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Abstract 

Purpose: To investigate the regulatory effects of heat shock factor 1 (HSF-1) in the progression of 
postoperative cognitive dysfunction (POCD). 
Methods: Isoflurane (ISO)-induced POCD model in rats was established to determine the role of HSF-1 
in POCD. Morris water maze test was used to evaluate the learning and memory abilities of the POCD 
rats while mRNA and protein levels of HSF-1 were determined by RNA extraction/quantitative real-time 
polymerase chain reaction (RT-qPCR) and western blot analysis, respectively. 
Results: The mRNA and protein levels of HSF-1 were significantly reduced in ISO model, but OE-HSF-
1 treatment significantly elevated HSF-1 level (p < 0.05). ISO treatment also significantly decreased 
escape latency but increased the decreased target quadrant of the rats, while HSF-1 upregulation 
reversed these effects (p < 0.05). Additionally, HSF-1 alleviated ISO-induced hippocampal injury, 
improved ISO-induced hippocampal inflammation, and inhibited ISO-induced hippocampal apoptosis. 
Furthermore, HSF-1 was modulated by POCD via TLR2/NF-κB pathway (p < 0.05). 
Conclusion: HSF-1 attenuates ISO-induced cognitive dysfunction by suppressing TLR2 expression. 
This activity provides a potential strategy to prevent POCD via HSF-1. 
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INTRODUCTION 
 

General anesthetics have been extensively 
applied during surgical procedures for centuries 
[1]. However, temporary loss of consciousness 
and reactivity in patients due to the application of 
general anesthetics might result in adverse 
effects [2]. Recently, some studies have 
indicated that anesthesia exposure after major 
surgery may be associated with cognitive 

dysfunction and may increase the risk of 
Alzheimer’s disease or dementia [3,4]. 
Postoperative cognitive dysfunction (POCD) is 
one of the complications after anesthesia in 
surgery [5]. Postoperative cognitive dysfunction 
is associated with a prolonged duration of 
hospitalization, a reduced quality of life, and an 
increased mortality rate [6]. Preventing POCD in 
patients is crucial. 
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© 2022 The authors. This work is licensed under the Creative Commons Attribution 4.0 International License 
 

 



Jia et al 

Trop J Pharm Res, September 2022; 21(9): 1830 

 

As an evolutionarily conserved stress response 
factor, heat shock factor (HSF) modulates the 
transcription of heat shock protein (HSP) and 
promotes chaperone activity to reduce proteolytic 
toxic stress in eukaryotic cells [7]. As an HSF 
family member, HSF-1 is a vital transcription 
factor involved in the mechanisms of various 
diseases. For example, HSF-1 regulates 
autophagy to inhibit the LPS-induced release of 
inflammatory cytokines. Alleviation of HSF-1 
decreases the development of atherosclerosis by 
increasing the levels of cholesterol 7α-
hydroxylase (CYP7A1) and multidrug transporter 
(MDR1) [8]. Heat shock factor-1 regulates the 
JAK2/STAT3 pathway and is implicated in the 
development of cardiac hypertrophy induced by 
ischemia [9]. Although numerous studies have 
validated the role of HSF-1 in different diseases, 
whether HSF-1 participates in the development 
of POCD is unclear. 
 
Hence, this study aimed to assess HSF-1 
function in the development of POCD. 
 

EXPERIMENTAL 
 
Rat models  
 
Twenty-four Sprague-Dawley aged 18 months 
were obtained from Vital-River Laboratory Animal 
Technology (Beijing, China) and kept with free 
access to water and food under a standard 
environment. The rats were divided into 4 groups 
with 6 rats in each group (control group, ISO 
group, ISO + vector group and ISO + OE-HSF-1 
group). The rats were kept in room air for both 
control and ISO groups, and an anesthetic 
chamber with ISO (2%; Sigma-Aldrich; Merck 
KGaA) and 100 % oxygen were used to treat 
each rat for 4 h. The brain tissues were collected 
from the sacrificed rats, and the hippocampi were 
dissected out for further use. The animal study 
was approved by the Ethics Committee of 
Affiliated Hospital of Yanbian University 
(approval no. 20211201S024) and conducted in 
accordance with the National Institutes of Health 
Laboratory Animal Care and Use Guidelines [10]. 
 
