 
indicated that DUSP14 successfully inhibited iso-
flurane anesthesia-induced activation of NLRP3 
inflammasome. NLRP3 inflammasome activation 
controls caspase-1 cleavage, leading to maturation 
of pro-inflammatory cytokines and mediating cell 
pyroptosis32. Active caspase-1 (typical inflam-

masome pathway) or caspase-11 (atypical inflam-
masome pathway) digest GSDMD into two frag-
ments (N-domain and C-domain). Furthermore, 
N-terminal lysate (GSDMD-NT) forms holes in 
the lipid membrane and induces cell pyroptosis 
through cell membrane destruction33. The results 
as illustrated in Figure 6B, isoflurane induced an 
increase in GSDMD-NT in the hippocampus of 

Figure 6. DUSP14 inhibited the activation of NLRP3 inflammasome and pyroptosis in hippocampus from isoflurane anesthe-
sia-induced aged rats. A, Immunohistochemistry was used to determine the levels of NLRP3 in the hippocampi of rats (200x 
magnification, bar = 100 μm). B, Representative western blot bands and quantitative evaluation of NLRP3, ASC, Cleaved 
caspase-3, IL-1β, IL-18 and GSDMD-NT. ***p<0.001 vs. the Ctrl group; ###p<0.001 vs. the Iso + NC group.
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aged rats, indicating that cell pyroptosis was ac-
tivated, and overexpression of DUSP14 reduced 
cell pyroptosis in the hippocampus of aged rats. 
These results demonstrated that the repressing 
NLRP3 inflammasome caused by overexpres-
sion of DUSP14 could decrease pyroptosis in the 
hippocampus from isoflurane anesthesia-induced 
aged rats.

Discussion 

Postoperative cognitive dysfunction (POCD) is 
a common complication after general anesthesia, 
and various bodily functions of elderly patients are 
degraded and their ability to tolerate surgical trau-
ma is also weakened. There is a high risk of cog-
nitive dysfunction after general anesthesia, which 
requires active prevention and treatment. Isoflu-
rane is a widely used inhaled anesthetic that has 
been reported to increase cognitive impairment in 
rodents, especially in the elderly people34,35. Rele-
vant studies36,37 indicated that isoflurane anesthe-
sia can induce nerve inflammation, hippocampal 
apoptosis, and cognitive dysfunction in rats. In 
the present study, the model of isoflurane-induced 
cognitive dysfunction in aged rats was established, 
and the protective effect of DUSP14 was observed. 
Our data found that the expression of DUSP14 was 
downregulated in isoflurane anesthesia-induced 
aged rats. Moreover, the overexpression of DUSP14 
can attenuate neuronal apoptosis, reduce inflam-
matory factors and improve cognitive impairment 
in isoflurane anesthesia-induced aged rats36,37. The 
underlying mechanism was at least partially veri-
fied by inhibiting the activation of NLRP3 inflam-
masome and pyroptosis.

DUSP14 belongs to a member of mitogen-acti-
vated protein kinase (MAPK) phosphatase fam-
ily, mainly act as key negative regulators and 
are expressed in different cell types and tissues; 
moreover, it and has negative regulatory effects on 
MAPK38,39. Lin et al27 found that DUSP14 knock-
down in primary cardiomyocytes could enhance 
hypoxia and reoxygenation-induced activation of 
nuclear factor-kappaB (NF-κB) and MAPKs sig-
naling pathways, and promote the production of 
reactive oxygen species. The role of DUSP14 in 
inflammatory biology is increasingly recognized. 
Recently, DUSP14 has been reported to relieve 
the inflammatory response in non-alcoholic fatty 
liver disease27, osteoporosis40, and reduce the in-
flammation of spinal cord injury41, liver42, heart27, 
and cerebral ischemia-reperfusion(I/R) injury28,43. 

However, the role of DUSP14 in regulating in-
flammatory response to isoflurane anesthesia is 
unclear. This is the first evidence demonstrating 
that DUSP14 can reduce the release of inflamma-
tory factors (IL-1β, TNF-α and IL-6) and improve 
brain damage in rats treated with isoflurane. 