Enzyme-linked immunosorbent assay (ELISA) 
 
The concentrations of S-100β, neuron-specific 
enolase (NSE), interleukin (IL)-1β, tumor 
necrosis factor-α (TNF-α) and IL-6 were 
measured using respective ELISA Kits. The 
harvested hippocampal tissues were 
homogenized on ice in Tris-HCl buffer (20 mM) 
with protease inhibitors. After centrifuging for 10 
min at 10,000 g, the supernatant was subjected 
to ultracentrifugation for 2 h at 150,000 g. The 
concentrations of S-100β, NSE, IL-1β, TNF-α 

and IL-6 were evaluated using the Bradford 
protein assay. 
 
Morris water maze test  
 
The Morris water maze test was used to evaluate 
the number of times the rats crossed the 
platform, distance traveled in the quadrant, and 
escape latency time of rats, representing their 
learning and memory abilities. Warm water (23 
°C; 30 cm depth) was placed in an open-field 
circular pool, and a 10-cm-diameter, white, 
hidden platform was positioned 1.5 cm below the 
water surface. The pool was separated into 
isolated chambers by a black curtain. The 
motions of the rats were recorded using an 
automated video tracking system, and Morris 
water maze test software (DigBehv-MM, Jiliang) 
was applied for data analysis. The rats were 
trained on four trials of the navigation test daily, 
the escape latency to the hidden platform was 
recorded in the first five days, the hidden 
platform was removed, and the number of times 
the former location of the platform crossed on the 
sixth day was recorded. 
 
TUNEL staining  
 
The rat hippocampal tissues were fixed with 
neutral-buffered formalin (10%) and then 
embedded with paraffin. After dewaxing and 
rehydration, the tissues were antigen retrieved 
using sodium citrate buffer (10.2 mmol/L). 
TUNEL staining was performed using an in situ 
cell death detection kit (catalog number: 
11684817910; Roche) at 95 °C for 20 min. The 
number of brown nuclei (TUNEL-positive nuclei) 
was counted in 10 microscopic fields (400×) of 
each section. 
 
Immunofluorescence (IF) staining 
 
Following dehydration and embedment, the rat 
hippocampal tissues were sliced into sections 
using a microtome (Leica, Germany). After 
sealing with goat serum (10%; Solarbio, China) 
and Triton X-100 (0.3%; Solarbio, China) in PBS, 
the tissues were incubated with primary 
antibodies (anti-p65, ab32536; 1:100; Abcam, 
Shanghai, China) for 12 h at 4 °C. PBS was then 
applied to wash the tissues, followed by 
incubation with secondary antibodies (1:1000; 
Alexa Fluor® 594; goat anti-rabbit; Abcam) for 1 
h and with 4’,6-diamidino-2-phenylindole 
(Solarbio, China) for 5 min. A fluorescence 
microscope was used to observe the 
fluorescence, and Image-Pro Plus software was 
applied to analyze the results. 
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RNA extraction and quantitative real-time 
polymerase chain reaction (qRT-PCR) 
 
Total RNA was isolated from the hippocampal 
tissues using TRIzol reagent (GeneAll, Korea). 
Complementary DNA (cDNA) was synthesized 
using a commercial reverse transcription kit 
(BR631-096 Biofact; Korea). An Applied 
Biosystems 7500 real-time PCR system (Applied 
Biosystems) was employed for PCR. The 
expression of HSF-1, IL-1β, TNF-α and IL-6 was 
analyzed using the 2−ΔΔCt method, with GAPDH 
as internal control. The primer sequences are 
presented in Table 1. 
 
Western blot analysis 
 
Radio immunoprecipitation assay lysis buffer 
(Beyotime, China) was employed to extract the 
proteins, whose levels were quantified using the 
BCA protein assay kit (Beyotime, China). After 
separation by 12% sodium dodecyl-sulfate 
polyacrylamide gel electrophoresis, the proteins 
were transferred onto PVDF membranes. The 
membranes were blocked using 5% skimmed 
milk, followed by incubation with primary 
antibodies at 4 °C for 12 h. The membranes 
were rinsed with phosphate-buffered saline, and 
the secondary antibody was added for 2 h. 
Finally, enhanced chemiluminescence (ECL) kit 
(GE Healthcare, USA) was used to assess the 
protein signals. The primary antibodies used 
were anti-HSF-1 (ab61382; 1:1000; Abcam), 
anti-BAX (ab182733; 1:2000; Abcam), anti-Bcl-2 
(ab196495; 1:2000; Abcam), anti-HMGB1 
(ab18256; 1 µg/mL; Abcam), anti-TLR2 
(ab209217; 1:1000; Abcam), anti-MyD88 
(ab219413;  1:1000; Abcam), anti-TAK1 
(ab109526; 1:1000; Abcam), anti-p-TAK1 
(ab109404; 1:1000; Abcam) and anti-GAPDH 
(ab181602; 1:10000; Abcam). 
 
Hematoxylin-eosin (H&E) staining 
 
The rat hippocampal tissues were cut into slices, 
and paraformaldehyde solution (4%) was applied 
to fix the slices. After rinsing and dehydration, the 

tissues were embedded in paraffin. Hematoxylin 
and eosin solution was then added, and a 
NIKON light microscope was used to assess the 
pathological changes of hippocampal tissues in 
the rats. 
 
Statistical analysis 
 
Data analysis was performed using SPSS 
version 22.0 software, and the data were 
presented as means ± standard deviation (SD). 
Differences between the two groups were tested 
using Student’s t-test, while differences among 
multiple groups were compared by one-way 
ANOVA and Tukey’s test. All the experiments 
were conducted at least 3 times. P < 0.05 was 
deemed statistically significant. 
 

RESULTS 
 
HSF-1 ameliorates ISO-induced cognitive 
dysfunction 
 
The mRNA and protein levels of HSF-1 were 
reduced in the ISO model; OE-HSF-1 treatment 
significantly elevated the levels (Figure 1A-1B). 
The learning and memory abilities of the rats 
were identified using the Morris water maze test. 
ISO treatment significantly increased the escape 
latency and decreased the times across the 
stealth platform and time spent in the target 
quadrant, while HSF-1 upregulation reversed 
these effects (Figure 1C). Thus, HSF-1 
ameliorates ISO-induced cognitive dysfunction. 
 
Heat shock factor-1 (HSF-1) alleviates ISO-
induced hippocampal injury 
 
The pathological changes of the rat hippocampal 
tissues were assessed by hematoxylin and eosin 
staining. The nuclei in the hippocampal tissues 
were concentrated and vacuolated and arranged 
disorderedly and loosely after ISO treatment, 
whereas these effects were alleviated by 
increased HSF-1 expression (Figure 2 A). 

 
Table 1: Primers used in PCR 

 

Primer Direction Sequence 

HSF-1 
Forward 5′-TCTCCTGTCCTGTGTGCCTAGC-3′ 

Reverse 5′-CAGGTCAACTGCCTACACAGACC-3′ 

IL-1β 
Forward 5ʹ-ACAACTTTGGTATCGTGGAAGG-3ʹ 
Reverse 5′-CGTTATCCCATGTGTCGAAGAA-3ʹ 