In view of the fact that DUSP14 can significantly 
reduce inflammation and protect mice from brain 
I/R damage by elevating nuclear factor-erythroid 
2 related factor 2 (Nrf-2) signaling pathway28, it is 
still unclear whether NLRP3, as the downstream 
signal of Nrf-2, can also be regulated by DUSP14. 
NLRP3 inflammasome is one of the most studied 
inflammasomes, and its receptor protein is NOD-
like receptor protein 3. When the body is exposed 
to external stimuli, NLRP3 assembles with ASC 
and subsequently recruits the precursor form of 
caspase-1 (pro-Caspase-1) to form NLRP3 in-
flammasome, thereby inducing the self-cleaving 
and activation of caspase-132,44,45. Sustained and 
excessive inflammation plays an important role in 
the pathophysiological mechanism of isoflurane 
anesthesia-induced neurological dysfunction. The 
NLRP3 inflammasome-caspase-1 pathway has 
been implicated in isoflurane-induced pathological 
damage, and inhibiting the activation of NLRP3 
inflammasome can improve neuro-inflammation 
induced by isoflurane anesthesia19,20,46. Our present 
study indicated that isoflurane induced an induction 
in NLRP3 and cleavage of caspase-1, and secretion 
of IL-1β and IL-18 in the hippocampus from aged 
rats. Meaningfully, this is the first time showing 
that overexpression of DUSP14 inhibited the ele-
vation of these proteins, indicating that DUSP14 
may reduce inflammatory response via inhibiting 
NLRP3 inflammasome-caspase-1 pathway.

Pyroptosis is a new type of pro-inflammatory 
programmed cell death, and its classical pathway 
is dependent on the activation of Caspase-147. Ac-
tive caspase-1 can not only promotes the matura-
tion and secretion of a variety of pro-inflammato-
ry cytokines, including IL-1β and IL-18, but also 
amplifies the inflammatory response and produc-
es a cascade effect that eventually leads to cell 
pyroptosis48. Active Caspase-1 can also cleave off 
the suppressor C-terminal domain of GSDMD 
and liberate the pore-forming N-terminal domain 
of GSDMD, which further forms pores on lipid 
membranes to allow mature IL-1β and IL-18 to 
be secreted extracellularly and play a correspond-
ing role17. Currently, activated caspase-1 cleaving 
GSDMD substrates are considered to be the key 
execution link for pyroptosis17. Thus, our data also 
found that cleaved GSDMD was increased in the 



Neuroprotective effect of DUSP14 in isoflurane-anesthesia induced aged rats

7111

hippocampus of aged rats exposed to isoflurane, 
which demonstrating that pyroptosis is linked to 
isoflurane anesthesia-induced neuro-inflamma-
tion. Moreover, overexpression of DUSP14 was 
found to ameliorate the levels of cleaved GSDMD 
for the first time, which indicating that isoflurane 
treatment-induced pyroptosis was alleviated. 

In previous years, several reports20,46,49 have 
proved that the activation of the NLRP3 inflam-
masome and pyroptosis inside the brain are of 
significant importance in the pathogenesis of cog-
nitive impairment diseases, including POCD. Our 
findings provide a better understanding on how 
DUSP14 inhibits neuro-inflammation and cog-
nitive dysfunction and suggest that NLRP3 in-
flammasome and pyroptosis may be a therapeutic 
target for POCD. Damage (such as ischemia, hy-
poglycemia, inflammatory stimulation, and other 
stimulus effects) to the hippocampus is known to 
cause a decline in contextual and spatial memo-
ry50. Acute injury usually results in selective cell 
death of neurons in the hippocampus51. Therefore, 
in this study, we examined neuronal damage in 
the hippocampus, and found that rats in the Iso 
group exhibited a large number of damaged neu-
rons and displayed severe spatial learning and 
memory dysfunction and cognitive impairment 
than control group. However, overexpression of 
DUSP14 significantly reduced the cognitive im-
pairment caused by isoflurane anesthesia. In sum-
mary, the present study detected that DUSP14 
could inhibit NLRP3 inflammasome-dependent 
pyroptosis, which may be a key regulator of the 
potential mechanism of DUSP14 to reduce neuron 
injury and cognitive impairment in elderly rats.

Conclusions

This is the first evidence demonstrating that 
isoflurane could induce neuro-inflammation, py-
roptosis and cognitive dysfunction in aged rats. 
Overexpression of DUSP14 attenuated the neu-
ro-inflammation, pyroptosis and cognitive dys-
function in the hippocampus of aged rats after 
isoflurane exposure by suppressing the activa-
tion of NLRP3 inflammasome. These data imply 
that DUSP14 may be an upstream regulator of 
the NLRP3 inflammasome-caspase-1 pathway, 
which may serve as a potential treatment target 
and provide a deeper understanding on the patho-
genesis of POCD. Further studies are required to 
explore detailed signaling cascades involved in 
DUSP14 regulation of NLRP3 inflammasome.
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