TNF-α 
Forward 5′-GAGGCCAAGCCCTGGTATG-3′ 
Reverse 5′-CGGGCCGATTGATCTCAGC-3′ 

IL-6 
Forward 5′-ACTCACCTCTTCAGAACGAATTG-3 
Reverse 5′-CCATCTTTGGAAGGTTCAGGTTG-3′ 

GAPDH 
Forward 5′-GCCACAACGACCCCTTCATG-3′ 

Reverse 5′-TGCCAGTGAGCTTCCCGTTC-3′ 
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Figure 1: HSF-1 ameliorates ISO-induced cognitive 
dysfunction. (A&B) mRNA and protein levels of HSF-1. 
(C) The Morris water maze test was applied to 
measure the learning and memory abilities of the rats. 
*P < 0.05, ***p < 0.001, relative to the control group. ^p 
< 0.015, ^^^p < 0.001, relative to the ISO + vector 
group 

 

 
 
Figure 2: HSF-1 alleviates ISO-induced hippocampal 
injury. (A) Pathological changes in rat hippocampal 
tissues, as determined by hematoxylin and eosin 
staining. (B) Levels of S-100β and NSE. ***p < 0.001 
relative to the control group. ^^P < 0.01, ^^^p < 0.001, 
relative to the ISO + vector group 

 

In addition, elevated HSF-1 counteracted the 
ISO-mediated increase in brain injury markers 
(S-100β and NSE) (Figure 2 B). Taken together, 
HSF-1 alleviates ISO-induced hippocampal 
injury. 
 
Heat shock factor-1 improves ISO-induced 
hippocampal inflammation 
 
Next, the role of HSF-1 in hippocampal 
inflammation was further investigated. qRT-PCR 
revealed that ISO induced the mRNA levels of 
hippocampal inflammation indexes (IL-1β, TNF-α 
and IL-6), but HSF-1 upregulation offset these 
effects (Figure 3 A). Similarly, the ISO-induced 
IL-1β, TNF-α and IL-6 levels were neutralized by 
HSF-1 overexpression (Figure 3B). Thus, HSF-1 
improves ISO-induced hippocampal 
inflammation. 
 

 
 
Figure 3: HSF-1 improves ISO-induced hippocampal 
inflammation. (A) Expression of IL-1β, TNF-α and IL-6. 
(B) Levels of IL-1β, TNF-α and IL-6. ***P < 0.001, 
relative to the control group. ^^^p < 0.001, relative to 
the ISO + vector group 

 
HSF-1 inhibits ISO-induced hippocampal 
apoptosis 
 
The TUNEL assay revealed that ISO increased 
the hippocampal cell apoptosis, but HSF-1 
overexpression reversed this effect (Figure 4 A 
and B). Furthermore, Bax protein levels 
increased, while Bcl-2 protein levels decreased, 
in the ISO-treated group. The upregulation of 
HSF-1 reversed the effect of ISO on Bax and 
Bcl-2 (Figure 4 C). Thus, HSF-1 inhibits ISO-
induced hippocampal apoptosis. 
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Figure 4: HSF-1 inhibits ISO-induced hippocampal 
apoptosis. (A-B) Hippocampal apoptosis. (C) Protein 
levels of Bax and Bcl-2. ***P < 0.001 relative to the 
control group. ^^p < 0.01, ^^^p < 0.001, relative to the 
ISO + vector group 

 
Heat shock factor-1 modulates TLR2/NF-κB 
pathway 
 
The regulatory mechanism of HSF-1 in POCD 
was investigated. The protein levels of TLR2/NF-
κB pathway-associated proteins, including 
HMGB1, TLR2, MyD88 and p-TAK1, were 
upregulated following ISO treatment, but these 
effects were offset by HSF-1 induction (Figure 5 

A). Furthermore, immunofluorescence staining 
revealed that the nuclear translocation of p65 
induced by ISO was reversed by HSF-1 induction 
(Figure 5 B). Hence, HSF-1 modulates the 
TLR2/NF-κB pathway. 
 

DISCUSSION 
 
Anesthesia-induced POCD is a prevalent 
complication in patients receiving surgery [11]. A 
few weeks post-surgery, POCD might occur and 
is associated with impaired cognitive function 
and elevated mortality in patients. Identifying 
novel biomarkers to prevent POCD is critical 
clinically. As a frequently used anesthetic, ISO is 
extensively applied in clinics and demonstrates 
acute and chronic effects on brain function in 
patients [12]. Cognitive dysfunction is induced by 
ISO via neuroinflammation. Therefore, the ISO-
induced cognitive dysfunction model is widely 
used to investigate the pathogenesis of POCD. 
For example, ISO-mediated cognitive function is 
attenuated by astrocytic network reconstruction 
regulated by connexin 43 gap junction in mice 
[13]. 
 
ISO-induced cognitive dysfunction is inhibited by 
Angiogenic Factor with G-patch and FHA 
domains 1 (AGGF1) by activating the PI3K/AKT 
signaling pathway. 

 

 
 
Figure 5: HSF-1 modulates TLR1/NF-κB pathway. (A) Expression levels of HMGB1, TLR2, MyD88, p-TAK1 and 
TAK1. (B) Nuclear translocation status of p65. ***P < 0.001 relative to the control group. ^^^p < 0.001 relative to the 
ISO + vector group 
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Dual-specificity phosphatase 14 (DUSP14) 
exerts a neuroprotective role to suppress the 
ISO-mediated inflammatory response, cognitive 
impairment and pyroptosis by modulating the 
NLRP3 inflammasome in aged rats [14]. PYRIN-
containing Apaf1-like protein 1 (PYPAF1) 
promotes the cognitive dysfunction induced by 
ISO in aged rats after surgery [15]. 
 
In the present study, to further probe the role of 
HSF-1 in POCD, we constructed an ISO-induced 
POCD model in rats. HSF-1 expression was 
decreased in the ISO-induced POCD model, and 
HSF-1 ameliorated ISO-induced cognitive 
dysfunction in rats. In addition, ISO-induced 
hippocampal injury and inflammation as well as 
hippocampal apoptosis were alleviated by HSF-1 
overexpression. Thus, HSF-1 is involved in 
attenuating ISO-induced cognitive dysfunction in 
the POCD model. 
 
In a previous study by Shang et al [15], HSF-1 
negatively regulated HMGB1 expression HMGB1 
to improve asthma via the TLR4/MyD88/NF-κB 
signaling pathway. Thus, HSF-1 might modulate 
ISO-induced cognitive dysfunction by mediating 
TLR/NF-κB pathway. Furthermore, several 
studies have confirmed the essential role of the 
TLR/NF-κB signaling pathway in various 
diseases. For example, the TLR/NF-κB signaling 
pathway is suppressed in MPTP-induced 
Parkinson’s disease by cordycepin [16]. In 
diabetic nephropathy rats, renal function is 
ameliorated by inhibiting the TLR/NF-κB pathway 
and inflammation following the application of 
umbelliferone [17]. MicroRNA-181a binds with 
CRY1 to mediate glomerular sclerosis and renal 
tubular epithelial injury by inactivating the 
TLR/NF-κB pathway in rats with chronic kidney 
diseases. The TLR/NF-κB signaling pathway is 
involved in miR-146a-modulated repair and 
inflammation in the spinal cord injury rat model 
[18]. The function of TLR/NF-κB pathway in ISO-
induced cognitive dysfunction has rarely been 
investigated. Here, HSF-1 overexpression 
suppressed the levels of TLR2/NF-κB pathway-
related proteins in ISO-induced cognitive 
dysfunction rats. Additionally, HSF-1 elevation 
attenuated the nuclear translocation of p65 
induced by ISO. Taken together, HSF-1 
modulates the TLR2/NF-κB pathway in POCD. 
 

CONCLUSION 
 
The findings of this study show that HSF-1 
attenuates ISO-induced cognitive dysfunction by 
suppressing TLR2 expression, highlighting the 
potential of HSF-1 in the development of 
prevention and treatment strategies for POCD. 
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